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JGNITION OF DROPLETS IN A STAGNANT ATMOSPHERE
Xern Spaulding Savage

Tnorganic Materials Research Division,
Lawrence Radiation Laboratory,
Department of Chemical Engineering, .
University of California, Berkeley, California
October 1965

ABSTRACT

This study is concerned with the ignition of liquid fuel droplets in

a high temperature, stagnant, gaseous environment, under pressures ranglng

. from 1 to 10 atmospheres. More specifically, the objective of the study

i1s to design and develop an experiméntal apparatus which will enable de-
termination of ignition lag times of small dropletsA(lOOp to 500p in
diameter) from high épeed motion picture records of the ignition process;
The experimental.apparatus ;ncludes an electrically heated ceramic ecru-
cible mounfed within & pressure &essel}to produce the experimental en—I.

vironment, an injecting mechanism for rapldly forming the’droplets_in the

"experimental observations.

Equlpment tests determined thet the test chamber can attain tempera-
tures as hlgh as 1500°C and that small droplets_of_lOOu to 5OQu in diametex
can be formed and photographed‘under ambientvconditions in thé test chamber.
No tests at elevated temperatures were completéd'because of problems of

sample heating in the injection mechanism. A method of rapid insertion of

-the injector mechanlism in the test chamber 1s described, which may overcome

the ?roblems at atmosphere pressure,.but modifications to this device are

necessary for experiments at elevated pressures.
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I. INTRODUCTION

A. Background of Droplet Combﬁstion

' The processes of evaporation, ignition, and burning.of liquid fuel
droplets are éomplex, interrelated phenomena. One method of gainiﬁg ine .
sight into the general'problem of fuel combustion is to sihgle out one |
| particular prcéess for close observation. “This study is principally
concerned with~developing-an experimental apparatus for observing the
spontaneous ignition of liquid fuel droplefs in high temperature, |
gaseous environment. In du?licating the general conditions under which
droplet ignitlon takes place, it is'important to be aware of the overall
| problem of droplet combustion, Therefpre, a brlef s;fvey of the liter&—
ture is germane to the discussilon. |
l. Theoretical Analysls of Burning Rates
} The phenomenon.bf droplet combustion has been'treatéd as a case of
simultaneous heéf and mess transfer. Such attacké have ﬁot been entlrely
successfﬁl, because a ﬁumber of significanﬁ variablesvweré assumed constant
.or unimpor”caﬁt° Theoretical analyses of droplét combustion have been made'
by Godséve, Spalding, Goldsmith and Penner, Okayakl and deij and_others.l~9
-Alfhough these studiés differ somewhat in minor points of emphasis and
some afe more general than others, they are essentially similar. They all
assume a8 steady state of burniﬁg for a combustlon model of épherical Sym-

metry. This entails, in addition to the absence of natural and/or forced .

convection, the following assumptlons:

(a) Droplet surface and flame front form concentric surfaces. B

.5’-

(v) Splution obtained for a fixed radiﬁs epplies {0 a droplet_ﬁhen 

thet radius is reached.



(c) ‘Radiant heat is neglected.

V (d) Droplet has uniform temperature corresponding to boiling point

of fuel.
(e) Combustion process is isobaric.

(£f) There is an infiniteiy fast reaction at a layer of zero thick-

. *
ness where mass fraction of fuel and oxldizer equal zero.

-

(g) Combustion is in steady state. -

(1) The rates of delivery of fuel and oxygen to flame front are in

stoichiometric proportions. . \

On the basis of these assumptions, it was found thet the burning
 rate is proportional to droplet radius, and therefore, the square of

droplet diemeter 1s a llnear function of time:

k3

D2 - D2 = Kt
o

. where D is the droplet diameter at any time, t, and Do is the initial

’ .droplet diameter. It was also found that the'flame/droplet radius ratid
v . . i

3
4
H

should not depend upon droplet radius. . : ;

A number of experimental iﬁvestigatibns of these theorles have been

madé; and the resulfs more or less agree with the theories, depending on.
the ekperimental condltions and the systems used. For droplets laiger
than 860p in diameter and pressures at or above one atmosphere, the
above equatiod has been experimentally verified any number of times, and

the experimental and theoretical values of burning rate constant, k, were

* Lorell, Wise, and Carrlo studied the effects of chemicél kinetics and
did not make this assumption. :

<
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1,5,5-8,11,1 . The experimental measurements of the flame/

in agreement.
“droplet radius ration, however, have indicated that the ratio does not
remain constant, but increases as droplet radius decreases.5’ Also the
" predicted flame radii dld not agree with experimental measurements. This
lack of agreement was at first attributed to the effecté of natural con-
vection: on the combustion process, but experiments in a zero gravity' |
fleld affirmed the earlier results.8 This prompted an approximate theory
based on a traﬂsient combustion model.l:L

If trensient behavior in droplet combustion is an imbortant pheno-
menon, then the transient effects will be more Important at higper
pressures, because the quasi-steady state formulas predict that the
vaporization-rate increases to infinity as the pressure increases to the
eritical pressure. In addition, at higher pressures the masé of gas in
the combustion chamber or in the area surrounding the droplet increases,
and hence, also the heat capacity increases. This, then, involves a
transient term in the energy equation. A theoretical t?eétment of the
transient probleﬁ, which neglects chemical kineticé by‘assﬁming all
“diffusion coefficients equal, has been undertaken by Spald_ing.13 He
attempts to predict the burniﬁg rate of fuel partlcles at high pressure,
regardless of whether or nét the phase boundary has disappeared. His
theoretical devélopment discards‘the assumption of a steady state burning,
as well as the agsociated concept of vaporizatilon cohtrolling combustion.
The exact solutions to the equations presented require pumerical_integraf
tion, but a simplified solution 1s worked out, which assumed gas proper=-
~ ties independent of temperature. Particularly interésting s the assump-‘ i,
tlon of a fﬁel vapor concentration invthe sﬁrroundiﬁg gas. The conélusions 1

arrived at by Spaldihg are: +the effect of combustion products In oxidant
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gas on transfer number is negligible; burning time increases-és the fuel/
oxidant ratio in the atmosphere épproaches a stoichiﬁetric value; the
steady state model underestimates burning times ét high pressures; and,
as the steady.state model concluded, the rate of change of the droplet

[

diameter is constant for burning droplets.

AtAleast part 6f‘the impetus for the treatment of a transiént model
stemmed from the observations of the behavior of flaﬁe/droplét radius
ratio and its dependence on dréplet radius. The ldea of a transient
phenomenon was more or less invoked as an~explanation of thils behavior.
However, some experiments in steady state combustion have used & porous
sphere technique, showing a similar variation in flame/droplet radius
ratio with droplet diameter.s’lh

Another theoretical approach used by Tarifa, -del Notarlo, and
Morenol5 and by Lorreli, Wise, and Carrlo involved the consideration of
chemical kineties, diffusion of species of different molecular welghts,
and different Lewils~Semenov numbers. fhe results of this development
indicate that an asymptotic Solution is obtalned for burnlng rates, fér

an infinite reaction rate, which is stricﬁly epplicable only when the
d£oplet diameter or the pressure appréaches infinity. In general,
burning rates tend rapldly toward their asymptotic values, but for small
‘ dropleﬁs or at low pressures, large errors are apparently introduced by
assuming infinite reaction rates. The theoretical and experimentél
'conclusions also show that under certain conditions of pressure or drop-
leﬁ radius, combustion is impossible.15 Some qf the principal assﬁmptions
of-Taiifa, @?} Notario, and Moreno are: spherical syﬁmetry; steady state,

negligible heat transferred to droplet surface by radiation, chemical

kinetics approximated by an overall nth order reaction. The experimental
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results for e bromine-hydrogen system-- used because chemical kinetics

are known for this reaction--show there is a minimum pressure (4 atmospheres)
necessary for combustion of a droplet of a specific diameter (1.0 mm. ),

which is in agreement with the calculated value of 5.5 atmospheres. Conm-

" bustion of heptane dropiets under reduced pressures shows that the flame
- radius becomes larger and the flame temperature cooler--also agfeeing

with the theoretical predictions. An attempt to experimentally deter-

mine the extinctlon radius of heptane and ethyl alcohol droplets as a .

function of pressure ylelded data whlch were too scalttered for any con-

clusion.

Although the steady state spherical flame model of combustion is
useful in some cases, the assumptlons made in its development seem to

be too bvoad for an accurate theoretical description of the cmnbustlon

‘process. At least three of the assumptions have been theoretically

studied for validity. Only assumption (b) 1s reported to be always

valid. The assumptiou of steady state may also lead to errors of 20%

in vaporization tbnes.lé The additional theoretical -schemes, involving

the transient and a steady state model cdnsidering chemical’kinetics,
o 11,13,15

seem to be significant advances toward a workable.theory.

However, et the present time there is no genersl agreement on any model

describing the entire combustion process after ignition.
2. Experimental Techniques and Observstion:
Experimentel techniques vary somewhat in thelr sophistication, but )

in general two methods of observation are used. One is to leave the

- droplet free elther in free fall or in an.upward frajectory;. the other ;{

is to suspend the droplet from a filament. Both cases have obvious

drawbacks, Droplets in free fall are subJected to substantial forced
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convection heat transfer, and the warping of the flame front is such
that the flame more closely resembles a cylindrical diffusion flame,

2,5,17-22

than a spherical diffusion flame. The effect of forced con-~

vection on the chemical kinetics is unknown, and little 1s Xnown about
convection effects on ph&sical énd chemical properties, since there is
a large fraction of the evaporating fuel moving-upﬁard and forming a
conical flame front. Investigation of an upward mo?ing droplet at the
crest of 1ts trajectory is restricted within narrow limits of'exﬁeri-
mental conditions, and at bést, precise measurements are difficult to

12,20

obtain. - Buspending droplets from filaments 1s the mos} popular

technique, but the heat transfer to the droplet from lts flame through

23

the filament cannot be disregarded and is hard to evaluate. The

effects of natﬁral convection on the burning rate of a statlonary dfoplet-
are cumbersome to handle and definitely detract from the ability to
study the epplication of the theoretical models of intepéét which assume
spherical symmetry.l’g’5’11’1u’18’20’24 Natural convection can be
eliminated by suspending a droplet on a filament in a.freely falling
chember; this technique retains the disad#antages ofvthe filament,
however.: | | - ‘

Observations as to the effect of ambient conditions on a burning
droplet may be summafized as follows:

(a) Ambient pressure.

The bﬁrﬂing rate of a fuel droplet is proportiona% to the nth power
- of the'abéolﬁte pressure for pressure in excess of atmosphéric press=- ¥

12,17

ures {The value of "n" ranges from 0.2 to 0.6, Observations have

been made on the combustion of a series of liquid organic hydroxy com- f

pounds and 'several heeavy hydrocarbons at subatmospheric pressures.

N



The steady state mass burning rate of a liguid sphere was found to go
through a minimum as pressure 1s reduced. At subatmospheric pressures
the change in burning rate i1s so modest, that for most purposes it can

be assumed independent of pressure under free convectlon conditions.

.As the pressure is lowered further a minimum value of pressure is appar-

- ently reached, for a particular droplet diameter, below which combustion

15

cannot occur,

(b) Ambient temperature.

-

Diffusion theory predicts an increase in burning rate with in-

_creasing ambient temperature. Data on burning rates for n-heptane apd'

benzene burning in-air have been taken for.both high and low ambient
temperafures.l7’25\vConeiderable doubt exlsts as to the velidlty of
any conclusions drawn from these data, since they‘are very scattered.
When compared with the predictions of the diffusion flame thedry,-only.

fair agreement exists.lT The systems of cetane, n-heptane, and ethyl

alcohol have also been studled at temperatures ranging from room tem-

perature to "(OO°C.25 Again agreement with any theory is d&lfficult to

discern because of scattered data.

Eveporation and burning rates have been“studied for'm-methylﬁaphthe-
lene under various conditions of embient temperature and droplet size.2
In the same paper the effects ef.forced convection at elevated temperatures

(355°C) and Reynolds numbers ranging from 9.0 to 32f9 were studled for a

‘number of systems.

The combustion rates of freely falling drops of‘heptane, isooctane,

~and kerosene have been observed under conditions of elevated temperatures.

(1500 F). 19: Plots of diameter squared versus time show an agreement with

the first power law. An attempt was also made to correlate the effects of



flame drag and heat transfer to the droplets falling through air at 1500 °F,
the results of which are not entirely‘conclusive.

Dropletvburning has ‘been stﬁdied by projecting a stream of dropleﬁs
upward into a furnace.eo Residence timeé of droplets in the furpace‘and
degrée of combustion weré measured for a number of fuels at varlous fur;
nace tempefatures. lAll the experiments were conducted at atmosphgric
pressure and carried out in air. A corre;ation of M?/j; where M 1s drop
ﬁass? versus reéidence time was proposed to display the effect of furnace:
temperatures on combustlon. Here, as above, the experimenters were faced
with e compliéated heat transfer problem, which must be solved 1f the
results of the observations are to be properly interpreted. The experi-
mental approach contained inherent factors ﬁhich increased the camplexity
of the calculations. The veloclty of the droplet relative to the sur-
| rounding atmosphere was constantly changing and not directly controllable,
and the atmosphere was not entirely isothermal.

(c5 Ambient oxygentﬁoncentration.

| The diffusion flame theory predicts an Increase in evaporation con-

stant with an increase in oxidizer concentration in the atmosphere sur-
rounding a droplet. Transient combustion models predict & decrease in
combustion time with increased oxidizer concentration. | |

The effect of increased oxygen cohcentration in an oxygen-nitrogen
mixture has been observed for systems of n—heptage, ethyl alcohol, ben-
zene, and 1;01uene.l7 From a plot pf diameter sqﬁared vérsus time,
.evaporaﬁion éonst&nts were evaluated experimentally éndgcompared with
theoreticalfvalues. In geheral, the comparison was gpod.with good re-
producibility (#1%). The dropletslwereAsuspended from filaments and

burned at oxygen concentration ranging from 0.23 to 0.90 mole fraction.

PP
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It should be pointed out that the calcﬁlated valuéé of evaporation con;
stant.were for conditions of no convection}currents,jénd the experimental
values were taken undér conditions of natural convecfion; which increases
the heat tranéfer and, as a result, also increases the evaporation

constant considerably.ll

Experiments on burning iate as a function of gas-phase concentration,
carried out under steady state éénvective éonditions (and»Re;Q)' with
nitrogen as a diluent, show that the mass combustion rate of ethanol
(95.5% b.w.) diminishes exponentially as the weight portion of gaseous
oxygen is decreg.sed.5 Upon substitutioﬁ.of helium for nitrogen as the
diluent in the'éas stream, a pronounced_increase in the burning rate
was obserQed; suggesting the futility of cérrying put expériments with
these inert gases rather than actual éombustion products.

3. Ignition: Theory and Experimental Obsérvations

The theory of ignitilon was apparently first treated by D. A; Frank-
Xamenetsky, who considered the relativé rates of‘heat'genération at the
surface, heat loss to the surroundings, and diffusioh of oxygen to the
reaction zone, and showed thét a critical ignition temperature can
exist.27 Other authors have va;ied this oxriginal treatment, at least
one dealing with auto ignition.2 o

The experimental work in theAarealof igﬁiti§n of fuel droplets "
centers primarily on the measurements of ignition lag. The igﬁition-

lag is considered as a succession of physical and chemical lag. In the

combustion of liquid droplets, the chemical lag may be small when compared

to the physigal lag, but in fuel vapor/droplet systems, ithe physical and

chemical lags must be consildered separately, because they are different

in nature. In the examination of ignition problems of fuel vapor/droplet

s
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systems, the physical lag and chemical lag must be measufed independently.

The literature contains a nunber of studies concerning the ignition'
of gases, and the effects of temperature, concentration, ete., on igni-
tion lag.29 In general, gases show the same decrease Iin ignition lag
with increasing temperature as liquid/vapor systems and solid particle/ges
systems.5o

Observations of eveporation, auto-ignition mechanism, and burning of
fuel droplets in air at various ambient temperatures have been éorrelated
in such a way, as to predict droplet lifetime as a function of the |
"apparent.droplet burning veloeity coefficient",25 "The apperent droplet
burning velocity coefficient™ is defined as the square of the initial
droplet diameter divided by the life time of the droplet.  The validity
of this correlation depends on ignition lag; a large ignition lag tends
fo discredi£ thé correlation. A. further study of evaporation and igni-
tion lag with droplets suspended from fllaments shows an increase in.

26

ignition lag with incfeasing droplet diameter. The éffects of oxygen

content on ignition lag were studied showlng a marked effect on the time

from beginning of evaporation to ignition. Both of thege ignition lag
studiesg5’26 used similar apparatus, consistipé of & furnace mounted

on wheels and moved‘over a droplet suspended on a filament. The experil-
ments vere carried out at atmospheric pressure with temperatures ranging
from 700°C to 800°C. A few experiments were performed at temperatures
in excess of 800°C. The effect of oxygen concentration in the gas was
investigated for cetane and O~methylnaphthalene at a furnace temperature
of 680°C. The results showed a decrease In ignition lag times with in-.
creased oxygen concentration.26 Ignition of twq droplet arrays aé a

function of temperature were observed, but this part of the work was

ineecnclusive.

(€4



-1l

The sequence of. events leading to the detonation of a droplet

" combustion field have been studled, and the apparent similarity to

detonation in premixed gases discussed.3l The paper priﬁarily.describes
the processes occurring in a heterogeneous system leading to detonation.
L. Need For Further Research

Most of the experimental'studies have been conducted 6nlfuel drop-
lets burning under the influence of natural convectlon. ‘All the_theories,
ﬁowever, have assumed no convection and spherical symmetry. Further
experimental work obviously will elther focus on studyiné the effect§ of
convection, or convection effects will be eliminated.so that work on a
spherical combustion model can be continued. The effect of natural con-
vection can change the measured values of evaporation constant as much as
50%, and there is liﬁtle more than conjecture on the effect of convection
on the various other parameters of combustion.

Surveying the literature one sees a need fof e serles of rather
elegant experiments in which droplet combustion, in strict spherical
symmetry, is observed as a functlon of ambient tempefature and of varilous
oxygen concentrations, where the dlluents are composed ofbcombustion'
products. At best, experiments of this quality are difficult to under-
take. - Since scme 26 varisbles need to be considered during a combustion
reactlion, any cleverly devised experiments, that determine the relative
importance Qf any of these variables within an order of magnitude, will
be & definite aid in the development of the theory. If, for example,
the assumption ofisteady state combustioﬁ is proven velid for all fuels
or a class.bf fuels, a greater faitﬁ in cdlculations baseé on, steady

state.modeis would certainly be Jjustified.
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B. Discussion of the Problem

From the literature, one can see that a largé amoﬁnt of work has
been done on the burning of liquid fuel droplets, while thé investigatioﬁ
of droplet ignition has been somewhat ignored. The intent of this study
is to introduce an experimental approach to continue the ;tudy of droplet
ignition.

One of the similarities in the.experimental workvsé fax undertaken
is the extrapolation of data taken in studying large drops to the be-
havior of small drops or droplets. Droplets are normally defined.as
liquid particles of the slzes commonly formed by fuel atomization tech=
niques; these range fram 10 to 300u in diameter, with 1000u belng an N
extreme upper bound. Essentially all of ﬁhe experimehtal work In-
combustion undertaken to date has been done with drobs 1000k in diameterl
or larger. The experimental investigation of droplét ignition has also
been restricted to the study of relatively large drops, the aim beilng
somevhat of an exploratory nature.25’26 |

- Clearly the vaporization of‘liquid.fuél is & prerequisite of ignitioh,
which in turn precedes "steady combustion”. It is not clear, however,
that large and small drops behave in an identical manner in this succession
| of events. In fact, studles show that the vaporization laws for large
drops must be corrected vhen applied to small drople‘bs.je’35

The pu{pose of this study is to develop a research facllity capable
of produciné single small droplets in a high temperature, stagnant,
oxidizing éfmosphere, in such manner, that the phenomeﬁon leading to
ignition cén be observed under varying conditions of'temperaturé, pressuref,l
and atmospheric composition. Observations gf'the ignitlon pfocess are to
be made with a high-speed camera (Fastax), with fihm speeds appropriate

to the particuler ignition lag time of the droplet.:
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If further theoretical calculations are to be made, the experimental

system must have reasonably well defined boundary conditions. This im-

" plies that the droplet should appear in the stagnant gas instantaneously,

without disturbing the system. Such a condition: is approached by de-

veloping an injection mechanism which forms a droplet quickly, relatlve

to its ignition lag time.



-1k

IT. EXPERIMENTAL DESIGN

A. General Considerétions

In any systemiwhich employs the heterogeneous combu§tion.of liquid
fuels, the controlling process or processes need to be determined and
studied. There is no assurance, of course, that the controlling ﬁro—
cess will be the same in high temperature applications as in relatively
low temperature applications. A number of phenomena can have important
effects on the design and performance bf any combustion sy;tem and
should be systematically considered. Some of these phenomena are:
droplet formetlon, veporization, heat and mass transfer, andhgas phase
reactions.v

Thils study 1s concerned with the initiai stége of the gas phase.
reaction just preceding well develdped combustion. For the purpose of
ﬁhotographic obéervation, a well developed flame can be arbitrarily
deflned to begin at the moment the entire droplet 1s surrounded bj a
high temperature reaction front or flame, Similarly, the ignition
process can be defined as all the phenomena that také place iIn the gas
phase immedlately surrounding the droplet during the time a well de~
veloped flame front ls being formed. The elapsed time between pro-
‘duction of a droplet and the formation of & well developed combustion
flame has been termed the ignition lag time-~obviously'a combination
of physical and cheﬁical processes. | |

In evalugting a particular combustion system employing heterogeneous
combustion, it is of practical interest to know under what operating
conditions the lgnition phenomenon is important. This séudy develops an
experimental apparatus to evﬁluate igﬁition lag time fér droplet wvepor

systenms simﬁlating actual operating conditions.
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" The work of Kobazasi25 indlcates thaet it is within this reglon the

After s dfoplet is formed, it immediatel& begins to vaporize while
it is being carried downstream by the bulk gas. At some point the at-
mosphere Iimmediately surrounding the droplet initiates and supports a
high temperature cheé&cal reactlion and the droplet begins to burn. If
the concentratlion of fuel vapor in the bulk gas is too lean to ignite;
then ignition will take place in thé immediate vicinity of the droplet.’
Sihce.the evaporating droplet constitutes a mass sourceiand a heat~sink,
it maintains in its immediate neighborhood a reglon of steep gradients.
{photographically) observable ignitlon takes place. Thus, the fact
that:the droplet is being carried by the bulk gas will have little
effect on the final stage (chémical lag)'of the ignition phenomenon.

The initial heating-up time or physicai ignition lag of a fuel droplet,
which ostenslbly can be affected by ?he convection effects of the gas
stream, has been studied by Pfien, Borﬁan, Walkil, Mayers, and Uyekara;51+
th?y define physical lgnition delay as the timé required to produce.a,

stoichiometric mixture of fuel and oxidizing gas in the neighborhood of

the droplet. The concluslons of these authors Ilmply thét, for volatile

fuels evaporating in high temperature environments, the’physical ignition
delsy tiﬁe of single drOplets‘is relatively shorﬁ; For example, from
these authors'® calculations, the physical ignition delay time of a .500u .
(micron) diameter, n-decane droplet, evaporating in air at 1200°R and
flowing at a relatlive velocity of 100 inches per secohd5 ils 0.0735 seconds.
It was aésumed that ignitlon took place instantaneously when the stoi-

N

chiometric mixture of fuel and air reached reported ignition temperatures

of pre-mixed gases, and that heat transfer by radiation was negligible.
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Apparently, then, a reasonable simulation of the ignition conditions of
droplets for the purpose of observing the éveréll ignition phenomena can
be attained by forminé the droplet in a ﬁigh temperature,»stagnant,.gas~.
eous environments.

The goal of this study is to design 8 research facllity for photo=-
graphical observation of the ignition of single droplets in a stagnant
atmosphere under conditions of widely vary;ng parameters, such as:
| (a)’Pressufe ranging from less than 1 atmosphere to lb atmospheres.

(v) Temperature from 20°C to 1500°C. |

(c) Droplet size from 100 to 600 mlcrons in diameter.

(d) Any desired gas composition.

The apparatus should be designed so that the droplet can be suddenly

introduced into predetermined and well defined surroundings and ignition
lag times can be measured with a high speed (Fastax) cenmera. The deéign
" of the apparatus has three.major facets: production and control of the

experimental environment, droplet formation, and photographic observatilon.

B. Production and Control of the Experimental Environment

vTﬁe first consideratlon is the development of a satisfactory test
chamber in which the experiment takes place. The test chamber or cru-
clble should be able to contain a homogenéous mixture of hot (1500°C)
gases and the inner walls should 5e at an uniform temperature with a
félatively low emissivity (comparadble to that ﬁf burning gases). The
crucible must be large enough so that the percentage qf?inner surface
.area occupieé by the necessary view ports and tubes wili be small (less
then 1%). Its slze is also determined somewhat by the a%ailability of |

high temperature ceramic vessels. A satisfactory and easily availabdble
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size for the crucible is a small cast alumina cylinder, lOrcm. in diametexr-
by 10 em. in length. Alumina (A1203) has adequate thermal properties for
use in high temperature vessels and has a low emissivity. The emissivity
of alumina is about 0.3; that of burning gases is of the ardér of 0.1.

.To.simultaneously produce elevated préssures (10 atmospheres) and
high temperatures, it is necesséry to surrgund the test chamber with an
adequate layer of high temperature insulatlon and a preésure vessel.
Then, at ele;ated pressure, the insulation; as well as the tést chamber,
is at uniform pressure and no stresses due to pressure difference are
eapplied to the hot ceramle crucible. The connections between the cru-
cible and pressure vessel consist of powef leads, thermocouple'leads,
viewing tubes; tubes for controlling ﬁhe gas composition in the test
chamber, and a tube for allowing the entrance of the droplet forming
aevice. The wiﬁdows in the pressure vessel must be cooled wlth a water
- Jacket, since they are directly expoéed to thermal radiation from the
test chamber and are connected to the test chamber py material of rela=-
tlvely high conductivity. | |

The pressure vessei should be located as Clése to the test chamber
as possible to minimize the proﬁlems of photography and droplet formation.
From knowledge of the crucible size, insulation, and material of the )
pressure vessel, the heat losses from the'outside of the pressure vessel.
by natural convection at the highest crucible operatiﬁg temperature can
be calculated; +these calculations_determine ﬁhe wall éemperature of the
pressure veséel as a function 6f distance from the outside wall.of the
cruciblenéhépce, determine the minimum size of the preséure vessel which
can operate:with a prescribed maximum wall temperature (300°C). The

pressure vessel is then a cylinder about 14 in. in diemeter by 14 in. in
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length, and the heat losses are about 154 watts when the system is
operating at a steady state crucible temperatﬁré of 1500°C.

The heat losses determine the minimum power requlrements for steady.
state operation. waever, to reduce the time réquired to heat the system
-up to the steady state temperature, two or three times the minimum power
reguirements'should be used for design criterla. The minimum heat-up
time 1s determined by the maximum thermal shock that can be tolerated by
the system. 'In this study the system 1s relatively sensitive to thermal
shock because the alumin; crucible is fitted with alumina observgtion
{tubes whose‘one end remains at the pressure vessel wall temperature and
the other end at the crgciﬁle temperature. Normally, cast alumina can
be heated uniformally at a rate of about 200°C per hour; in thisAcase

a maximum rate of 100°C per hour is used.

C. Droplet Formation

In any experimentél inveétigatibg the experiment should have well
defined boundary conditiéns. If experimental studies of droplet igni.-
tion are to have any meaning at all, it is ﬁarticularly Important to know
the exact nature of the environment surrounding the droplet from the |
time of droplet formation until ignition takes place. In earlier work,

a relatively large drop was placed on the end of a filament and a furnace
rolled around it. Since ignition lag times which have been reported are
of the order of O.lO seconds, presumably the droplet spends a signlficant

l

portion of the ignition lag time traveling through a gaseous atmosphere of
y

" widely varying temperature, and the repcrted ignition lag times are hlgh.

The droplet formation technique of thls study is an improvement on

the method of introducing the droplet Into the high temperature environment.
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Ideally, of course, the droplet would be formed instantaneously in the
gas with perfect spherical symmetry. Here the droplet is formed on the
end of a fine hollow filament after the filament has been placed in the
experimentai position. To fqrm a droplet in such a manner, a mechanical
device is necessary (droplet injector) with the speciflc purpose of form-
.ing the droplet In a high temperature oxidizing environment with minimum
disturbance,* and holding it until ignitioﬁ takes place. The salient
features of the injection process conslst of moving the injection
meéhanism into position for the~e;periment and forming a droplet of
predetermined size on the end of the hollow filament, so that the time
of dropleﬁ formation 1s small when compared to the ignitioa lag time.
The bvasic requirement 1s to provide a means of forming a droplet

of 100 to 600k in diameter at the end of the filament mentioned above.

This can be done by employing a piston to compress a volume of liguid

fuel just enough for the fuel to expand through the filament and q&ickly'

form the desired size droplet without forming a liquid Jet. A simple
mathematical model of the postulated droplet formation process has been |
- developed to gain some inslght Into the problems of controlling the
flow of small amounts of liguid (volumes of the order 5 X 1077 cm.B)'

in hollow fiiaménts or capillaries and is presented In Apjendix A. The
results of the calculations indicate that the rate of the droplet growth
follows an exponential decsy &nd has a time constant assoclated with it.
The time constant_is a function of the deslgn of the droplet formation
mechenlsm and the compressibility of the liquid used and, with the pro-
per mechanical design, can bevmade.as small as desired, relative to the
expected Ignition lag times. The calculations in Appendix A als; show

that uncontrolled leakage past the plston can result in no droplet forma-
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tion at all. Therefore, the pilston must be very small In diameter and
fit as closely as possible ih its éylinder. However, 1f leakage were
controlled, the droplet of desired size could be made as quickly as
desired: the piston would compress more of the liquld than needed to
form the droplet, with the excess being bled off via an adjustable valve.
The injector here is constructed to minimize ali leskage except the flow
that forms the &roplet. Acéordingly, the piston is about as small
(0.028 in.) as can be fitted (lapped) in'a cylinder with a maximum
clearance of 0.0001 in., and still allow the pistoﬁ to move evenly wlith-
out reguiring a very large ariving mechanism. | |

Since the droplet injector is intended tovcontrol the formation of
’éroplets ranging over two orders of magnitude in volume, and since a
simple analysis indicates that a very small pistﬁn should be used, tﬁe
injector must be designed with a varlable liquild volume in order to
;contfol the rate of droplet growth-- i.e., to control the time constant‘
assoclated with droplet growth. Thus, any particular droplet size feg
quired must have assoclated with 1t a special filament, covering a mini-
mum of the droplet surface and having the proper chamber size which allows
the droplet to be formed in the prescribed time.

If the percentage of surface area of the droplet covered by the
filament is not to exceed 10%, the alléﬁable filement outside dismeter is
0.t times the droplet diameter. The relation between outside diameter

) and inside diameter'of drawn filaments remains nearly the same as that of
the tubing uséd—~ that is, the ratio of outslde diamétergto inside diameter
remains nearly constant. For.a droplet of LOop diametef,xa hollow fila-

ment should @e drawn with outside dlameter of about 160u. ! Hollow filaments

with outsideidiameters as smell as 104 can be constructed.

> A e e e = o tet gz T
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Since ignition lag times are expected to be the order of 0.5 seconds,

a desirable time constant of droplet formation would be the order of 0.01

seconds, which can be attalned by adjusting the chamber volume as mentloned

above. According to the model developed in Appendix A; an approximate

chamber volume of 0.6 c:m.3 will be required to form a L4OOp droplet on

the end of a 160p fllament with a'time_constant of 0.0l seconds.

D. Photographic Cbgervation

Measurement of the rate of droplet formation, droplet size, and
ignition lag times can be made with the use of a high speed motion

picture camera. However, in making photographic measurements, a number

~of interacting effects must be balanced, such as: resolution, frame rate,

magnification, depth of fleld, and illumination.
To make the experimental measurements mentioned above, the camera
should be equipped with a time marking device which can record the in-

stant the experiment Is initlated. The blips should be recorded on the

- film at a frequency approprilate to the particular frame rate used;

expected frame rates are the order of 1000 frames per second.
When the film i1s developed and projected on a screen, the experil- |

mental measurements can be taken-- that 1s, measurement of droplet

~diemeter relative Yo a known fllament diameter, measurement of the time

to form the droplet, and the total ignition lag time. The accuracy of
these measurements depends on the :esblving power of thg film--particularly
in the case o% small droplets, and upon the obJect to i&ége'magnification
attainable._‘if a £ilm with a resolution of 100 lines per millimeter is
used to photograph a 100u diameter dropiet at ah object.magnification‘of

1:1, the measurement of the diameter of the droplet can be 20% in error.

=
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Since the accuracy of measurement depends only on the resolying power of
the film, a 100p diémeter droplet must be photographed at magnifications
greater than l:1 in order to decrease the error in measurement. Thus, a
droplet less than 200u in diameter must be photographed at a megnification
greater than 1:1 if an error of less than 10% is to be obtained in the
measuring of the diameter. As magnification is increased by using exten-
sidn tubes or auxiliary lenses, thé light‘?equirements rapldly become
very large at a'particular frame rate, and the depth bf £ield decreases.
Depth of field is a function of lens focal length and "£™ number, |
object distance, and circle of confusion. Generallyg depth of fleld is
roughly inversely proportional to magnification and directly proportional
to the square of the ''f" number. ' |

To dévelop e method of photographing the droplet, the various para-
meters which are fixed by the nature of £he experiment and those which
are adjustable need to be evaluated. Fixed pérameter; are film speed
of 125 (ASA units), resolution of film (100 lines/mm.), resolving power
of the lens (about 300 lines/mm.), minimum object distance of 7 in.,
~and minimum frame rate. At any particulér fiim speed, an iﬁcrease In
frame rate requires an increase in illuminatioﬁ or a decrease in magni-‘
fication.

The resolving power of the f£ilm limits the accuracy.ofimeasurements

obtained fram the film to about 100 lines per millimeter, while the

i

*
"f" number is equal to the equivalent focal length of tbe lens, di-
vided by the diameter of the Inner pupil.

e
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optimization 6f 1llumination, film speed, frame rate, and necessary depth
of field limit the‘magnification at the timg of exposure or object magni-
fication. To obtain thé largest obJect maénification, the varlous para-
nmeters are éajusted to maximize the possible magnification while still
remaining within the limits set by the mature of the experiment, For
example, if the expected ignition lag time of a 200un qiameter droplet

is 0.5 Seconds, the frame rate could not be much less than 100 frames‘

per second, and the depth of field should be at least.lOOu for critical
focusing. TFor a magnification of 1:1, the necessary subject brightress
'is about 10,400 lumens per square foof, and the depth of fleld 1s about
2001 ; magnification‘of 5:1 and a depth of fileld of 100u requires 2 X 105.
lumens per square foot; and, a magnification of 10:1 with.a depth.of

| fleld of 100p requires over 106 lumens.per square foot.*.

When using incandescent light sources, a basic procedure is to
light from the sides of the object. Tn the experimental apparatus two
highvintensity focusing spotlights are used, capable of an output of f
1.7 ><-lO5 foot~candles or about 5.3 X lO5 lumens per square fbot each,

' This should yield sufficient light té photograph the 200u dlameter drop-.

let discussed above at magnifications between 1 and 5

‘ !
A source heving an area of 1 sq. em, Wlll radiate 7 B Im., where B- '
is the brightness in candles per sg. cm.-

x..
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ITI. EXPERIMENTAL APPARATUS

The experiéental apparatus has been constructed so that a liquid
droplet can be suddenly introduced into a predetermined, high temperature,
gaseous atmosphere. The apparatus Iincorporates a high speed camers which
is used in making experimental observations. The apparatus in seen in
Figse. i and 2 as a cylindrical pressure vessel mounted at the end of a
table, two spotlights focused on the view?orts at‘éither side of the
vessel, and, at the third view port, a camera ﬁounted on &.lathe bed.

A éruciblg 1s located within the pfessure vessel as seen In Fig. 6.
Fiéure 1 also shows the droplet injector positioned at the top of the
pressure vessel as it 1s during the injection process. The entire iﬁ-
Jjector is shown in Fig. 3.

The pressure vessel is equipped with view ports, electrical terminals,
and means of infroducing the experiment and controlling the gas composition.
The view ports in the wall of the pressure #essel are constfucted 5/& in.
in diameter with 1/ in. thick quartz windows, and are mounted in a
water cooled base, conslsting ofva 1-1/2 in. diameter rod welded to the
pressure vessel. The rod is counter bored to a dlameter of l—l/h in.,
with a 3/b4 in. diameter boredvthrough’the wall of the_pressure vessel.

., Thg guartz windows seat on soft rubber gaskets in the counter bore gnd
are secured by a drilled 1-1/2 in. éap.which serews on the outside of
the mount (F}g. LY. Thermocouple and power leads pass through the
pressure vessel using Conai "Packing Glands" and Conax fElectrical Con=-

: , > ‘
ductor Sealing Glands™. Two small pipe couplings (1/4 in. pipe) are

Conax Corporation, Buffélb, New York.
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welded to the slde of the pressure vessel and are connected to two

. ceremic tubes (1/8 inches outslde diameter) leading to the test chamber.

The connections consist of allowing the ceramic tubes to rest loosely in
the.pipe couplings. The ceramic tubes are used for control of gas composi-
tion and pressure regulation. The bolted flat head on top of the pressure
vessel is drilled and fitted with e smaller, flat head, through which the
injector enters. | .
The dimensions of the pressure vessel, as determined by heat transfer
calcuations, can be seen in Fig. 5. Calculatlons were made using a maxi;-
mum pressure vessel wall temperature of 300°C. The pressﬁre vessel 1s a
cylindrical stainless steel vessel, 14-1/L inches in diemeter by 1ho1/4

inches in length, with a wall thickness of 1/8 inches. To determine the

‘thickness of the materials required, the formulas of the A.S.M.E. code

for unfired pressure vessels were used. These calculatlons are presented

in Appendix B.

¢

The test chamber or crucible lies within the stainless steel press—:
ure vessel, separated from the pressure.vessel by a minimum layer of
high-temperature Fibverfrax ceramic insulation,** as shown in Figs. 4 and
6. An alumina cylinder, 10 cm. in diameter by 10 cm. in length, is the ‘
experimental chamber. This.is a convenient, readily available size,

The alumina test chamber is positioned in the pressure vessel by the

" ceramic viewipg tubes, and rests on another alumina cylinder which has

open ends. The crucible and its related tubes are constructed from

. 99.99% eluminum oxide. Three tubes are used for photographic purposes

t
i

*¥ :

Carboruddum Ce., Los Angeles, Callifornia.
KKK '

Morganite Inc., Long Islend, New.York. .-
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and two small ones (1/8 in. outside diameter) for control of ges compo-

- sition and pressure (Figs} L and 5). The entire outer sufface of the
cruéible 1s covered with an wniform winding eiectrical heatlng wire

(25 £t. of 95% Pt., 10% Rd. wire, 0.020 in. in diameter) which produce

a meximum of 1300 watts at 120 volﬁs with a resistance‘bf 7.8‘ohmé'at
room temperaﬁure. The power 1s supplied by a Thermac Meter Controllexr
(Model MPR 7822), which is a voltage controlling device using a propor-’
tlonal contfoller for temperature reéulation. Temperature measﬁrements A
are made with 0.020 in. diameter, 90% Pt., 10% Rd. thexmocouples, locatedi
in the gas of the test chamber and in the walls of the crucible (Figs}

4 and 6). \

The experimental apparatus (Figs. 1 and 2) includes a 16 mm. Wollensak
fastax camera (100 ft. £ilm capacity, Model WFl?), capable of operating
from less than 100 to 8000 frames per second. The camera 1s mounted on
a 42 in. lathe bed with the accompanying saddle modified té accommodate
the camera. The lathe ways. are mounted on fou£ movable legs capable of
fing vertical adjustment. The lathe ways add an effective mass to the
camers and help to inhibit the mechanical vibration of the apparatus.,

For photographle accuracy, as dlscussed in Section II, it ié imperative
that the apparatus bevfree of low frequency vibrations. Focusing ad-
Justments are made by sliding the saddle by hand. The camers is equipped
with a cycle generaﬁor end flashing timing lights, whleh record tindng
ﬁarks on the film and, in addition, an event ﬁark at the Instant the
experiment 1s Initiated. ﬁhe lens arrangements include%the use of eX=
tension tubgg to 5-1/2 Inches and éuxiliary lenses, as séen in Pigs. 1
and 2, depeﬁding on the particular magnification desired; For magnifi-

cation of about Ll:1l, extension tubes are adequate; magnifications greater
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than 1:1 are accomplished by using an auxiliary leng with a long focal
length (about 15 em.) to bring the image out of the pressure vessel, and
a camera lens with a short focal length to magnify the image on the film.

The photographic arrangement also includes two Wollensak ?astlites
(lOOO watt'photo spotlights), each rated at l70,000.foot candies at 3
feet. A spherical mirror behind the lamps proJects an image of the

filament, which can be focused on the subject by adjusting the position

" of the lamp. The Fastlites illuminate the experiment from both sides,

while the camera operates at the third view port of the pressure vessel.

The pressure vessel 1ls deslgned to rotate 90f;,heﬁce, back lighting is
also possible. |
The droplet injector has a 0.C28 inch piston tightly fitted in a

stainless steel sleeve (clearance 0.000L in.), which is mounted on &

. brass body (Figs. 7 and 8). The piston is driven by a Ledex Rotary

solenoid* connected to a fine threaded screw (72 threads per inch),
(F;g. 7). When the solenoid is activated, the maximum turn is 95°,4the
minimum about 6°. After each activatilon, the solenoid is set by hand
for the next step. Sample design calculations using the ‘equa.tions dew-

rived from the model presented in Appendix A are included in Appendix C.

'The filaments are coﬁstructed_from quartz tublrg, one end pulled to a

fine hollow filament and the other attached to a ground joint, which in

turn fits Into the brass body holding the piston and driving mechanism

- (Figs. T and 8). The liguid volume is determined primarily by the

volume of the ground joint and, hence, readlly controlled by packing

Ledex Inec., Dayton 2, Chio.
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witﬁ glass beads.

The injector, as shown in Fig. 3, 1s mounted oﬁ the end of a shaft
vhich moves in a Qe?tical direction. The shaft 1s fitted with bearings
and is mounted in a tube. The bearings allow the shaft to tfavel verti-
‘callj with no horizontél movement. The lowering mechanlsm 1s positioned
.. Qirectly over the opening in the top of the pressure vessel through which

the filament enters. Vertical movement of the injector is controlled by

.~ raising and lowering the shaft mechanically or by hand.
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IV. EXPERIMENTAL PRCCEDURE

The experimentai procedure discussed in this section is generélly
ﬁpplicable to all the experiments on dfoplet ignition that. the apparatps
4is designed for. However, this discussion applies in particular to experi-
ments where ignition lag times are recorded at atmospheric pressure, and
where droplet size, temperature, and fuel are the variable parameters.

After determining the particular size droplet to be studied, the
magnification required for sufficiently accurate measurements is obtained
by'installing the proper lens or lenses in the camera, With.the accompany-
-ing extension tubes, choosing the method of liéhting--i.e., back lighting
or side lighting, and mounting the camera on the saddle as shdwn in Figs.

1 and 2. The ﬁosition of the saddle is then adjusted so that.the camera
is approximately focused on the plane where the droplet will be formed.

Next, the-appropfiate size quartz filament 1s choggn (droplet diameter
gbout 2.5 times filament ldiameter) and filled with liquid fuel. The
filament and injector body (Fig. 7) are ﬁhen placed in a container of
Vliquid fuel and boiled for approximately 15 minutes to.eliminate dissolved -
air from the fuel and absorﬁed alr from the metal and glass parts. After
boiling, the liguid is allowed to cool to room temperature, and the filgment
and injector body are assembled beneath the surface of the liquid. Assembly
of the injector is completed after,removing the filament and body f¥om the
liquid. It is importapt thaf the filaments are free from dust particles
énd that they are of the proper dimensions.. |

. Once éﬁe injJector is assembled, if is mounted .on the lowering shaft
and lowered;so that the filament enters the test chamber in the exact

position for droplet formation.  .With the injector in thils position, the
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camera is focused on the end of the filament. The filament 1s illuminated
for the focusing operation exactly as it is for the actual photography.

After the camera 1s focused, the injector is placed in the raised
 position Just” above the top of the pressure vessel, and thg solenoid adjust-
ment is set for the desired size droplet. The adjustmeﬁt consists of
rotating the solenoid some fraction of its total turn (95°), thereby de-.
terﬁining the remaining turn, which is the piston travel ﬁpon activation.

The crucible or test chamber is thep ﬁeated to the desired tempera—'
ture and filled with gas of the desired composition. The heating is ini=-
tiated by setting the Thermaé Po&er Regulator to menual position,‘and,
aftef turning on cooling water to the view ports, applying no more than
10 volts to the coils'of-the crucible. The power is increased in incre-
ments of 5 to 10 volts, so thét the crucible is heéted at a rate of 100°C
per hour for the first 3 hours, or iOO°C. Thereafter{the heating rate
is increased to 200°C per.hour. After the crucible réaches the desired
temperature, the power regulator is switched to automatic control without
allowing current surges;to be applied to the crucible. The gas is;int?o—
duced into the -apparatus through the pipes provided for it. Aélsoon as |
the apparatus is filled, the flow rate>is reduced to and maiﬁtained at a
very low level .-

The experiment is begun by loading the camera yith 931-A DuPont rapid
reversal film and setting the power for the camers speed desired. The lights
are adjﬁsted to high power and the éamera is turned on. While two seconds
elepse, the injector is lowered to the pre-focused position, and the solenoid ‘
is activated: Wnen the camera stops, the injeétor is agéin placed in the
'»raised position. | |

The injector has the capacity to xepeat the same experiment many
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times with varying droplet sizes by successive readjustment of the solenoid.

However, the droplet size must remain within the range allowed by the par-
ticular filament in use, sinee changing the filamenf requires the injector
to be disassembled and boiled in the menner discussed above. For experi-
ments at elevated pressures, the injector will have to be modified, so that
the filament can remain in the test chamber for several mintues. This

would eliminate raising and lowering the injector mechanism.
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V. EQUIPMENT TEST AND DISCUSSION

The experimental equipment has been tested to deterﬁine the success
of the design calculations and the fegsibility.of obtaining measureménts
under the conditions outlined in Sec. II -~ that is, ignition lag times
of 100 to 500 diameter droplets in a high temperature, oxidizing environ-
ment. |

The empty. pressure vessel.was hydrostéticailyvtested to 150 psig by
Lawrence Radiation Leboratory technicians. A small amount of leakage was -
| discovered at the threads of the window mounts, which will not affect the
high pressure funétions, but will limit the lowest pressure (reduced
pressure) attainable.

The thermsal. characteristics of the crucible and pressure vessel were
tested using air and one atmosphere pressure in the apparatus. Power was
supplied to the crucible in ten voit increments. The rate of power increase
was deterﬁined by the rate of température rise., The crucible was heated
at a rate of 100°C per hour for 3 hours; tﬁen the rate was increased to
20060 per hour. The test chamber attained a maximum steédy state tempera;
ture of l500‘b at a.line voltage of 125 volts. The temperature distribution
over theggnside of the crucible was checked visually by observation through
" the view ports énd by thermocouple measurements. When the crucible was
operating with wall temperatures iﬁ the range of TOO to 150060, hq color
variations over the inner'wall surface could be discerned. At steady
state operatién (liOOdC), the thermocouples imbedded inithe.wall of the
. crucible recofded the same temperatures *5°C, The thermgcouples positioned
in the gas Q% the test chamber also recorded similar temperatures, t5‘.’0.
The difference between the average temperature recorded in the wall and the

1 .

average temperature in the gas was 10°C, average wall temperature being higher.
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With a steady state efucible temﬁerature.of 150060, the pressure
vessel wall temperature remained below 100°C in the neighbofhood of the
windows, and sbout 120°C in the areas of £he pressure shell remote from
the cooling coils located around the view ports. The quartz windows
remalned cool (about 40-50° C). Temperature measurements were made on a
diameter across the surface of the windows by placing =z thermocouple
against the glass. The measurable temperatpre gradient across the diameter
was relatively flat. This indicatee that larger diameter windows could be

used with corresponding thicker glass, and the pressure vessel could be

‘made smaller in relation to the existing crucible without additional outside

cooling. If outside cooling were used over ﬁhe whole surface of the pressure
vessel, the minimum size of the pressure vessel w111 be determined by the
maximum power prov1ded by the Thermac Power Regulstor. Maximum power
attainable with the existing crucible windings is about 4800 watts.

While mounted outside of.the test chamber, the;injector was subJected
to a series of testsusing distilled water. These tests were conducted in
order to determine the best method of sealingvthe filement into the inﬁector,
and to evaluate the shape of the droplet forming 6n the end of the filament
and its rate of growth. The injector was prepared according to the procedure
described in Sec. IV. Coppef, teflon, and neoprene o~ring gaskets were
used at the filament injector body interface (Fig. 8). The solenoid was -
activated several times wlth each type of gasket insfailed, and the droplet
growth rates were observed with the fastax camera. Thezgaskefs.were
evaluated eccofding to the time of droplet formation (slow forming.droplets'
indicating presence of air in the injector) and the size 0f a droplet fbrmedfg

with a known piston stroke (droplets smaller than expected indlcatlng llquld

leakage past the gasket). Teflon and neoprene performed equally well with
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no apparent leakage; copper gaskets did not provide a valid liquid seal
and were unsatisfactory. Droplets had a tendency to creep up the outside
of the filament while being formed. Therefore, the ends of the filament,
where the dro%let forms, were fire polished, and the oufer wall coated
with a silicone product (General Electric S¢-37 Dfi—Film) in order to
1limit the wetting of the outside sﬁrface of the filament. SUbsequent .
photographs showed the droplet forming and being suspended_at thé bottom
of the filament in the desired manner.

This series of tests on droplet formation also included droplet
growth rate measurements takén wifh the fastax camera‘under conditions of
adequate lighting-~that is, lighting adjusted for satisfactory pictures.
The results show that droplets in the range of 150u to 500u in diameter
were formed when the proper size filaments were used>(as discussed in
Sec. II) in periods of the order of 0.0l seconds.

Photographs of droplets forming in the test chamber under anmbient
conditions have been taken.to eveluate different .lighting arrangements
and the possible megnification attainable. The tests were performed
accordinglto the experimental procedure presented in Sec., IV (excluding
the section on high teméerature production). Side lighting broved to be
unsatisfacfory (underexposure) with lights rated at 5.5)(].01‘L foot candiés
at 18 inches and for object to image magnificatioh of 1l:l. Camera speeds
of 500 frames per second were u;ed. Since this test, focusing spotlights
rated at 1.7X%05 foot‘candles at 3 feet have been obtained, which anﬁld
provide suffipient side i1llumination for cemers speed ofaaboutg500hf;;mes
per second, w&th at least 1:1 object to image magnificatiéﬁ; An increase
. in the diameter of the view ports in the pressure vessel by 1/2 to 5/4

inches would greatly increase the ineident illumination at the obJect,



since the photographic spotlight can focus to a diameter of 2 inchesa
Tests made with back lightiné, using one photo spotlight, rated at
l.,'TXlO5 foot candles at 3 feet, provided adequate photographs of.droplet
formation over a wide range of conditions. The light was focused to a
P-inch diameter radius on the‘view port window in the pressure vessel, The
distance from the lignt filament to the droplet was about 3 feet. At 11l
magnification, satisfactory plctures were obtained with the lens épertur?
fully stopped (£/16) at a frame rate of 1000 frames per second. At £/Ls5
and f/ll and 1000 frames per second, the film was overexposed. . With the
lens stopped to f/l6 and & frame rate of 500 frames per second, the result
was ageain overexposure. .This indicates that with back lighting, the meximum
object to image magnification attainable will be somewhat greater than l:l.
By following the genersal procedure discus;ed ih Sec. IV, the growth

rate of a 4OOu diameter heptane droplet forming in the test chamber on a

o 140p outside diameter quartz filament under ambient conditions was observed

using the high Speed camera. The droplet was photographed at an.objec? to
imgge magnification of 1:1l and at a camera speed of 1000 frames per second.
The Lens was stopped at f/l6, and back lighting was used with one high
intensity photo spotlight focused on thé window of the pressure vessel,
‘The distance betﬁeen the light filament and droplet was approximately 3
feet. The results of the test, as seen in Fig. 9, show the LOOp diameter
droplet forming in 0,020 secondse o

. The ratg'of droplet growth is sbout 30% faster than predicted in
. Part A of Appéndix A, indicating Some leakage around the-piston.' Leakége
past the pisﬁon limits the miﬁimum size droplet which caﬁzbe formed by
the injectog to sbout 1504 in diameter; this indicates thé need of =z

larger piston with a bleeding device (as mentioned in Appendix A, Part B)
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if droplets smaller tﬁan 150 are to be formed;

The fastax camera functioned satisfactoriiy durlng all theée tests
with no discernible vibration wnen mounted on the lathe bed. When the films
were projecfed on a screen, the filament image remained stationary. The
timing and event markings on the film were easily recognized during test
rms and yiéld the necessary informatién. Focusing operations were readily
accomplished by moving the camera on the wayse.

During the.last test described, the 1$wering device for the injector
returned the prefocused filament to the original position in the test
chenber. However, adjustment and mounting of the injector on the moving
rod and deaccelerating of the injector were difficult. The adjustment and
mounting difflculties caﬁ be surmounted by machining the parts of the
mechanism to clése tolerances and eliminating the play in the system.

Means for deaccelerating the injector have not been teéted, however.,

For experiments undertaken with elevated pressures, the injector
will be required to remain in the test chamber for angexfended period éf
time for establishment of equilibrium. Hence, a cooling.of the filameﬁt
will be required. One possible method of cooling is to establish a céqling
Jacket around the filament. This could be another quartz tube mounted
around the filament, with the space between the outside wall of the filament
and the inside wall of the outer tube filled witn a cooling fluid. For
high pressure use, the injector would remain In the test c¢harmber for
several minuteé before activation. Thué, alsmall portion of the liquid
located in the end of the filament would probably vaporiée, requiring the
injector to pé purged before a droplet was formed. To allow for the purging - .
opefation, tﬁe injector can be'modified so that after eacﬁ activation of i

the solenoid, a return spring and ratchet mechanism will enable successive

Aroplets to be formed wlthout resetting the indector_by hand.

-

LY
H
5
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VI. CONCLUSIONS

The experimental apparatus was designed to obtain the measurement of
ignition lag times of liéuid fuel droplets under conditions of high tem-
| perature ( to 1500°C) and pressure from less then 1 to 10 atmospheres, in
a géseous environment of variable composition. The design included the
use of a high.spéed movie camera for making experimental observations and
measurements. The apparatus provides a method of introducing the droplet
into the oxidizing atmosphere by quickly forming the droplet on the end of
a hollow filament in the uﬁiformally preheated»experimental environment.

‘ The experimental apparatus is capable of withstanding 150 p.s.i.g.
internal.pressure and providing uniform temperatures Iln the test chamber
to 1500°C with maximum outside wall temperature less than 120°C.

The equipment tests determined that small droplets (100u to 500p in
diameter) can be formed and photographed in the test chamber. DrOplefs'
can be formed in times»of the ofder of 0.0l seconds with the injecting
.device. To form droplets with diameters less than 1OOu, the injector
should be modified to incorporate a longer plston stroke and é device
for céntrolling ligquid bleed-off from the injector'chambér. Droplets
have not been formed successfully with the apparatus opérating at high
temperafure, because of excesslve evaporation of the liquid in the fila-
ment. Although a lowering device such as that described in Sectign IIT |
might be usé& wlth the injector to overcome this difficulty, again some
serlous prq%lems would arise, such as: the iowering of the fllament tol
& prefocuséd position and thé provisioh fbr deacceleraﬁ?ng thé injectbr
wilthout eﬁcessive filament vibration. A more satisfactéry solution

would be to eliminate the need for lowering the:injector altogether—-
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an obvious necessity in the case of elevated pressures. This might be
accomplished by equlpplng the quartz.filaments with cooling jackets and
providing the injection mechanism with a means of forming successlve

- droplets. A rachet mechanism would allow successive solenoid activation
without intermediate hand settings, thus enabling the injector to be
purged of any evaporated fuel before the actual experiment.

With the present apparatﬁs, high speed photographs (order of 1000
frames per second) of droplets (150u to 5004 -in diameter) formed In the
test chamber have been made with back lighting at object_to image magni-
fication in excess of 1l:1l. Since the droplets were not formed in a high
temperature environment, there is no evidence that tbe ignition phenomena
(flame fronts) can be observed using back lighting. From first principles,
ignition phenomena observations are reasonably assurea with side lighting.
The problems of object to image magnification and incident object illumina-
tion in the case of side lightirg caﬁ be alleviated to some degree by
constructing a smaller pressure vessel with larger view ports around the
present test chamber. !

In addition to 1gnition lag measurements, other experiments gerﬁane
to the étudy of droplet ignition could be made with the apparatus in 1ts
present condition, or with minor modifications. High temperature tran- .
sient and steady staté droplet eyapor&bion experiments could be undertaken
if the gas in the test chamber is Inert or the liquid vﬁpor In nonreactive.

The apparatus was specifically designed and constructed to duplicate
the éxperimént; outlined in Section II. However? séme:mechanical problems
remain to be solved before all the experliments can be pgrformed. The
principal requirement 1s the modification of the injector so that it

" can remain in the high temperature envliromment for perlods of several



minutes, and so thét it can form successive droplets while in place.
Other beneficial modifications to the apparatﬁs‘wohld be the enlarge-
ment of the view ports énd the reduction in pressure vessel size. These
modifications would aid ih obtaining better photographic observationms,

" but are not a necessity for carrying out experiments.
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APPENDIX A.

Mathematical Model for Droplet Injector'

The following model was developed to simulate the process of drop-=

let formation and hence yleld sallent design criterla for the droplet

injector.

The following assumptions characterize the injection model: the

piston moves instantaneously as compared to the time of droplet forma-

tion; the equations for well developed steﬁiy~state laminar flow hold

for this case; the volume of the injector body remains constant; and,

the process 1s 1sothermal.

Nomenclature:
Pa atmospheric pressure
Pd Internal droplet pressure
Pc chamber pressure of injector
D droplet diameter
d outslde diameter of fllament
Lf length of filament
e Inside radius of filament

chamber volume of Injector (constant)
compressibility of liguid fuel

volumetric flow rate of ligquid fuel between the piston

and sleeve
volumetric flow rate of liquid through the filament
inside radius of pilston sleeve

radius of plston

= length of ﬁiston sleeve

swrface tension
time

viscosity
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The Injectlon Model:
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A. The first case to conslder is when Q2 = 0, that is, piston clear-

“ance 1s zero and no fuel can escape by flowing up the annulus between the

plston and wall.

Initial conditions:

t =0

P =P
c o

vc - vo

P =P .
a a

Boundexry conditions:

Pc =P.

P =7
a. &_

From Equations (1) and (2)

av.

1k
at 1(P“Pa)
Qv = BV, a2

. By substitution

P T
ar 1 ar L
at BV (P=P) f "(‘““)" PP ;=f - B dat
Po a’: 0 o]
~and
P . PO - e - t/Tl .
BY_ - |
where Tl = an ordinary time constant.

L
Then, solving for droplet volume as a functioh of time: -

av _ L _=t/T
= = (Po-Pa) ke 1



F

and " ’ /
v t </t
f av=(p -2)k | e Loat

'-t/?l‘]

= ... = - X -
V=V =V (P P),l'rl[l e

The result shows that the droplet will grow to 2/3 of its final value in

the time T Though growth continues after time Tl’ it.will be somewhat

lt

o - slower, and if'Tl'is small enough in compérison to the ignition lag time,

the growth rate, il.e., rate of increase in diameter of the droplet, will

. be negligible at the insﬁant of ignitibn.

B, A more realistic design calculation can be made 1f. leakage past

the .piston is considered. Then

| av) C v,
W=pB dp 5 Q=¥ (PoPB)=g=; =k (P-P)= gz~

and the volume of the liquid at any time is

V(t) = V(%) +V,

. and

= e = k ; -
dvV = - BB, dp ( 1 * ke)»(P Pa)‘dt _
fP @ m(kl*ke).ft s
po :P_Pa: : BVG, 0 - _
P-P /T
PoB o~ ¢©
o . &
where ; .
| T ;: Bvc = 1 :
i <kl i k2) + .

T T
1 T

The volume of the droplet is caleulated as
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1 av -t/
! aE ° (Po - Pa> € :
1
v . t .
f av, =k, (2, - Pa)f e /T gy
Vo : : o] :

= . ' - -ﬁ/T
VD.=~k1.(Po - Pa) T [1=~e ]

From this second simple equatlion one can see that thé volume of.the

droplet formed with some leakage present 1s smaller and is formed
faster than the first droplet. That is, when the droplet volumes

corresponding to their relative time constants are compared:

-

[
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APPENDIX B

Strength of Pressure Vessel

\

The strength of thé materi#ls used for the pressure vessel is
determined by the formulas of the ASME code for unfired pressure Vessels.f
The formulas aﬁd calculatioﬁs follow |

A. Properties of tﬁe syétem

l. Design pressure: P + 150 psi
‘2., Materiasl: stainless steel (304) »
3. Maximum allowable stress: S = 16000 psi weldéd
b Joint efficiency: E = 0.60 ‘
5. Inside radiusx R =7 in.
6. Bolt circle diameter: d = 16-1/4 in.
~ T. TFactor: c = .25 R
| 8. Gasket factor: m = 0.50 |
9. Gasket load reactién diameter: G = 15-1/16 in.'v
10. Effective gas?et seating width: bv= 13/16 ine. |
1l. Radial distance from gasket load reaction to bolt cirele:

h = 19/32 in,

.

B. Thickness of cylindrical shell (t).

e - PR
= E-0.6P

} (150)(7)
7 (1600)(0.60) - (0.60)(150)

' 0.1104 in.

g -

C. Thickness of flat head (bolted).

|

t=d cP/s + 1.78WhG/Sd3

g "



where W = bolt losad.

Total bolt load:

0.785 GZ P + 2b (3.14 GirP)

W =
- 0.785 (25-1/16)% (150) # 2(13/16)(3.14)(15-1/16)(1/2)(150)
= 32,470 pounds '
| . .78) (324 -
s =6/ 000 - (ISR )

0.686 inches

|1

Ds Thickness of welded tank bottom. .

t =d J%;j

/go.252§15o}
14.25 ! 16000

0.678 in. -

]

il

According to the ASME code, the small openings in the pressure

vessel used for view ports, electrical leads, and tubes did not materially

affect the calculations. }
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APPENDIX C

Injectér Design Calcuiation
. ;
The droplet injector was designed to duplicate as closely as possible
the model dlscussed in Appendlx A. The following is & sample design
calculation used 1n determlnlng the design of the injector.
Purpose: Calculate chamber volume necessary to form a LOOu d;ameter
water droplet with 1 = 0.0lhsec.v |
Restrictions:
a) Percent of surface of droplet‘covered by filament |
not to exceed 10%. The allowable filament diameter
at the droplet surface 1s then set at
= D/2.5 |
"b) By drawing filaments, it was found that the inside
. . diameter of a quartz filamenf is-about:l/Qvof the

r
outside diameter. Then

r. ~d/k ~D/10

~In a LOOp diameter water droplet

BV Hrfh | 5
T=o 3 K o=——  r.= 121077 cm
Ey Bty
where
T = 0.0l seconds X
B = 50xlo’6 atm™,
“ Lf =1l cm
. : v S = 1 centipoise
v o T W s 1O Ml

% (5x1077)(8)(9.9x10 9)

0.646 cm’ (chambervvolumé)

Lo T
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Pressure_in the chamber at t = 0 is

6
AP =

Va_ _ (i/é)(;.lu)(sn)lof
VEB -6
(0.646)(50x10™°)

= 1.03 atm. (Gage)

Maximum back pressure from the droplet due to surface tension is:

Lo

) Pd d

where d is the diameter of the filament,

L (8)(72.8)(9.930°T)
d 8x10™

i

040364 atm. (negligible)
/ N

These calculations suggest that the filament should be constructed
have & chamber volume of 0.646 cm’ to form.a droplet of about 400u

diameter in O;Ol sec.

to

in
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FIGURE CAPTIONS
Experimental Apparatus
Experimeqtal,Apparatus
Assembled Droplet injector
Lovwer Section of Pressure Vessel and Crucidle
Schematic Diagram of Pressure Vessel
Schematic Diagram ofvPressure Véssel and. Crucidble

Disassembled Droplet Injector

| Schematic Diagram of Injector

hOOu Diameter Droplet Forming on 14Ou Dismeter Filament at

1000 £/s, Mag. 11l
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