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N ABSTRACT

This study has been fc‘mused on questions of the importance and
f@aasibility of performing experiments on droplet burning at zero gravity
ln Spacelab. The underlying interest is to acquire basic irifOrmation
that will advance knowledge of the physics and chemistry of droplet
c:ombustion, with attention directed specifically to the ’ch‘emical kinetics,
heat and mass transfer, and fluid mechanics of the phénomena involved.
The work was divided into three phases, the justification“study’, the
feasibility study and the conceptual development of a preliminary design,
In the first phase, a study was made of the status of the tiiedry of droplet
burning, ,and available experimental results were reviewed, with the
intention of defining potential gains from zero-g experiments. In the
second phase, experiments on droplet burning were designed and performed
in the NASA 2.2-second drop tower, to investigate the feasibility of
obtaining the dg;ired information without going into space and to define
the unique contributions that experiments in Spacelab may provide.
Results from the experiments performed during the second phase revealed
a few new facts concerning droplet burning, notably burning rates in
excess of theoretical prediction and a phenomenon of flash extinction,
both likely traceable to accumulation of carbon produced by gas-phase
pyrolysis in the fuel-rich zone enclosed by the #eaction surface. However,

these experiments also showed that primarily due to timing difficulties,



it was not possible to obtain a stationary droplet burning freely, away.
from supporting probes in the absence of gravity, for time periods in
excess of one second. This work thus supplied evidence favoring per-
formance of the experiments in Spacelab. It also resulted in preliminary
désigns for items of equipment, notably a remoiely operated syringe for
forming a droplet and placing it at a desired position, a low-energy,
capacitive, ignition system for igniting the droplet wit!}: loﬁv impulse and
a motion-picture system for photographing the combusiic;n process. These
results were used in the third phase of the work, the conc'xéptual design

of the Spacelab experiment. In addition, during the third phase attention
was devoted ;o studies of methods for remote-controlled droplet positioning
in zero gravity. An electrostatic method for ‘droplet ﬁositioning was
estaﬁli.shed as being desirable, and electrical parameters of droplets

in electrostatic fields, relevant to the design of such a positioning device,
were measured. The phase of conceptual design terminated wif.h a
specification of equipme‘nt and procedures for studying droplet burning

at zero gravity in Spacelab. The primary results to be obtained from
such experiments appear to be clarification of the rolé of time~dependent
phenomena in droplet burning, establishment of relationships between
extinction phenomena and chemical kinetics for various types of droplet
extinctions and elucidation of the role of carbon production in droplet

burning.
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1. INTRODUC TION

Among the many branches of physics and chemistry whose scientific
knowledge might be improved through specifically designed experiments
performed in Spacelab; combustion holds an unusual position in that basic
in‘fOrmation developed in the subject is likely to be comparatively immediately
applicable to practical problems such as the efficient and pollution-free
utilization of energy resources. The present investigation is concerned
with a particular aspect of combustion that is of both basic and applied
interest, namely, droplet burning. The objective is to document ways
in which Spacelab experiments on droplet burning may be expected to
advance basic understanding of the phenomenon, and to define specific
experiments, including hardware aspects, having a high probability of
producing results of appreciable scientific impact. The study was divided
into the three phases identified in the abstract. The presentation that
fqllows is divided i»nto three sections, each corresponding to one of the
phases of the study. The presentation in each section will be brief, with
téchnical details contained in appendices. Following the sections on the
three phases of the work is é, section stating the contributions of the various
personnel involved in the project and identifying publications. The final

section lists the major, general conclusions reached.

&
’




2. JUSTIFICATION

The justification phase of this work addressed the question of
ascertaining the need for experimentation on droplet combustion at zero
grévity. The main activity during the justification phase involved a
detailed review of existing literature on droplet burning. Results of
this review are given in Appendix A, where it is indicated that important
unknowns currently exist ¢oneerning eifects of unsteadiness and of finite-

[
xafe chemistry on droplet burning and that zero-g expéri}nents provide
an attractive means for investigating these effects. The t}irst intention
of zero-g experimentation would be to attain sphericalrsyn‘lmetry, thereby
facilitating interpretation of experimental results. Attempts to achieve
spherical symmetry through reduction of pressure generally result in
extinction occurring prior to attainment of sphericai burning, and attempts
to achieve spherical symmetry through reduction of droplet size lead to
observational difficultias that generally prevent an individual droplet
f;rom being observed for its entire burning history. Reduction in gravity
is the only other way to decrease the buoyancy effects that are responsible
for departures from sphericél symmetry.

Consideration was given to reasons for selecting Spacelab experiments
as the means for obtaining essentially zero gravity. The reasoning rests
on the observation that droplets on the order of 1 mm in diameter typically
b;.lrn for times on the order of 10 sec. Drop-tower experiments therefore

provide insufficient time for observation of the complete burning histories



of the larger droplets of interest. Moreover, as discovered during the
experiments performed in connection with the feasibility portion of this
study, there are timing problems associated with drop-tower experiments.
The relezse mechanisms for removing the support from the droplet imparts
a motion to the droplet, and the experimental apparatus must be exposed

to zero gravity at the instant that normal gravity has reduced this release-
induced velocity to zero, Since difficulties in precise timing of the release
of a package increases as the weight of the package increases, and since
the required weight of the package increases with the zero-g time, there

is a limit on the burning times of free, stationziry droplets that can be
studied in drop towers. These timing problems have been sélved for the
50-1b packages needed in obtaining 1 sec of zero gravity but not for the
200-1b packages needed in obtaining 2 sec of zero-g. Thus, timing problems
provide the main limitation that prevents drop towers from being employed
in the needed experiments on droplet burning at zero gravity.

An alternative approach w‘ould be to perform fhe experiment in an

aircraft that flies a zero-g trajectory. Zero-g times on the order of

30 sec can be a¢hieved in this way. Unfortunately there are also timing
problems associated with thi’s approach. If the droplet is released auto-
r;rlatically as in the drop-tower experiments, then the same timing problems,
encountered in the drop tower, would occur, but with accentuated difficulty
because of the difficulty of placing the aircraft in the zero-g trajecitory at a

controllable time. If, instead, the droplet is released after attainment of
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zero gravity, then a means for remotely controlling the position of the

free droplet is needed, and devices for doing this have positioning times
on the order of the zero-g trajectory time. Adding this 'complication,
which gives a low probability of success for any given run, to the necessity
for making many runs to obtain the desired data for V’ariou‘is droplet and
atmospheric compositions, results in a long and expensive program having
a low probability of success. Therefore the aircraft approach is not
promising.

The only other alternative to performing the experiments in a space
vehicle is to employ unma.nnea rockets, which can provide zero-g
trajectories lasting minutes. Because of the remote nature of such a
rocket experiment, its design would be formidable and likely wouid
encounter timing a‘n‘d_observatio‘nal problems due to the absence of an
on-board observer. In addition, the expense of such a program would
be quite substantial. Therefore the rocket approach also was not deemed
promising.

The experimenis in Spacelab would have the advantage of affording
sufficient time to observe the droplet for its entire burning history, even
for relatively large droplets in the 1 cm size ra'nge.v They also would
have the advantage of ’considerably reduced timing problems and of having
an observer on board to interpret results and to help in making decisions
concerning subsequent rurns from results obtained in previous runs. The

Spacelab experiments would afford the opportunity to obtain a significant
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amount of data for systematically varied conditions of droplet and
atmospheric composition. It was therefore concluded that use of
Spacelab is the most promising approach for obtaining the needed

experimental information.

3. FEASIBILITY

A large part of the feasibility pha‘se of this work involved design
and performance of experiments in the 2.2 second drop tower at Lewis
Research Center. The objectives of these experiments were first to
ascertain whether the required experimental information could be obtained
in ground-based facilities and second tc develop information concerning
key items of equipment needed in the conceptual design of the Spa"celab
experiment. In all, a total of 67 di-ops were made in the tower. The
apparatus employed is described in Appendix B, which is a technical paper
that was prebared on the basis of -;;'esults of the first part of the t;sting.
A more complete discussion of the details of the apparatus may be fo,uqd
in Appendix C, which is a thesis that.\ﬁvas prepared on the basis of the
results of this wor%c. Subsequent to completion of the thesis, which iknvol‘ved
37 drops, an additional series of tests, involving 30 more drops, was
run at the Lewis Research Center, addressed specifically toward the
timing problems. Details of this last series are not reported here because,
despite a number of changes motivated by the timing problems, the results

essentially confirmed those reported in Appendices B and C.
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Certain scientific results were obtained from the drop-tower tests.
These are summ‘arized in Appendix D, Additional details may be found
in Appendices B and C. Essentially, the new results concerning droplet
combustion were observations of enhanced burning rates and of flash
extinction, both likely indicative of carbon buildup. The drop-tower
tests proved to be worthwhile for obtaining qualitative information on
the character of droplet burning at zero gravity, buat they demonstrated
that the quantitative information needed for studying transient combustion
and extinction, as well as for testing the accuracy of quasi-steady droplet
burning theory, probably can be obtained only by performing experiments
in a space facility.

During the feasibility portion of this study, certain key feaczibility
questions were identified. These were:

(a) What specific useful parametric studies of transient and
extinction phenomena in droplet burning need to be conducted in Spacelab
because of constraints imposed by ground-based facilities?

(b) What types of apparatus will be useful for establishing a
charhber having a controlled atm0$phere within which experiments can
be performed on droplet burning at zero-g?

(¢) What problems are likely to be associated with deployment
of spherical droplets at zero-g in con’;rolled environments?

(d) What is the optimum ignition system and timing for achievement
of reprodicible ignitions of spherical droplets with minimum disturbances

at zero-g?
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(e) What photographic systems are suitable for providing
adequate spé.ce and time resolution for observing transient burning and
extinction of spherical droplets at zero-g?

The resolutions of these key questions, as developed from the
results of the feasibility study, may be summarized as follows:

(a) Parametric studies were not attainable in the ground-based
experiments attempted. Timing restrictions permitted only qualitative
results to be obtained. The work shows tiai a facility such as Spacelab
is needed for obtaining quantitative results. The specific parametric
studies will be outlined in the section on Conceptual Design.

{b) The ,apparatus defined in NASA TM-78910, 'Preliminary
Concept, Specifications, and Requirements for a Zero-Gravity Combustion
Facility for Spacelab, ' by R. L. DeWitt, Lewis Research Center,
Cleveland, Ohio 44135, June 1978, provides an adéquate chamber, having
a controlled atmosphere, within which the experiments can be performed.
Successful interfacing of the droplet burning experiment with this
combustion facility is achievable.

(c) A remotely operated syringe, for placing a droplet on the
end c.;f a glass fiber in drop-tower tests, is described in Appendices B
a;nd C. This same syringe design can be used in designing the instrument
to deploy a droplet at a desired position inside the test chamber in the
Spacelab combustion facility. A mechanism may be incorporated to impart

a small impulse to the syringe, for the purpose of detaching the droplet

ity
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from the syringe. Previous experiences, such as those in Skylab,
suggest that the problem of droplet deployment is not difficult to solve.
A means for controlling the position of the droplet in the chamber after
detachment also is needed. An electrostatic positioner appears to be
best suited for this task. The design of the electrostatic positioner is
discussed in the section on Conceptual Design.

(d) A low-energy, retractable spark appears to represent the
optimal means for igniting the droplet in the chamber of the Spacelab
combustion facility. The design of the spark is discussed in Appendices
B and C. Consideration may be given to release of a small amount of
hydrogen at the spark for facilitating reprodicible ignition. This refinement
may be helpful but does not appear to be essential. Use of larger droplets
reduces the disturbance given to the droplet by the ignition process, and
the longer burning times associated with larger droplets present no
problem in Spacelab experiments, whereas they may prevent observation
of extinction in ground-based facilities. While ground-based experiments
require automatic timing of the s4park, the optimal procedure in Spacelab
appears to be manual initiation of the spark, after the manually operated
droplet positioner has placked the droplet at the desired location in the
chamber.

(e) The 16 mm motion-picture camera operated at speed on thé order
of 400 frames per second, as discussed in Appendices B and C, appear

to represent a suitable photographic means for providing adequate space
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and time resolution in acquisition of data on droplet burniang. Provisions
for backlighting and for filters should be incorporated so that the droplet
diameter itself can be resolved, without obscuraction by flame radiation.
Thought should be given to use of more sophisticated instrumentation in
Skylab, namely interferometric photography to obtain density profiles,
adsorption spectrometry to obtain concentration profiles and sampling to
obtain species concentrations. However, these additional measurements
should be viewed as refinements, since the primary data can be obtained
by the photographic techniques that have been explored. Color photography
for general information, as well as the black;-and-white photography for
data acquisition, should be considered.

The main general qonclusion of the feasibility study is that the
£e£a.sibi1ity questions appear t;o‘ be adequately resolved. There appear to
be no remaining questions of ‘principle that may prevent the experimental
px‘f\g‘ram from being completed successfully. Adequate systems for
droplet deployment and for data acquisition have been constructed, while
a promising approach to the problem of droplet positioning has been

identified.

4. CONCEPTUAL DESIGN
The objective of the third phase of this work was to develop a

conceptual design of a Spacelab experiment on spherically symmetrical
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buraning of fuel droplets in oxidizing environments, with specific attention
given to transient effects and to effects of chemical kinetics, the latter
involving extinction phenomena and carbon buildup. This objective involves
consideration of the hardware needed to make the measurements and to
achieve well-controlled, reproducible conditions, sufficient for quantitative
testing of the quasi-steady theory of droplet combustion.

As currently eﬁvisioned, the experiment designad in this phase of
the work will be conducted inside a chamber in which a controlled environ-
ment exists. The characteristics of this chamber are described in Ref. 1
of Appendix E. The composition of the gases in the chamber, as well as
the pressure and temperature, will be known from measurements made
dﬁring chamber filling. Interior to the chamber will be {a) a syringe
device for droplet deployment, (b) an electrostatic device for droplet
positioning, and {c) a retractable spark for droplet ignition. Outside the
chamber will be (d) the-gaseous and liquid consumables, (e) tixe plumbing
required to fill and evacuate tire chamber prior to and after each test, and
(f) a motion-picture camera, with lenses and backlighting, to photograph
the droplet as it burns. The viewing ports in the chamber will permit
photography to be accomplished, as the primary mode of datar acquisition,
aﬁnd will allow the experimenter to observe the test and to manually deploy
a;nd position the droplet, start the camera and initiate the spark. Prior
fo discussing experimental procedure, it is desirable to provide additional

information on each of the components assigned a letter above.
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| {a) The syringe system is described in Section 4 of Appendix B
and in Section 5 of Appendix C. Figure 4 of Appendix C provides a diagram
‘of;the syringe. Although this design was developed for drop-tower testing,
it possesses the attributes needed for remotely deploying a droplet in
the Spacelab experiment. A method is needed for detaching the droplet
from the end of the syringe remotely. The electrostatic positioner can
aid in this detachment. It is also desirable to fix an electromagnetically
activated spring mechanism to the adjustable support of the syringe, so
that the syringe can be retracted rapidly, over a distance of the order
of 1 em, to dislodge the droplet without additional fuel being fed into it
by the plunger. Thi‘s’serves to provide an additional degree of control of
the initial droplet size.

(b) The electrostatic positioning device is described in Appendix E,
where it is also compared with other types of positioning devices. A
schematic diagram of the device appears in Figure 20 of Appendix E.
Complete testing of the electrostatic positioner in a ground-based
laboratory cannot be performed because gravitational forces are comparable
with the electrostatic forces and thereby limit residence times of droplets
in the field., For this reason, the laborrratary‘ studies were £0'cuSed on
m;easu,ring design parameters that are critical to the operation of the
device, The results of these laboratory investigations are reported in
Appendix E. With the data obtained in Appendix E, rational design of the |

positioner is straightforward. It is of interest that although in theory
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the induced dipole moment of the droplet may cause its motion to be
sensitive to the field, in practice it appears that net negative changes
é.cquired by the droplet overbalance this effect and provide an enhanced
effectiveness of the system. The dual-mode capability of the system
is designed to exploit both effects.

(c) The low-energy, retractable spark system, developed in
connection with the drop-tower experiments is described in Section 4
éf Appendix B and in Section 5 of Appendix C, Part of Figure 3 of
Appendix C shows a diagram of the spark, and part of Figure 5 of
Appendix C gives the circuit diagram. Some circuitry modifications
have been developed but are not shown; the optimal design is not unique.
'Ihe wiodified retraction arrangement shown in Figure 1, employing
télesc0ping electrodes, seems preferable for the Spacelab experiment.
Electrode extension, spark firing and eleétrode retraction are to be
initiated manually in the Spacelab experiment.

(d) Requirements for liquid fuels are minimal in this experiment
because only one droplet is burned in each test. One liter of each of
the fuels to be tested is anticipated to be sufficient for the entire test
series. Fuels to be studied are heptane, decane, hexadecane, methanol,
a 50/50 mixture of heptane and hexadecane, kerosene, a heavy fuel oil,
and a water-fuel emulsion, 10% water in hexadecane, with 2% Span 80
as- an emulsifying agent. Gases to be employed are nitrogen and oxygen,

sufficient amounts of each being needed to fill the chamber to 1 atmosphere
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pressure 50 to 100 times, approximately one time for each experimental
run.

(e) The plumbing requirements, as well as the requirements for
measurement of pressure and temperatufe in the chamber, are consistent
with the chamber design described in Ref. 1 of Appendix E.

(f) The motion-picture camera and its use are described in Section 5
of Appendix C. In the drop-tower testing, controllability was such that
énly a general view of the entire test area was useful. In Spacelab it
;xs anticipated that a lens system for obtaining magnified photographs of
the burning droplet itself will be useful. Also, backlighting of the droplet
is required, to aid in measurement of the droplet diameter on the film.
Iznstrumentation having greater sophistication, such as interferometry,
ai.bsorption spectroscopy and gas sampling, is not studied in this report
because it is felt that the major data of use will be the photographic records.
In further studies consideration should be given to more elaborate instru-
mentation, for use after the primary, photographic data is acquired.

The experimenté.l procedure involves first placing the apparatus
inside the combustion chamber. The apparatus is to be inserted through
the lower port and raised to the observation position, opposite the upper
pbrt. The apparatus is supported on a platform which holds the__.elements
of the positioning device, the electrodes for ignition and the syringe for
deployment of the fuel. The syringe must be filled in advance with the

fuel to be tested. The chamber need not be opened between runs, unless
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it is desired to study a diffefent fuel, in which case the syringe must be
removed and refilled.

The experiment is initiated by evacuating the test chamber and
purging the system with the gas mixture to be used in the test. After
gas motion ceases, the droplet is deployed by the syringe mechanism,
the syringe is retracted, the droplet is positioned between the electrodes
by the positioner, the electrodes are extended, and the data recording
system is initiated. The spark is then fired to initiate combustion, and
thé electrodes are retracted. Tests are to be made both with and without
thé positioner operating during spark and combustion, to ascertain the
effect of the positioner on the burning. After the combustion is completed,
the data recording system will be stopped and the chamber evacuated.

The primary parameters to be varied from run to run are the
fressura (0.1 to 2 atm), the initial droplet size (0.1 to 1 cm), f:he
atmospheric composition (20% oxygen, 80% nitrogen to 100% oxygen),
the fuel type (see (d) above), and the fuel and atmospheric initial temperatures,
An individual test will require less than five minutes to run.

A schemaiic diagram of the apparatus is shown in Figure 1. The
electrostatic positioner, the retractable electrodes, the syringe mechanism
and the photographic recording system all are indicated in the figure,

The primary items of data to be obtained in these experiments are

the flame diameter and droplet diameter as functions of time. This

information will be extracted from the film records after return to Earth,
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The data will be obtained for the range of conditions outlined above, to

test existing theories of quasisteady droplet combustion and to investigate
transient effects. Also to be measured are extinction diameters of droplets
as functions of these conditions, From information of that type, overall
rates of chemical reactions will be extracted by use of newly developed
theories. Equally important are qualitative observations of different
extinction modes, as well as possibly different burning modes, for different
fﬁels. The extent of carbon buildup, as a function of fuel type and atmos;
pheric composition, can also be obtained qualitatively from the film records
and from on-boérd observation by the experimenter., It is on the basis of
analyses of this type that advances in understanding of droplet burning are
anticipated to be achieved.

The conceptual design, developed herein, is expected to undergo
small modifications during the final design process, if the present experiment
is carried out in Spacelab. The intention here has been \to provide the
concept for the design,‘ not full design details., It appears that on the basis
of the concept outlined above, a useful study of droplet bufning can be
deéveloped and performed in the combustion facility of Spacelab, The
potential payoff of such a program is an appreciably improved understanding

of processes of droplet combustion,

5. PERSONNEL AND PUBLICATIONS
This work was performed by researchers at the University of California,

San Diego, with help from personnel at the Lewis Research Center. The work
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was superviced by F. A. Williams. The drop-tower experiments were
designed by Brian Knight, who conducted the first series of drop-tower
tests. His thesis, which is based on this work, appears in Appendix C.
Tom Cochran, John Haggard, Ray Sotos, Gene Farkas and Tom Labus
are among the NASA personnel who helped him with the experiments and
their interpretation. The second series of drop-tower tests was designed
and conducted by John Haggard, whose contributions to this project proved
to be invaluable. The studies related to the electrostatic positioning
deévice were performed at the University of California, Sén Diego by
Moshe Kuna, Brian Knight contributed some early ideas to this study,
the results of which appear in Appendix E. Klaus G. B. Sulzmaﬁn and
Tohru Mitani helped in preparation of the final report. The continued
he‘ipful interest of Tom Cochran in this work provided an indespensible
impetus to the entire study.

A paper on this work was delivered at the 1977 meetingndt; the Central
States Section of the Combustion Institute and is included herein as Appendix
B. Additional publications are the thesis of Brian Knight (Appendix C) and
the work on the electrostatic positioning device (Appendix E), not yet
submitted to a journal. F. A. Williams and Brian Knight are in the process
of preparing a paper on the scientific results of the study, to be submitted

to a journal for publication.
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6. CONCLUSIONS

(a) The;'e exist basic unknowns concerning droplet combustion,
notably transient effects and effects of finite-rate chemistry, which can
best be studied by performing experiments on droplet burning at zero
gravity in Spacelab.

(b) It is feasible to perform the needed experiments on droplet
burning in the combustion facility designed for Spacelab.

(c) The conceptual design of the experiment on droplet burning
employs a chamber in which the combustion will occur, gas and liquid
supplies and associated plumbing for placing the reactants in the chamber,
a syringe mechanism for deploying the droplet in the chamber, an electro-
static positioning device for controlling the location of the droplet in
the chamber, a spark system for ignition of the droplet, and a photographic
system consisting of a motion-picture camera and lighting, fqr observing
the droplet as it buras. |

(d) A sequence of droplet-combustion tests in Spacelab, with
systématically varied atmospheric and fuel compositions, holds the
potential for providing a significant improvement in our understanding of

basic mechanisms of droplet burning.
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APPENDIX A

JUSTIFICA TION STUDY

1. Introduction

The purpose of the justification phase of the work was to ascertain
tlie need for experiments on droplet combustion at zero gravity through review
oﬁ the existing literature on droplet burning. That droplet burning has been
the subject of extensive study over many years is evident from numerous reviews
of the topic [1-4]. Practical motivations for such investigations come mainly
from the desire to achieve clean and efficient production of power through the
combustion of liquid fuels. The fact that the studies are continuing demonstrates
that unknown factors remain at the basis of the subject. Identification of these
unknowns, provided by the literature review, points out what types of investi-

gations hold greatest promise for advancing fundamental knowledge.

2. Analytical Background

The conservation equations of fluid mechanics describe droplet combus-
tion, provided that allowance is made for transport phenomena and for chemiéal
transformations in these equations[s]. Two factors prevent solutions to the
equations for specific systems from being obtained readily. One is the complexity
of the equations themselves in three-dimensioknal, time-dependent situations, and
the other the fact that certain quantities appearing therein, especially chemical
kinetic parameters, usually are not known. Theories for droplet burning have

circumvented these two difficulties through introduction of approximations. To
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the extent that the approximations correspond to reality, the analytical basis
exists for calculati~g histories of droplet combustion.

Critical approximations in the classical theory are (a) that the liquid
droplet maintains a constant temperature consistent with evaporative equilibrium
at its surface, (b) that steady-sfate, spherically-symmetrical forms of the con-
servation equations are applicable in the gas phase and (c) that chemical equili-
brium prevails and gives rise to a spherical flame-sheet positioned in the gas.
With these and other, less critical, approximations, it is calculated that the
ratio of the flame diameter d, to the droplet diameter d& remains

£

constant during burning, being given by

d {1l + [Q Yo+ 'Ep(Ta - TL)]/L}
(1 + VYO) ’

(1)

oo

and that the square of the droplet diameter decreases linearly with time t,

according to the ''d-square law',
dj = dj_ - Kt , (2)

where the ""burning-rate constant" K is given by

. [-8) 1 = |
1 7p '
Hére % denotes the mass fraction of oxygen in the ambient gas, V the

0]

stoichiometric ratio of fuel to oxygen on a mass basis, Q is the heat released
in the gas-phase combustion per unit mass of oxygen consumed, L the heat

absorbed per unit mass of liquid fuel vaporized, Ep the mean specific heat
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at constant pressure for the gas, Ta and TL the ambient and liquid tem-
peratures, respectively, X\ is the average thermal conductivity of the gas,
and Py the liquid density. In essence, diffusion of oxygen through reaction
products to the flame sheet, where it reacts to liberate heat that is conducted

back to the liquid fuel to cause vaporization, comprises the dominant physical

mechanism of droplet burning in the classical model.

3. Experimental Background

Although Eq. (2) often agrees well with experiment, one or more of the

. approximations on which it is based do not. To study the burning of an indivi-

dual droplet experimentally, it has usually been necessary to support the droplet
on the end of a fine quartz fiber [6-12], and the flows observed are manifestly non-
spherical. The hot flame in a gravitational field causes gases tou rise buoyantly
about the droplet. An axisymmetric flow under natural convection is established,
thereby violating approximation (b) above. Although a few attempts have been
made to describe the nonspherical flow, the task is difficult since the Grashof
numbers typically are neither large nor small. Thus, analysis of the observed
ﬂqw has proven to be prohibitively difficult to date. Under these conditions,
Eq:. (2) must be viewed as an empirical correlation applicable over a limited
range. Indeed, the;re is as much as a factor of 2 differerice between measured
values of K under similar conditions for similar fuels [12].

If droplet combustion influenced by natural convection were of major
fundamental or practical concern, then greater effort should be expended on
analysis of these experiments. However, aside from interest in phenomena of

natural convection per se, it is not clear that studies of burning droplets
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influenced bjr buoyancy would be profitable. From the practical viewpoint,
droplets in cembustion chambers are relatively small and are not supported
by fibers, and influences of buoyancy thereby are reduced by droplet motions.
From the fundamental viewpoint, underlying physical and chemical phenomena,
such as the effects of chemical kinetics, can be studied more readily if the
complicating influence of buoyancy is removed. Therefore there is interest
in establishing experimental conditions under which droplet burning is studied
in a buoyancy-free environment, not only for seeking a more vigorous validation
of Eqs. (1) thrqugh (3) but also for obtaining a better understanding of basic

combustion phenomena associated with droplet burning.

One method for minimizing buoyancy is to work with very small
droplets projected into a hot gas strearm[13-15]. This approach has the dis-
advantage that individual droplets cannot be observed throughout their histories;
only overall information such as burning times can be obtained. An alternative
approach that has been attempted [12] is to burn droplets at reduced pressure,
since the Grashof number decreases with decreasing pressure. Unfortunately
it is found that extinction due to finite-rate chemistry generally occurs at
pressures above those at which the flame becomes essentially spherical, with
suspended droplets. The only other way to decrease effects of buoyancy is to
reduce gravity. This approach has been pioneered by Kumagai [16-20], who

designed and performed zero-g experiments using drop towers. A means for

extracting the fiber support from the droplet prior to ignition was developed[19, 20],

and measurements showed that burning rates of free droplets differed somewhat
from those of suspended droplets, even at zero g [19], because of disturbing

influences, such as heat-sink effects, of the support. The free-droplet data of
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Kumagai and co-workers [19,20] certainly are the best available on spherically

symmetrical burning of fuel droriets today.

4, Unsteady Phenomena

Although thesa experiments [19,20] achieved spherical symmetry, the
results still do not cqmply with the a.pproximations of the classical theory.
Although the d-square law again is satisfied closely, the ratio of flame to droplet
diameter does not remain constant during burning, in contradiction to Eq. {1}.
Observationally it is evident that the spherically symmetrical gas flow is un-
steady. This unsteadiness may be inherent in zero-g combustion, or else it may
be attributable to the limited test time of about !l sec. In none of the tests[19,20]
was sufficient time available to follow the droplet to half its initial diameter,
even though only small droplets, less than 1.5 mm in initial diameter, were
~employed. Extrapolation of data [19,20] indicates that more than 2 sec. are needed
for the diameter of a 1 mm droplet to decrease to zero. A larger drop tower,
sdch as the 2.2 sec. tower, or possibly the 5 sec. tower at NASA Lewis Research
Center, would be needed if such a droplet is to be observed for its entire burning
history. Larger droplets, having initial diameters in the range of 1 mm to
1 ém, can be observed for their entire burning history at zero g only in a facility
such as Spacelab.

The observation of unsteadiriess [19] has prompted further theoretical
investigation of time-dependent phenomena in droplet burning. A practical
motivation for this is that comparable time-dependent effects also may occur for
éman droplets in conventional equipment for power production. A basic motiva-

tion may be the desire to achieve better understanding of time-varying flows with
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heat and mass transfer. The theoretical studies have taken two separate lines.

In one [21] it is assumed that the unsteadiness arises from time-dependent responses

that occur within the liquid. The gas is treated as quasisteady, and therefore

ohly approximation (a) of the classical theory is omitted. In the second

approach[22, 23] approximation (a) is retained but (b) is rejected, it it being assumed

that the gas flow is unsteady. Asyrﬁétotic methods can be employed[22,23] to

account for unsteadiness within the context of manageable theory. Both types

of theories [21,22] exhibit qualitative agreement with the available data {19].
Experiments at zero g in which conditions of initial droplet diameter

and of initial liquid temperature are varied over appreciable ranges, would help

to define better the regimes in which each of the two types of unsteady theories

is likely to be more nearly correct. Some experiments of this type can be per-

formed in drop towers, although greater variations in initial conditions should

be achievable in Spacelab. Results of such experimental studies would help to

clarify processes of unsteady droplet combustion.

5. _Extinction Phenomena

Thus far, the underlying approximation (c) of equilibrium chemistry
with a flame sheet has not been addressed here. In effect, this approximation
has removed chemical kinetics entirely from Eqs. (1), (2) and (3). To the
extent that the classical theory is applicable, droplet burning is a phenomenon
of heat and mass transfer and of fluid flow, unaffected by complexities of the
underlying chemistry. In fact, the chemistry intrudes in a variety of subtle

ways.
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For droplets burning in oxygen-enriched atmospheres; the flame
temperature is high enough to produce a large amount of equilibrium dissoci-
ation of reaction products at the flame. There results the weil-known [24]
equilibrium broadening of the diffusion flame, which invalidates the flame-
sheet approximation. .Although there are approximations that lead to Eq. (2)
without requiring a flame sheet, 2 these exclude various phenomena of basic
‘inferest, such as preferential diffusion of light and mobile species like hydrogen.
Nevertheless, it seems likely that equilibrium dissociation will not contradict
" Eq. (2) but instead will merely modify K in a manner as yet unknown, while
at the same time introducing arbitrariness in the definition of d_., so that
Eq. (1) becomes inapplicable. ZFflects of equilibrium dissociation can be studied
at zero g in Spacelab through experiments on steady burning of porous spheres,
by measuring temperature and concentraticn profiles (for example by thermo-
couple probing and gas sampling followed by gas chromatographic or other
analysis). However, the potential payoff of such experiments is not studied
herein.

The second way in which chemistry influences droplet burning is through
finite- rate kinetics. Except for subsidiary effects such as the production of
oxides of nitrogen, finite-rate chemistry becomes important only at low flame
temperatures, where equilibrium dissociation often is unimportant. This occurs
m nitrogen-enriched atmospheres, at reduced pressures or for very small
d\roplets. Typically these influences set in suddenly, being negligible in most

respects up until a point.at which they become overriding and produce extinction.
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Extinction of diffusion flames due to finite-rate chemistry is a well-known
phenomenon for which an extensive theoretical [24-26] and experimental {27-2 8]
background recently has been developed. The theory has been extended to the
problem of droplet burning [29], and experimentally extinction through finite-rate
chemistry has been observed for burning droplets[12] (as well as a reduction in
burning rate near extinction through finite-rate effects). A droplet burns until
reaching a si;e at which the residence time of reactive species in the flame
zohe is less than the chemical time for reaction of these species, at which size
the flame around the droplet suddenly experiences extinguishment.

The implication of these theoretical and experimental results is that
Eq. (2) is valid only for droplet sizes above a critical minimum value. This
value is very small for hydrocarbon droplets burning in oxygen-rich atmospheres
at‘atmospheric pressure, and therefore the influence of cheical kinetics is not
likely to be significant under these conditions, although even here overall com-
bustion efficiencies and the extent of hydrocarbon emission from combustion
chambers can depend on the critical extinction diameters. At reducéd prés-
sures or in nityr'ogen-rich étmosphe_r-es, the extinction diameters should be
obseirvable. From measurements of extihction diameters as function of ambient
conditions, information concerning overall chemical-kinetic parameters of the
combustion process can be obtained [30]. Thus, studies of droplet burning in
which extinction diameters are measured provide an avenue for approaching
underlying chemical kinetics.

Extinction theory, for use in calculating parameters of chemical

kinetics, is available only for spherical droplets. Droplets supported on quartz
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fibers are highly nonspherical at extinctioﬁ[lz]. A clean experiment for approach-
ing chemical kinetics requires spherical symmetry, which is achieved only at
zero g. Drop-tower experiments can be used to measure extinction diameters
pirovided that sufficient time is available for the droplet to burn to an identifiable
extinction. The utility of drop towers for thi‘s type of study is uncertain at
Present; experimental exploration is required to ascertain whether drop towers
can suffice. On the other hand, it is clear that in Spacelab sufficient time would
be available for droplets to burn to extinction at zero g. Experiments on droplet
extinction in Spacelab can contribute to the knowledge of the chemical kinetics

of hydrocarbon oxidation.

6. Conclusions

From the foregoing it may be seen that the principal impact of Spacelab
droplet-burning experiments is likely to lie in the improved scientific knowledge
of (a) fluid-dynamical, heat - and ma‘ss-transfer aspects of unsteady flows
involving combustion and of (b) chemical kinetics of combustion reactions.

It is probable that influences of the results on the man in the street will stem
from improved efficiency and cleanliness of power production as derived from
bétter understanding of droplet combustion, rather than directly from the
scientific results per se. Drop-tower experiments definitely are warranted
'fo‘r the purposes of (a) better defining what information can be obtained only
through experiments in space and of (b) discovering experimental information

that will aid in designing droplet-burning experiments for Spacelab.
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APPENDIX B
OBSERVATIONS ON THE BURNING OF DROPLETS

IN THE ABSENCE OF BUOYANCY

1. Short Abstract

The first stages of an experimental study on droplet burning at
zero gravity are described. Motivations for the work.are to investigate
transient burning and effects of finite-rate chemistry, in a geometr'ical
configuration sufficiently simple for theoretical analyses to be performed
in detail and checked against experiment. Two possible approaches to the’
experimental problem are to e¢stablish burning in a freely falling charpber
in a drgp tower and to perforin the experiments in a research facility in
space, such as spacelab. The work reported here concerns the drop-
tower experiments. The design of these experiments is discﬁssed, and
preliminary results of the experimental program are given. C‘ritical
problems in drop- towe>r testing of this kind, especially timing problems

that arise in this particular experiment, are emphasized.

* Presented af the 1977 Spring Meeting of the Central States Section of the
Combustion Institute, NASA Lewis Research Center, March 28-30, 1977,
Cleveland, Ohio 44135.
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’ 24  Extended Abstract

" Kumagai has succ¢eeded in o.hser'ving the burning of fuel drop-
lets in oxidizihg atmbsphe_res uninfluenced by bqoyancy. His measure-
nﬁents were made in a freely falling chamber which afforded slightly
less t'ha‘.’n one second of negligitle gravitational acceleration. This
allowed sufficient time for establishment of an. essentially constant
value for the time rate of decrease of the square of the droplet diameter.
However, it did not enable him to observe the burning all the way to the

time of its completion. In particﬁlar, he found a transient behavior

for the ratio of flame to droplet radius, over the entire duration of each

of his tests. The present work concerns efforts to extend the time of
observation of a free droplet burning in a quiescent atmosphere with
negligible influences of buoyancy.

The purpose of designing such experiments is to test the basis
of the theory of droplet combustion. Two aspects of the theory are

especially involved, viz. (1) quasisteady burning and (2) infinite rates

_of chemical reaction in the gas phase,

(1) Although Kumagai's results show a perpetually transient
flame, | there seems to be a tendéncy for the flame location to approach
a quasisteady situation at the end of his testing time. By extending the
time of obser‘vation, it may be possible to demonstrate that later in its
burning history the droplet conforms closely to the basic theory. In

addition, if quasisteady behavior does not develop, it may be possible

to ascertain, through coinpa.rison with recent theoretical advances,
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whether the transient behavior stems predominanﬁly from liquid-phase
or gas-phase processes.

(2) In recent years it has become well known that a droplet
burning i‘n a cool atmosphere must experience extinction prior to
achieving zero radius, The reason for this is that the residence time

in the flame decreases as the droplet diameter decreases, eventually

becoming smaller than the chemical time required for combustion to

" occur in the reaction zone. The consequent failure of the approximation

of infinite-rate kinetics affords the possibility of obtaining information

on chemical rates, if the extinction phenomenon can be observed. There

is a possibility that, by extending the test time in Kumagai's experiment,

sy‘stematic'measurements on extinction can be made, from which funda-
mental kinetic data can be extracted.

With these objectives in mind, a program has been initi.ated
t§ photograph free droplets burning under negligible gravitational
acceleration in controlled atmospheres, for longer durations than
previously attained. There are two approaches to the -p;c'oblem. One
is to employ a freely falling chamber in a drop tower taller than that
used by Kumagai, and the other is to perform the experiment in
spaéelab. Work on the drop-tower approach is discussed here.

. The apparatus consists of a chamber within which a controlled
atmosphere can be established and containing the fuel and the means

for igniting it, a support system for an individual fuel droplet, with

o



provision for removing the glass-fiber support from the droplet through
a sﬁring-‘type mechanism, a remotely operated syringe system for
placing a measured amount of fuel on the supporting fiber, an ignition
system incorporating retractable electr.odes that can be removed from
the vicinity of the cirop’let after ignition, a data acquisition system con-
sisting c;f a Millikin camera, focused on the burning droplet and op'erated
at framing rates on the order of 400 pei second, and an electronic timing
chtem for synchronizing the camera start~-up, the ;pring-removal
mechanism, release of the package in the drop tower and firing of the
spark to initiate combustion. The maximum time of negligible gravity

in these tests is 2,2 sec.
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3. - ,Introduction

In the field of combustion, one particular aspect that is of both
basic and applied interest concerns the burning of liquid fuel droplets.
That droplet burning has been the subject of extensive study over many
years is evidenced by the fact that an early review [1] contains more than
sixty references. Practical motivations for such investigations come
mainly from the desire to achieve clean and efficient production of. power
through the combustion of liquid fuels. But certain unknown factors still
remain at the be_xsis of the subject.

The conservation equations of fluid mechanics describe droplet
combustion provided that allowance is made for transport phenomena and
for chemical transformations in these equations [2]. Two factors prevent
soiutions to the equations for specific systems from being obtained readily.
One is the complexity of the equations themselves in three-dimensional,
time-dependent situations, and the other the fact that éertain'quantities
appearing therein, especially chemical kinetic parameters, usually are
not known. Theories for droplet burning have circumvented these two
difficulties through the introduction of approximations, of which three
are (a) that spherically-symmetrical forms of the conservation equations
are applicable in the gas phase, (b) that quasisteady conditions are
achieved, in the sense that steady-state equations can be employed in the
gas and droplet properties such as its temperature are invariant with time,
and (c) that chemical equilibrium prevails and gives rise .t a

spherical flame-sheet positioned in the gas. Numerous refinements to the
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early theoretical considerations of Godsave [3] include the semiempirical
treatment of effects of forced and natural convection [4-8].

| The experimental study of an individual droplet, however, has
usually necessitated the support of the d?oplet on the enq of a fine quartz
fiber [3,4,9-13], and flows are manifestly non-spherical. The hot flame

in a gravitational field causes gases to rise buoyantly, establishing an

‘axisymmetric flow under natural convection, thereby violating approxi-

mation {a) above. Attempts to describe the non-spherical flow have proven
difficult since the Grashof numbers typically are neither large nor small,

It is not clear that studies of burning droplets influenced by buoyancy would

be 'profitable since from a practical viewpoint the droplets in combustion
chambers are relatively small and are not suppori:ed by fibers, so influences
of buoyancy are reduced by droplet motions. From the fundamental viewpoint,
underlying physical and chemical phenomena, such as the effects of chemical
kinetics, can be studied more readily if the complicating infiuence of buoy-
ancy is removed.

Minimizing buoyancy has been achieved by working with very small
droplets prbjecfed into a hot gas stream [14-16], but individual droplets
could not be observed throughout their histories. An alternative apﬁroach
that has been attempted [4] is to burn droplets at reduced pressure, since
the Grashof number decreases with decreasing pressire. Itis found,
however, that extinction due to finite-rate chemistry generally occurs at

pressures above those at which the flame becomes essentially spherical,
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with suspended droplets. The only other way to decrease buoyancy effects
is to reduce gravity.

Previous experiments by Kumagai [17, 18, 19], in which a freely
falling chamber eliminated significant influences of gravity for a short
period of time, have been successful at achieving spherical symmetry.
However, observations showed that the gas flow was unsteady, and the ratio
of flame to droplet diameter did not remain constant during burning, which
violates approximation (b) above. This unsteadiness may be attributable to
the limited test time of about 1 sec. In none of these tests was sufficient
time available to follow the droplet to half its initial diamecter, ceven though
only small droplets, less than 1.5 mm in initial diameter, were employed.
Since there seemed to be a tendency for the flame location to approach a
quasisteady situation at the end of Kumagai's testing time, by ecxtending the
observation time it may be possible to demonstrate that later in its burning
history the droplet conforms closely to the basic theory. The work reported
herein constitutes an attempt to achieve such an extension by use of a drop
tower having 2.2 sec of negligible gravity.

The objective in use of the drop tower has béen to eliminate signi-
'fi‘cantrzrinfluenqes of buoyancy and of nons‘p‘herical convection for a period of
time long enougn to allow observation of the entire burning history. In this
xnémner, the combuétion can be recorded down to droplet sizes so small that

the chemical conversion time in the gaseous flame become comparable with
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the residence time therein. Under these conditions, approximation (c)
above is expected to begin to fail, and in a cool atmosphere droplet ex-
ﬁinétion theoretically should occur [20]. Measurement of extinction
diameters as functions of ambient conditions of pressure and of oxygen
content in the atmosphere should provide data on overall rates of oxidation
and ther .by further the understanding of chemical kinetics of hydrocarbon
combustion. The current status of our attempts to achieve these goals is

covered in the following pages.

4. Experimental Apparatus and Procedure

In order to study the burning rates of spherical droplets, a method
must be devised to confine the droplet to a pre-specified location without
there being solid objects (e.g., glass fibers) near it to destroy the spherical
symmetry. Various methods have been used for positioning liquid dz‘opiets,
but many require large power supplies, while others require a considerable
length of time to accomplish positioning [21]. Kumagai et al. [18, 19] have
developed a method which requires little equipment and is fairly reliable,
and it'is upon this basic design tha'—t the present system has been constructed.

The test apparatus consists of a metal framework which contains
the test chamber, ignition system, batteries, timers and high- spcéd
n%lotion-picture canﬁcﬂa, (Figure 1). The framework, or drop frame, is a
3t0"x 15" % 15" aluminum structure designed to withstand a 30-g. irupact

upon completion of each test. During a test, it acts as a completely »s'éparate
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unit with nothing to interfere with its free-fall condition. The drop frame
is used in the NASA-Lewis Research Center's Zero-Gravity facility which
is capable of providing 2.2 seconds of free-fall with drag forces to 10-6g.

Since the tests performed involved ‘burning in oxygen or oxygen-
nitrogen atmospheres ranging in pre.ssure from 0.1 to 2 atm., it was neces-
s:ary to build a test chamber within the drop frame containing the droplet
déeployment and ignition systems. The chamber is a 12.5'" x 10" x 11"
box made of 3/4" plexiglas, fitted with an o-ring at its base to provide a
seal against the chamber bottom. The chamber bottom is rigidly fixed to
the drop-frame, and access is gained to the experiment by removal of the
box. During a test, the chamber is held against the bottom through the use
of 4 stainless steel threaded rods and 2 cross-bars which exert a downward
force on the box. The use of clear plexiglas enables the camera to film the
burning within the chamber and the operator to see the internal mechanism
in order to deploy the droplet.

The droplet relecase mechanism, located within the chamb‘er, is the
heart of the apparatus. As shown in Figure 2, it consists of an alumihum
"i)iston" which is contained in a 0.825" I. D, cylinder. Into the piston are
iﬁserted a brass rod, 1%'" long, and a 2 mm max. dia. quartz fiber. The
piston rests against a helical spring, and when the spring is compressed, is
held in place by an electromagnetically actuated catch‘. A microswitch on

an adjustable support is used to activate the ignition source. The ignition

electrodes consist of fine copper wires, spaced about 1.5 mm apart, located
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at the tip of the quartz fiber. The electrodes are mounted on a sliding
track which is held in place by a second electromagnetically actuated
catch against the tension of a stretched helical spring.

The release mechanism uses the motion of the droplet to enable
thé release of the drop frame to be timed properly. The piston is pushed
against the spring and held by the catch. After a droplet is mounted on the
fiber, the first relay is energized. The piston begins an upward motion,
but‘ it acceleration is great enough to pull the fiber out of the droplet. The
dreplet continues moving upwards, but is now being decelerated by gravity.
The droplet reaches a point where it ha.s no vertical velocity which occurs
approximat_ely 0.02 sec. after release. _At that time, the piston which was
sﬁll moving upwards trips the micro-switch which energizes the ignition
circuit and the second electromagnet. As a consequence of the resulting
‘catch release, the electrodes then begin movihg away from the droplet. At
the same instant that the droplet reaches the high point of its trajectory, and
zero velocity, the dropframeis released into free fall. In this manner the
droplet is stationalry with respect to the camera mounted on the drop frame,
no physical objects are supporting it, and it is now in frce-fall.

Since the release mechanism is located inside the pressure chamber,
a means for mounting the droplet by remote control is needed. Figure 3
shows the droplet mounting mechanism. It consists of a hypodermic syringe
activated by two small d-c motors. One motor drives the syringe, which

can be moved to bring the ncedle tip in contact with the quartz fiber. The
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second motor, through a 9780:1 gear reduction, slowly moves the plunger

_in to force the liquid fuel out the needle tip. A droplet is then transferred

to the fiber.‘ The droplet size can be controlled fairly easily due to the

fine control provided by the gear reduction, and by the use of a fine-gauge
sfringe needle (25 gauge). The syringe is then withdrawn slowly from the
fiber and the droplet remains on the fiber. The syringe is then moved back
away from the combustion zone.

The ignition system consists of an automotive induction coil for the
hig_h secondary voltage needed for the spark gap, a 4300 UF 50 Vdc capacitor
which is dischargéd through the coil's primary windings, and the control
switches for the spark timing. Power was supplied by three 15 Vdc nickel-
cadmium batteries.

The camera used for the tests was a 16 mm Millikan running at a

framing rate of 400 PPS., The camera was controlled through a set of relays

| in the drop frame control box, and powered by two 15 Vdc nickel cadmium

b}atteries. Lighting was also provided through the control box, as was the
ﬁoWer for the droplet release mechanism. Wiring enters the chamber through
pressure fittings in the bottom.

At the beginning of a test, the syringe is filled with 0,25 cm3 of
fuel, the piston is ''cocked'' into position, as are the electrodes, and the
syringe is moved forward until the needle tip seals in the R. T. V. stoppers
shown in Figure 2. The chamber top is put in place and secured, and the

chamber is evacuated. It is then refilled slowly with N, until a specified

2
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partial pressure is reached, and then filled with O2 until the test
pressure is reached. The pressure is monitored to ensure that no over-
pressure develops if throttling has occurred while filling the chamber.

The drop frame is then placed within an air-drag shield (Figure 1)
whose purpose is to shield the frame against air resistance. The drag
shield moves separately from the drop frame and during the course of a test will
move 8'' relative to #he frame due to air resistance on the shield. At the base
of the drag shield are penetration spikes which are designed to absorb
energy as the package strikes the deceleration tank — a 6 ft. deep box of
aerated sand. Access doors to the test package are mounted on the drag
shield.

The entire test package is hoisted to the top of an eight-story
tower where the package release mechanism and timers are located. The
package is suspended by an over-stressed music wire which is passed
through a cutter assembly. The control box relay switches are connected
to the main control console through umbilical cables, and the normally-
c165ed relays on the drop frame control box are energized (Figure4).

All package switches are then placed in the ""ON'" position but due to the
opened relays, no mechanisms operate. The droplet is then mounted by
rernote control, To initiate the test run, the automatic timers‘ are set

on the main control gonsole, and the stari bution is activated. The camera

circuit closes first, starting the camera. After 2.0 sec., the droplet

release electromagnet circuit is closed, releasing the droplet. In another
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"0.02 sec, the cutter is activated which releases the test package into
free-fall, and the spark circuit is energized igniting the droplet. After
2.2 sec, the package experiences the 30-g., impact and the control box
shuts off power to the various circuits. The package is then retrieved

and prepared for the next run.

5. Experimental Observations

The following discussion is based on the results of thirty-six tests
performed in the zero-g facility on n-heptane and decane in atmospheres of
20, 25, 30, 50 and 80 percent oxygen diluted with nitrogen at pressures of
1/2 and 1 atmosphere. These tests were designed to determine the per- .
formance characteristics of the test apparatus and the critical timing

sequence necessary to achieve a stationary droplet.

The droplet mounting and release mechanisms worked to our full

" expectations, providing a very reliable means of mounting a s.mall (approxi-
mately 1 mm diameter) droplet at the end of the quartz fiber, and of
‘releasing that droplet between the spark electrodes. It was found that any
disturbances to the surface of the droplet due to the action of the fiber being
wifhdrawn were darﬁped-out completely v;/;lthin 0.1 seconds, and a spherically
sy;'nmetric droplet was formed. Ignition was achieved in 84% of the tests;
the remaining tests did not achieve ignition due to eitlief misalignment of
the droplet with the spark electrodes, or malfunction of the spark system

itself. Since the electrodes were of low mass and were mounted on a sliding

bitee,
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arrangement, there appeared to be no disturbance to the flame shape
due to the ignition system.

The timing system, however, proved to be a critical factor in
the performance of the apparatus. Even after the installation of high-~
precision digital timers (accurate to within +0.0005 sec ) it took several
tests in order to get the timing close to a point at which the droplets were
moving with a relatively slow velocity, on the order of 10 cm/sec. ’ With
tile use of a "zero-g light'" which indicated on film when the drop frame
éntered free fall, the timing was adjusted in increments in an effort to
achieve a stationary droplet. However, an irreproducibility in timing of
+ 0.01 seconds appeared to be associated with the package release mech-
anism; subsequent tests at identical timing settings had a difference of
0.02 seconds between the time the fiber began withdrawing from the droplet
and the time that free-fall was achieved.

As a result, all but one test had a dr'oplet moving in the field of
view of the camera. The test in which th¢ droplet was stationary was one
in which the spark system failed to operate. This may indicate that motion
of the droplet is induced by the spark discharge, but this point remains
uncertain due to the irreproducibility of the relative time to enter zero-g.
Because of the small field of view of the camera, approximately 5 cm
vertical distance, the moving droplets were in view for a limited time.
The motion also brought the droplets in contact with objects within the

chamber which distorted the flame, and in oxygen-rich atmospheres
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sometimes resulted in ignition of combustible material encountered by a

burning droplet. In spite of these difficulties, undisturbed burning

~occurred in several tests for approximately 0.5 seconds. In general, the

period of growth of flame diameter was shorter than previously observed
[18], due to the convective effects. |

Several interesting observations were made concerning the burning
of droplets in the absence of buoyancy with forced convection. Heptane
droplets with initial diameters of 1.3-1.4 mm extinguished after ignition
when the velocity of the droplet was nearly 16 cm/sec in an atmosphere of
20% Oz and 80% N2 at 1 atm total pressure. This result may be com-
pared with corresponding results for suspended heptane droplet, at 1g, in
which externally imposed convective velocities above 30 cm/sec were
achieved without ,extinction [1]; the supporting fiber may help to stabilize
the flame in these earlier experiments. Heptane droplets of the same

50% N. at 1 atm total

approximate size in an atmosphere of 50% O 5

2
i)ressure did not extinguish in the present zero-g tests even when a velocity
of 43 cm/sec had been reached. This difference is qualitatively consistent
w1th theory in view of the greatly reduced chemical reaction time at the
elevated flame temperature of the enriched atmosphere.

. Decane droplets burning in 50% O, were obscured by their highly

2

Iuminous flame, preventing observations of droplet diameters by the

photographic technique employed. Only at reduced oxygen concentration,
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i.e. 25% or 30%, was the droplet visible during the entire burning
time on film. Heptane droplets proved to be more visible under the
same conditionsl since their flame was less luminous. The increased
luminosity of the flames of the higher alkanes appears to reflect a greater
tendency toward carbon formation.

Under forced convection, the flame shape was distorted from the

spherical, with the expected elongation forming in the wake of the droplet.

Interestingly, during the first 0. 1 seconds of burning while the droplet

surface is oscillating from the fiber withdrawal, the flame seemed to
eject glowing particles in its wake. This behavior was most prevalent
with decane droplets.

In one test, a decane droplet with an initial diameter of 1.4 mm
rébounded from objects in the chamber and was therefore in the camera
field for the full 2.2 seconds of free-fall. It had not extinguished at the
completion of the test, which was conducted at 1 atm total pressure with

50% OZ’ 50% N., composition. This indicates that for extinction to be

2
observed, smaller droplets must be used, and conversely a longer test
time must be available to observe extinction due to finite-rate chemistry
in larger droplets.

Two tests with decane in 50% O 50% N. at 1l atm revealed

2’ 2

a phenomenon whose explanation remains uncertain. Satellite droplets

were ejected from the primary droplet at ignition and were observed to
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burn to very small diameters. After the flame had become barely visible,

a luminous flash was recorded on one frame of the film (at a framing rate

of 400 PPS), then combustion apparently ceased. The flash was reminiscent
of microexplosions observed with emulsified fuels [22]. The phenomenon
appears likely to necessitate the presence of impurities in the decane whose
relative concentrations increase during burning. Whether these impurities
are present initially or accumulate during burning remains unclear. The
phenomenon suggests that over certain ranges of atmospheric conditions it
may; be difficult to observe quiet extinctions of the type from which overall

chemical kinetic parameters of the gas-phase combustion can be extracted.

6., Conclusions

(a) Reproducibihties in timing of about 2 msec are needed for all
components in drop-tower testing if stationary, burning droplets are to be
observed under zero-g conditions in experiments of this type.

(b) Quantitative data on histories of droplet and flame diameters
and 6n droplet extinction‘ are not likely to be obtainable in the experiments
reported herein without improved timing.

(c) Unexpected qualitative observations of new phenomena, such
as flash extinctions, may be obtained in experiments of this type, even if

quantitatively reproducible conditions are not achieved.
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APPENDIX C
COMBUSTION OF HYDROCARBON DROPLETS

IN THE ABSENCE OF BUOYANCY™

1. Abstract

An experimental apparatus was designed to study the burning
of single hydrocarbon fuel droplets in the absence of buoyancy. A series
of experiments upon n-heptane and decane droplets burning in atmospheres
consisting of 20, 25, 30, 50 and 80 percent oxygen diluted with nitrogen
at pressures of 1/2 and 1 atmosphere were performed at the NASA -Lewis
Research Center's Zero-Gravity Facility between August 1976 and
April 1977, Data from the experiments were obtained from a 16 mm
high speed motion picture camera which recorded the events that occurred
in each of the thirty seven tests performed.

The objective of this experiment was to eliminate the significant
influences of buoyancy and of nonspherical convection upon a single burning
droplet in order to determine the effects of variations in the ambient
gas constituents upon the burning rate. Ultimately it was hoped that
Surning could be o.bserved down to droplet sizes so small that chemical

kinetic effects would predominate and extinction would be observed, thereby

*
The technical content of a thesis submitted by Brian Alan Knight, in
partial satisfaction of the reguirements for the degree of Master of
Science in Applied Mechanics, University of California, San Diego,
19717.
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providing information upon the kinetics of hydrocarbon oxidation.
However, it was not possible to obtain stationary droplets so that burning

could not be observed in the absence of forced convective effects.

The experimental burning rate constant for n-heptanc
burning in air was determined by a linear regression analysis of the
data tobe K = 1,775 X 10-2 cmZ/sec. The theoretical value
corrected for forced convective effects was K = 1. 68_3 x 1072
cmzlsec baséd upon the classical constant property theory. This
heptane droplet was obs.erved for 2,16 seconds in the absence of
buoyancy.

The burning rate constant was not determined experimen-
tally for decane but the droplet diameter obtained from one test film
- had a general tendency to decrease more rapidly than the theoretical

value of K = 1.516 x '10-2 cmz/sec. The extreme brightness of

the flame obscured the droplet surface in all other tests filmed.

The ratio of the flame to droplet diameter was deter-
mined experimentally for heptane in air to vary between 6.2 and 7.2,
- co.rnpared with the theoretical value from a constant property ap-
proach of 35. The assumption made in the theoretical- approach
which resulted ir; an acceptable value for the burning rate based upon

this and other experiments may be less valid when determining flame

position.
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A phenomenon termed '""flash extinction' was observed in
two tests with decane. Minute satellite droplets were observed to
burn to very small diameters at which point they seemed to explode.
These tests were performed in afmosp‘}xe res consisting of

by mass at 1 atmosphere préssurc.

50% OZ - 50% N2

‘The most probable explanation for the flash extinction
and the discrepancy between the theoretical and experimental values
for the burning rate is the accumulation of hot carbon at or near the
surface of the droplet through dissociation of the reaction products.
The carbon production would be most severe in the tests with decane
where the flash extinction occurred and where experimental-
theoretical differences are the greatest. Ignition of the hot carbon
at the droplet surface could cause the flash, whereas the increased
heat transfer. from the carbon to the droplet could increase‘ the

burning rate.

Carbon production can be secn then as possibly being a
, P y g

crucial factor in this type of combustion. The burning time, fuel
used, and atmospheric content are all factors which affect the pro-
duction of carbon, whose effect upon the burning rate has not yet

been fully demonstrated.



7\

o~

N

64

2, List of Symbols
B Pre-exponential reaction-rate constant
Cp,i Specific heat at constant pressure for species i
DJ Binary diffusion coefficient for species i and j
DT,i Thermz'zl diffusion coefficient for species ‘i
E‘ Activation energy for a reaction
fi External force per unit mass on species i
hi Specific eﬁthalpy of species i
?hoi : Sfandard heat of formation per unit mass for species
i at'temperature T° |
7Ri Chemical symbol for species i
ﬁ T}otal number c;f species present
P Pressure tensor
R.o Universal gas constant
T Tempex.'ature
Vi Diffusion velocity for species i °
Wi Molecular weight of species i
Xi Mole fraction of épecies i
Yi Mass fr‘action of species 1
Greek .
6 Flame thickness
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A, Thermal conductivity of species i

-

Cocfficient of viscosity for species i

e

Stoichiometric coefficient for species i appearing

[

as a reactant

]

vi Stoichiometric coefficient for species i appearing
as a product

P . Density

Subscript

b | Evaluated at boiling conditions

F Fuel

£ Evaluated at flame conditions

mix Mixture

o Oxidizer

© Evaluateci at ambient conditions
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3, Introduction

In the ficld of combustion, one particular aspect that is of

both basic and applied interest concerns the burring of liquid fuel

" droplets. That droplet burning has been the subject of extensive

study over many years is evidenced by the fact thaé an early review
[1] contains more than sixty references. Practical motivations for
~sﬁcﬁ investigations come mainly from the desire to achieve clean
and »efficient production of power through the combustion of liquid
fuels. But certain unknown factors still remain at the basis of the
subject. |

The conservation equations of fluid mechanics describe
droplet combustion provided that allowance is made for transport
phenomena and for chemical transformations in thesg equations [2].
Two factors prevent solutions to the equations for specific systems
from being obtained readily. One is the complexity of the equations
themselves in three~-dimensional, time-dependent situations, and the
other the fact that certain quantities appearing therein, especially
chemical kinetic parameters, usually are not known. Theories for

droplet burning have circumvented these two difficulties through the

-

introduction of approximations, of which three are (a) that spherica.lly-E

symmetrical forms of the conscrvation equations are applicable in

the gas phase, (b) that quasisteady conditions are achieved, in the
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sensc that steady-state equations can be employed in the gas and
droplet properties s;xch as its temperature are invariant with time,
and (c) that chemical equilibrium prevails and gives rise to a
spherical flame-shcet positioned in the gas. Numerou.s refinements
to the ‘early theor.etical considerations of Godsave [3] include the
sémiempirical treatment of effects of forced and natural convec-
tion [4-8].

The experimental study of an individual droplet, however,
has usually necessitated the support of the droplet on the end of a fine
quartz fiber [3, 4, 9-13), and flows are manifestly non-spherical.
The hot flame in a gravitationél field ca'uses gases to rise buoyantly,
establishing an axisymmetric flow under natural convection, thereby

violating approximation (a) above. Attempts to describe the non-

" spherical flow have proven difficult since the Grashof numbers typi-

cally are neither large nor small. It is not clear tha.t. studies of burn-
ing droplets influenced by buoyancy would be profitable since from a
practical viewpoint the d.roplets in combustion chambers are relatively
small and are not supported by fibers, so influences of buoyabncy.are
reduced by droplet motions. From the fundamental viewpoint,
uhderlying physicalvand chemical phenomena, such as the effects of
chemical kinetics, can be studied more readily if the complicating

influence of buoyancy is removed.

Minimizing buoyancy has been achicved by working with very
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small droplets projccted into a hot gas stream [14-16], but individual
droplets could not be observed throughout their histories. An alterna-
tive approach that has begn attempted [4] is to burn droplets at reduced
pressure, since the Grashof number decreases with decreasing pres-
sure. It is found, however, that extinction due to finite-rate chem-
' istry generally occurs at pressures above those at which the flame
becomes essentially spherical, with suspended droplets. The only
other \w'lay to decrease buoyancy effects is to reduce gravity.

Previous experiments by Kumagai [17, 18, 19], in which a
freely falling chamber eliminated significant influences of gravity
i'of a short period of time, have been successful at achieving spheri-
cal symmetry. However, observations showed that the gas flow was
unéteady, and the ratio of flame to droplet diameter did not remain
constant during burning, which violates approximation (b) above.
This unsteadiness may be attributable to the limited test time _of
about 1 sec. In none of these tests was sufficient time available to
foilow the droplet to half its initial diameter, even though only small
droplets, less than 1.5 mm in initial diameter, were employed.
.Since there seemed to be a tendency for the flame location to approach
a quasisteady situation at the end of Kuma‘gai's testing time, by ex-
tending the observation timc it may be possible. to demonstrate that
_lai".er in its burning history the droplet conforms closely to the basic

theory. The work reported herein constitutes an attempt to achieve
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sut':h an extension by use of a drop tower having 2.2 sec of negligible
gravity.

The objective in use of the drop tower has been to eliminate
significant influences of buoyancy and of nonspherical convection for
a pe‘riod of time long enough to allow observation of the entire burn-
ing history. In this manner, the combustion can be recorded down
to droplet sizes so small that the chemical conversion time in the
gaseous flame become comparable with the residence time therein.
Under these conditions, approximation (c) above is expected to bagin
to fail, and in a cool atmosphere droplet extinction theoretically
should occur [20].‘ Measurement of extinction diaineters as functions
of ambient conditions of pressure an.d of oxygen content in the atmos-
phere should provide data on overall rates of oxidation and thereby
further the understanding of chemical kinetics of hydi‘ocarbon

combustion.
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4, Analytical Background

A, Constant Property Theory

We consider the;l the pr.oblem of a liquid fuel 'droplet burning
in an oxidizing atmosphere, a's shown in Figure 1(a). Outwardly
diffusing fuel vapor reacts stoichiometrically with the inwardly dif-
fusi;ig oxi&izer gas at an infinitesimally thin flame front according to

the one-step chemical reaction

i

N N : .
Zeim, -~ T VW, (1)
i=1 i=1

whose reaction rate is given by
N
l l Yi
o = k . Ci
i=1

and whose specific reaction rate is given by the Arrhenius expression

~ "E/R T
k = Be

The chemical heat released during this reaction is conducted inward
to sustain vaporization and transported outward to the ambient,
thereby creating two diffusive-convective regions separated by the

flame sheet.
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The gencral conservation equations of fluid mcechanics are

giveh by Williams [2] as

9p/at + V - (p ;’.) =0 Overall continuity (2)
-t -3 - - N

POu/fdt + pv+Vu = -Veq- p:(Vv)+p T Yi;‘.ivi Energy (3)
i=1

. 3Yi/8t + v VYi = wi/p -[v-.( Yivi)]/P Continuity of species (4)

-
where the diffusion velocity Vi is determined from

N X, X
3 3 - - v
vx, = Yy [ (v. - V4 (Y. - x.) (--B)
i ‘ Di' S 1/ i i\p
j=1 ’
0 N
+ (= Y.V, (£, - f
(p) X 9 (£, )
j=1
N -
+ Z }\ixi DTLj _ D’L‘,‘i vT i =1 N (5)
PDi. Y. Yi T reeTe
j=1 J J

For droplet combustion in a falling chamber, several effects con-
taincd in these cquations appear to be unimportant and will be neg-
‘lected, including (a) Body forces (i'i terms)
. terms
T,i )

(c) Pressurc gradient diffusion [(Yi—-Xi)VP/P]

(b) Sorct and Dufour cffects (D
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By further assuming low speed, stecady flow, cqual binary diffusion

coefficients for all pairs of species, and that the Lewis number is

uhity, we obtain the Shvab-Zecldovich form of the conservation

--equations [21,22].

X -y
V..e(pv) =0 Overall continuity

—>-' y o
= - hi W,1 Energy

-
AL (p\"Yi -pDV Yi) = Wi i=1,...,N Continuity of species

where

By expressing bequa.t‘ions (7) and (8) in the form

"
€

L{ca)
where

L(a) =V * [pva - pDVa]

I}

(6)

(7)

(8)
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and defining a coupling function B T 2S5

T T (o)
where
T
4 C 4T
P
- o)
% T N .
2: h, w.(v' - vY)
1 1 1
i=1
- ” VI
and ey YO/WO(V‘0 )

the solution of the equation
LB =0 | | (9

will result in an expression for the burning rate of the droplet, m ,
which appears as an eigenvalue of (9).

This analysis, as performed by Williams [2], assumes that

‘the liquid droplet reaches a temperature that is determined by the

phase equilibrium condition that the partial pressure of the fuel at

. the surface must equal the equilibrium vapor pressure of the fuels

This is very nearly equal to the boiling temperalurc of the liquid.

The flame-sheet approximation is introduced which assumes that all
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of the oxidizer is consumed instantancously at the spherical {lame

surface where the reaction rate is infinite so that Y __ = 0 inside

o

the flame, and 'YF = 0 outside the flamme. Constant Cp and

unity Lewis number are also assumed. The mass burning rate is

then given as

4T Ar 1
L - — @71 e - -
th n Q1+ iQpa You + €} (T Tb) (10)

where the terms used are described below.

-The mass-conservation condition that

can be used to express the rate of change of the droplet diameter

d(di)/dx = - 2m/7mp, r

UL (11)

Previous experiments with burning droplets [3, 9, 10] have shown

that the square of the droplet diameter decrecases linearly with time

according to the "d-square law"

d - d, = Ko(t - to) . (12)
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Combining equations (10), (11) and (12) then results in an expression
for the burning rate constant Ko R
8A

1 i
= /) = 1; -
K C n (1 + I 1QF YO + C (T T]) (13)

-awhere i = stoichiometric mass ratio of fuel to oxidizer

,QF= heat of combustion per unit mass of fuel (lower heating
value)
L = heat absorbed per unit inass of liquid fuel vaporized at Tb
Cp = mean specific heat for the fuel vapor
pt‘ = liquid density at Tb
A = thermal conductivity
A similar analysis for the flame-surface conditions utilizing

equation (9) and YO =0 for r < rf , YF =0 for. r> r:f results

in an expression for the ratio of flame~to-droplet diameter,

Cho v+ ] )
d  Imy1d liQ. v . C (T, - T)/Lg
d, em {1 1 ¥} o (14)
2 oL

The results of these analyses show that for a given fuel
burning in an afmosphere with given initi#l composition, Ko and
the ratio df/d'&’ should remain constant once stecady-state condi-
tions arc attained. The .only question that remains is in the defini-

tions of A and Cp . Law and Williams [4] have developed a

3
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physically motivated empiricism giving an explicit prescription for
evaluating these quantities which gives good agreement with previous

experiment. For A they employed the formula A = X)\F

+ (1-X)X_ . , where X is the thermal conductivity of the
mix F

fuel vapor and Ami.x is that of the gas mixture excluding the fuel,
ar_ld X is related to the average fuel mole fraction belween the
droplet and the flame sheet. The value X = 0.4 was chosen for
experimental agreement. Here A and Cp are evaluated at a
temperatqre T = (Tb + TF)/Z where dissociation is taken into
account in evaluating '."I.‘f . These approximations are used in the
work presented here.

One of the effects excluded ‘by the assumptions given above
is that of forced convective motion of the gas relative to the droplet.
This effect, first analyzed by Frossling for a non—bu.rning vaporizing
;lroplet [24], resulted in the ratio of the vaporization rate m to be
given as

1/2 ! /3
©

m/m = 1 + 0.276 Re S (15)
o] <« .

Agoston et al. [7] have suggested using Pr_ instead of Sc_ and

1/3
r

further assuming  Pr_ ~ 1. When applied to (13) this results

1/

in K = Ko(l + 0.276 Re 2) and droplet motion can be accounted

-

for in the burning rate.
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ﬁ. D:tincti;)n Criteria
One of the assumptions leading to (10) was that of infinite
reaction rates. However, if one wishes to study the effects of finite-
rate chemistry and determine reaction orders, tilc parameter of
primary interest is the Damkohler number Df. .As shown in
Appendix (C1) this 1s defined as |

6? pm tn-1 B »
D, = f v ex B (16)
£ D Wm-lW n P R T:f
of" o F ° |

and is the ratio of the flow ti.me of oxygen through the diffusion flame
o-f thickness 0, to the chemical time necessary for the oxygen to
react to liberate heat. It can be seen thgt if Df < 1, the oxygen
wi;11 have insufficient time to react and a flame can no longer be sus-
tained. For a burning droplet, this can occur whenever the droplet
radius becomes very small so that the flow time (diffusion timc-:.) of
oxygen becomes small compared with the chemical reaction time.
Theorctically then, if a droplet can be observed to burn to a very
small radius, extinction could be observed and 'the system properties
used in (16) to determine the reaction orders and chemical kinetics. .
By varying the system pressure and obsexzving extinction, the overall
reaction order <;ould be determined from the pressure depeindencc

of Df . By varying the OZ/NZ ratio the overall activation

energy E could be determined, since the Damkéhler number is
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fairly sensitive to the flame temperature which is affected by the

concentration of oxygen in the ambient gas. In order to determine

the flame thickness &, one can use the result [8]

-l1m+n+1)

6 = (d/2) D, (17)
where
_ 2 m+n-1 .
D, = C & — E:“ a-l'-b—v“VTE' (18)
4D, W WL o

in which a and b denote stoichiometric coefficients with
respect to oxidizer and fuel for the overall reaction. By systemati-
cally varying the gas pressure and flame temperature (through the
variation of oxygen concentration in the ambient gas), the quantities

of interest in (16)’ can then be determined.

C. Variable Property Theory
With the assumption of infinite reaction rates, so that the
chemical time T — 0, it is seen that the flame thickness 6 - 0

and D1 = ®_ When this limit is applied to the properly non-

.dimensionalized exact governing equations, it leads to a singular

perturbation problem. The droplet combustion problem was analyzed
by Kassoy and Williams [25, 26] using this technique in order to
determine the effects of thermal variations upon the gas properties

and the subsequent cffects upon the droplet burning rate. Only the
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assumptions and results will be summarized here.

The cl;emi;:al kinetic process is described by a one-step
irreversible reaction whose rate is given by an Arrhenius expression
as ineq. (1). An average specific heat for all chemic;.l species is
use;l,'but the the;'mal conductivity of the mixture and the binary dif-
fusion coefficient of the ith species into the product of combustion
species Di' » as well as the Lewis number Lei = P'Di' C;/K' in
which these quantities appear, are functions of temperature and con-
centration. The flow field is divided into three regions, denoted by
the superscripts (~) for the region interior to the flame, (") for
the region exterior to the flame, and ('*) for the flame zone itself.

After performing the proper matching for the solutions in
these three zones, an additional assumption is made for the functional
variation of the transport properties. Thus, the case
A= a'T A'=a T _)\;=a;T‘;s‘ s =1
is considered. The ratio ;'/ a’ is assumed to be 0.8 to account
for the presence of fuel vapor in the inner region and its effect upon
the thermal conductivity of the mixture. The primed variables indi-
cate di.'mensionz;l quantities, whereas unprimed va.riables have been
non-dimensionalized \viﬂl respect to values at ambient (®), with the

exception of the radial coordinate r which is constructed by division
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. by. the droplet radius. The results of this analysis give the burning

rate and flame position as

K = 2 —@—(1-T“)+-‘;‘-[T-T(1)]
[ o] ’ ? a a
P C © ()
L Tpe
- ’ PS ‘52 '; E: ‘;
+ €, e &11- — n(h) + - In (z) ) (19)
aeo C2 a «

(/2 IT" - T(0]- € Le (/31 + T, (/2 ) (z)
r =1 + - = - (20)
(a/e )[1-T + C,Lem(h)]

where

%

- L% 0 = . < -Le
T =1 + [1 TO(I) + L + c..T/cx,F][h 1]

A

e T Le _ ™ - = _ oot
z = | a.T/o.F(h 1)+ 1 - T (1) + L]/L L = L/Cplw
h = (a.F/cLO YOm +1) ap = bWF/(aWO + bWF) a = 1- L
AH°/C] T, o
q.T = oW+ bW . = AH = heat of combustion

'6 = %o(l) - I-: C. = E - CLT/G. "i:o(l) ='droplet surface temp.

E

As stated above, it was necessary to make the assumption
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of a constant cocfficient in the power law expression for the thermal
variation of X, where the constant can have different valucs in the
two diffusive regions. One deficiency existing in this thcory is that
the concentration dependence is suppressed, which co:xld' be an un-
realistic assumption for a gas mixture consisting of species with

widely different molecular structures and weights as is the case

with hydrocarbon droplet combustion.

T ra

A theory which accounts for the temperature and concentra-

3
i}

tion dependence of the various coefficients has been developed [27]
in which a reduced diffusion coefficient pPD, as well as‘ A are
fuhctions of a non-dimensionalized radial distance and of tempera-
ture. 'I:he thermal dependence is assumed to be of a simple power-
law form. With the further assumptions that the specific heat of
ea:ch species is temperature dependent, and that frozen equilibrium
exists at the flame sheet, a general expression for the mass burnir}g
rate and flame position was developed. Hoivevér, the solution of the
expression'involves numerical evaluation of a complex integral,
wh-ich was performed by Law and Law with the simplification that
the concentration dependence of Ci was suppressed, for the case
of a heptane droplet burning in air. A coustant coefficient was also
assumed for the power-law dependence of PfD, and the coefficient

was treated as a free parameter by allowing it to vary within

reasonable bounds.
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The results of this theory for the specific case of a heptane
droplet burning in air gave a flame temperature which was uniformly
too high for the assumption of frozen equilibrium to be valid. The
difference between the theory and previous experimcnt;l results [18]
is highly dependeht upon the value chosen for coefficient of the thermal
dependence of PD.

Bgcause this theory is not entirely general in that the approxi-
mationsi cited above have been made, a‘nd because application of the
theory would be appreciably more complex, in the present work
effects of variable properties are studied on the basis of the theory
of Kassoy and Williams [25, 26]. Althc;ugh the resulting analysis
may lack the desired degree of ggnerality, it should at least provide
an indication of the influence of variable properties.

One cannot verify both the constant property and the vari-
able property theories, but one can determine which tl.1e.0ry secms to
bést describe the phenomenon, based upon experimental results.

In order to do this, it is necessary to cbserve the actual process
in an environment which can be carefully controlled to accurately

define the quantities appearing in the expressions above.
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5. Experirnental Apparatus and Procedure

In order to study the burning rates of spherical droplets,
a method must be devised to confine the drople't to a pre-specified
Jocation without there being solid objects (e.g., glass fibers) near
it to ciestroy the ;phel'ical symmetry. Various methods have been
used for positioning liquid droplets, but many require large power
supplies, while others require a considerable length of time to ac-
complish positioning [21]. | Kumagai et al. [18, 19] have developed
a2 method which z;eqtzires little equipment and is fairly reliable, and
it is upon this basic design that the present cystem has been con-
structed. |

The test apparatus consists of a metal framework which
contains the test chamber, ignition system, batteries, timers and
high-speed motion-picture camera as shown in Figure 2. The
:framework, or drop frame, is a 30" x 15" X 15" aluminum
structure designed to withstand a 30-g. impact upon completion of
-each test. During a test, it acts as a completely separate unit with
nothing to interfere with its free-fall condition. The drop fr.ame is
used in the NASA-Lewis Research Center's Zero-Gravity facility
which is capable of providing 2.2 seconds of free-fall with drag
forces to 10-6é. |

Since the tests performed involved burning in oxygen or

oxygen-nitrogen atmospheres ranging in pressure from 0.1 to
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2 atm., it was necessary to build a test chamber within the drop
fro.me containing the droplet deployment and ignition systems. The
chamber isa 12.5" x 10" X 11" box made of 3/4" plexiglas,
fitted with an o-ring at its base to provide a seal against the cham-
ber bottom. The chamber bottom is rigidly fixed to the drop-frame,
and access is gained to the experiment by removal of the box. During

a test, the chamber is held against the bottom through the use of 4

" stainless steel threaded rods and 2 cross-bars which exert a down-

ward force on the box. The use of clear plexiglas enables the camera
to film the burning within thg chamber and the operator to sce the
i.nternal mechanism in order to deploy the droplet.

The droplet release mechanism, located within the chamber,
is the heart of the apparatus. As shown in Figure 3, it consists of
an aluminum "piston'’ which is contained in a 0.825" I. D. cylinder.
Into the piston are inserted a brass rod, 13" long, and a 2 mm max.
dia. quartz ﬁBer. The piston rests against a helical spring, and
when the spring is compressed, is helci in place by an electromagneti-
cally actuated ca.tch. A microswitch on an adjustable support is used

to activate the ignition source. The ignition electrodes consist of

~ fine copper wires, spaced about 1.5 mm apart, located at the tip of

the quartz fiber. The electrodes are mounted on a sliding track
which is held in place by a second electI'orﬁagnctically actuated

catch against the tension of.a stretched helical spring.

H
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The release mechanism uses the motion of the droplet to
-enable the release of the drop frame to be timed properly. The
piston is pushed against the spring and held by the catch. After a
droplet is mounted on the fiber, the first relay is energi‘zed. The
piston begins an upward motion, but its acceleration is great enough
to pull the fiber out of the droplet. The droplet continuﬁés moving
upwards, but is now beiﬁg decelerated by gravity. The droplet
reaches a point where it has no vertical velocity \vhic}; occurs
approximately 0. 02 sec. after release. At that time, t;le piston
‘vhich was still moving upwards trips the micro-switch ﬁwhich ener-
gizes the ignition ;:ircuit and the second electromagnet. As a conse-
quence 'of the resulting catch release;, the electrodes then begin mov-
i:ng'away from the droplet. At the same instant that the droplet
_i‘eaches the high point of its trajectory, and zero velé)city, the drop
frame is released into free fall. In this manner the droplet is sta-
tionary with respect to the camera moun‘ceci on'the drop frame, no
physical objects are supporting it, and it is now in free-fall.

Since the release mechanism is located inside the pressure
chamber, a means for mountin‘g”the droplet by remote control is nceded.
Figure 4 shows the droplet mounting mechanism. It consists of a
hypodermic syringe ac;tivated by two small d-c motors. One motor

drives the syringe, which can be moved to bring the necdle tip in

contact with the quartz fiber. The second motor, through a 9780:1
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gear reduction, slowly moves the plunger in to force the liquid fuel
out the needle éip. A droplet is then transferrcd to the fiber. The
droplet size can be controlled fairly easily duc to the fine control
provid@d by the gear reduction, and by the use of a fir;e-g.auge
gyriﬁge needle (;25 gauge). The syringe is then wit;hdrawn slowly
from the fiber and the droplet remains on the fiber. The syringe
is tﬁen moved back away from the combustionr -une.

The ignition system consists of an automotive induction
coil for the high secondary voltage needcd for the spark gap, a
4300 HF 50 Vdc capacitar which is discharged through the coil's
primary windings, and the control swi'tches for the spark timing.
Power was supplied by. three 15 Vdc nickel-cadmium batterics.

The camera used for the tests was a 16 mm Millikan
r}unning at a framing rate of 400 PPS. The camera was controlled
th1°;ugh a set of relays in the dr‘op frame Cbntrol box;, and powered
by two 15 Vdc nickel cadmium batteries. Lighting was also pro-
vijided through the contr.ol box, as was the power for the droplet
release me‘chanisnbu. Wiring enters the chamber through pr‘essu?e
fittings in the bottom.

At the beginning of a test, the syringe is filled with 0. 25
cm3 of fuel, the piston is ""cocked" into position, as arc the

electrodes; and the syr'inge.is moved forward until the ncedle tip

seals in the R. T. V. stopper shown in Figure 3. The chamber top
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is put in place and secured, and the chamber is evacuated. It is

then refilled slowly with N_ until a specified partial pressurc is

2

reached, and then fille:d with 02 until the test pressure is reached.
The pressure is monitored to ensure that no over-pressure develops
if throttling has occurred while filling the chamber.

The drop frame is ther} placed within an air-drag shield
(Figure 2) whose purpose is to shield the frame against air resist-
ance. The drag shield moves separately from the drop frame and
during the course of a test will move 8' relative to the frame due to
;.ir resistance on the shiecld. At the base of the drag shield are pene-
ftration spikes which are designed to absorb energy as the package
étrikes the deceleration tank — a 6 ft. deep box of aecrated sand.
Access doors to the test package are mounted on the drag shield.

The entire test package is hoisted to the top of an eight-

[

story tower where the package release mechanism and timers are
\ , :
Jocated. The package is suspended by an over-stressed music wire
which is passed through a cuttef assembly. The control box relay
switches are connected to the main control console through umbilical
£
cables, and the normally-closed rela.ys, on the drop frame control

box are energized (Figure 5). All pa.c}:ag'e switches are then placed

in the "ON" position but due to the opened relays, no mechanisms

operate. The droplet is then mounted by remotn control. To initiate

the test run, the automatic timers are set on the main control console,
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"and the start button is activated. The camera circuit closes first,

starting the camera. After 2.0 sec., the droplet release electro-
magnet circuit is closed, releasing the'drOplet. In another 0.02
sec, the cutter is activated which releases the test package into
fi'ee-fall, and the spark circuit is energized igniting the droplet.
After 2.2 sec, the package experiences the 30-g. impact and the
control box shuts off power to the various circ;zits. The package

is then retrieved and prepared for the next run.
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6. Experimental Results

A. General Observations

Droplet burning in the absence of buoyancy was achicved in
twenty-two tests usiné the apparatus described above. In tests where
decane was used as the fuel, a highly luminous flal;ne surrounded the
droplet, which at oxygen mass fractions equal to or greater than 30%
was so intense that the surface of the droplet was not visible. Tests
with heptane produced a much less luminous flame but the droplet
surface was still obscured wheﬁ the oxygen mass fraction exceeded
50 %.

The releasc of the droplet by the withdrawal of the ¢uartz
fiber caused the droplets to oscillate, but these oscillations damped
out within approxirhately 0.1 secoﬁds. However, during the period
of oscillation the larger droplets, with diameters greater than
1.5 mm, appecared to expel mimite glowing particles‘which traveled
beyond the flame sheet until they lost their incandescence and were
no longer visible.

The spark discharge used for ignition was of such high
intensity that itejected some material from the main droplet and
formed a small satellite droplet in th"rce' tests using decane. These
small satellites were observed to burn to very small diameters

without experiencing extinction in the manner described above.
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Because of the highly critical timing needed in this experi-
ment in order 1;0 obtain a stationary droplet, it was anticipated that
many tests would result in droplets moving through the chamber until
the timing was properly adjusted so that the drop frame was relcased
into {free-fall whenever the droplet had zero -elocity relative to the
frame itself. In the thirty-seven tests performed, it was not possible
to obtain the timing accuracy needed so that every test performed
" resulted in a droplet movihg with a given velocity through the chamber.
This in turn distorted the flame shape such as is shown in Figure 1(b),
and in extreme cases where the timing error was very large the
droplet attained a velocity where burning could no longer be sustained.

The droplet burning described above occurred in atmospheres
consisting of 20, 25, 30, 50 and 80 percent oxygen diluted with nitro-
gen at pressures of 1/2 and 1 atmdsphere. In fifteen other tests,
ignition was not achicved due to malfunction of the ignition or release
systems. Because of the ciroPIet motion relative to the cameré, ’
ohly five tests provided film of droplets b‘ﬁfcning for periods up to
0. 5 scconds. In‘two other tests, the droplets bounced off qf the
chamber walls so that they remained in the camera fielci of view for
most of the 2.2 seconds of free-fall. When passing near any object
in the chambcr,' the flame was distorted ané appcared less intense
than the flame with no solid objects nearby, indicating thc action of

the object as a heat sink which reduced the temperature of the flame
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in that particular region. One of these tests provided data with no

object close to the flame for 2.16 seconds.

B. Method of Data Reduction

The film of ea'ch test was viewed under a Vanguard Motion
Picture Anglyzer which is equipped with cross-haiz;s which are
Iﬁoveable and can be placed over any position.on the viewing screen.
A vernier scale on the analyzer corresponds to the cross-hair posi-
tion, so that the size of an object can be recorded by lining the cross-
hair over the proper position on.the screen and recording the scale
reading. |

Since the droplets \;vere small, and obscured by the flame in
many tests, féur readings Wél‘e taken at ez-f.ch data point corrésponding
to the maximum probable diameter and the minimum probable diam-
eter. The ambiguity in the flame or droplet position was enhanced
bf the graininess of the film undc;r the high magnification used for
viewing. The vernier scale reading from the analyzer was then con-
verted to true ’siz.e by using a fixed reference on the film, the
syringe ncedle, as a scaling constant. "The time reference was
prbv;".ded by the framing rate of the camera, 400 PPS, and verified
by timing marks on the fiim cdge. In this manner, the droplet or
flame diamecter could be plotted as a funclion of time.

Data from two tests on the droplet diameter variation with
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time were plotted using the maximum and minimum points, and a
linear regression analysis was used to determine an experimental
slope of the square of the droplet diameter versus time. Data from
cone test on the variation of the flame diameter with time‘was also
plotted using the same technique to determine the maximum and
minimum probable diameter. In this case, the diamete;r was actually
the minor axis of the ellipsoid formed by the flame dqx’;e’l’".to the forced
convective effect. . | g
6

C. .Theoretical Burning Rate

In order to determine which of 'the theories presented best
describgs the droplet buvning problem, it is necessary to comnute
the theoretical burning rates from the expressions given above and
compare them to the rate determined from the corresponding test.
The evaluation of the quantities appearing in Eqs. (13) and (15) are

described in Appendix (C2), with the results that the burning rate

from Lq. (13) are:

A
n

7.448 X 10#3 cmz/sec n-heptanc burning in air

1.516 X 10“2 cmz/sec decane vburning in 50% 02-50% N‘2

A
1

The evaluation of the quantities ‘appearing in Eq. (19), the
result of the variable property approach, proved to be highly sensi-"

tive to the temperature at which those propertics were evaluated.
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' The burning rate was evaluated for the two cases shown above by

computing L e  ateight different temperatures which could be

found in the region exterior to the flame from T; to T!. For

f 3

- each of these cases, the quantities X; ’ c’ o Were evaluated at

-~

T and at T’ = (T; + T;.)/Z. Then Lé was evaluated at

8

T/ while C’ was evaluated at T’ = (T' + T!)/2 and at
© P . b £ .
T; and these quantities used in Eq. (19) to determine the burning
L

rate. Finally, C'Pca was chosen to be that of the ambient gas
R

A}

mixture and not an average for all species, and the burning rate com-
puted again. This provided a total of 19 cases to be evaluated for
each fuel in order to determine the terhperature at which agreement

betwecen the theory and experiment would be best. The maximum

and minimum values for Ko using this type of approach are:

6.139 x l'l)-l cmzlsec

Ko =
-2 2 ; decane burning in 50% O2 - 50% N2
‘Ko = 2.123 X 10 " ecm" /sec
Ko = 7.263 X 10..2 cmz/sec )
: ' ) ' heptane burning in air
K_ = 2,193 x 10 2 em®/sec

It can be seen that there is a substantial variation in the
burning rate using this approach depending upon the evaluation of

Le, X; » C;m . As will be shown, thc constant property results
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appeared to agrce more closely with the experimental results of the
present work based upon the iimited amount of data available. Pre-
vious experiments [4, 17, 18, 19] achieved fairly close agreement
with the constant property theory, and it is felt that at.present this
theory provides ti1e best basis for theoretical comparison. The theo-
retical results shown below will be based upon the constant property

theory.

5

D. Experimental Burning Rates _ "i“\

Figure 7 éhows the theorctical and experimental results for
n-heptane burning in air at 1 atmosphere pressure and a temperature
of 20 OC.. The experimental value of K = 1 775 X lo-zcmz/sec
is bascd upon a linear regressior; of the maximum and minimum
data points shown in the figure. The time shown is the period from
1.36 to 2. 16 seconds after ignition so that the gas phase reaction has
had sufficient time to reach a quasi-steady condition. ;I‘he droplet
was moving through the ‘chamber ;\\fith a constant velocity of 3.6
ecm/sec, which caused the flame to appear as in Figure 1(b).

In order to determine the theoretical value of t.he burning
rate with the correction for forced convection, the Reynolds number
was evaluated at each data point. The diameter of the droplet was

then computed using the expression

- — , .
RIS s G "
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%
- K [1+ 0.276 Rc® ]t
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The theoretical value was computed in this manner at each point
using the experimental value of the droplet diameter to compute Re_ .
A "theoretical point' was obtained corresponding to each data point,

and a linear regression analysis performed in order

e

to obtain the

'

- slope of this curve. This slope was the theoretical bu{z".ning rate

2

2 :%
cm /sec. *

shown, K = 1.083 x 10
Figure 8 shows the results for a decane droplgf burning in a
50% O2 ~ 50% N2 mixture at 23.5 °C and 1 atmospherc pressure.
This droplet was a minute satellite ejected from the main droplet by
the spark discharge, and was moving with a veloﬁty of 0.8 cm/sec.
The satcllite existed for only 0. 01 seconds before the flame was no
longer visible; hence the few number of data points. Also because
the droplet was so minute (0. 6 mm maximum diameter), it was.very
difficult to determine the location of the droplet surface within the
flame due to graininess of the filra. The apparent curvature of the
‘data points may indicate that the droplet was in an unsteady heating
stage since the data begins less than 0. 01 seconds after ignition.
However, it is also possible that there is extreme scatter in the
points due to the difficulty in determing the droplet size {from the

film. No experimental burning rate is presented for decane because
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the droplet was visible in only this test, and the factors mentioned

above make an experimental determination highly subjective.

E, Flame Diameter
The flame diameter shown in Figure 9foradecane satellite

burning ina 50% O, - 50% N

2

5 mixture is actually the minor axis of

the ellipsoid formed by the flame. The data covers t'he period from
0.1 to 0. 34 seconds after ignition. The satellite wag éaoving with a
velocity of 10.9 cm/sec, but the flame was not highly &istorted due
possibly to the low Re_ associated with this droplet of 0.383.

As predicted by Eq. (14), the ratio of the flame to droplet
diametcr should remain constant ~nce quasi-steady state conditions
are achicved. The curvature evi'denced in Figure 9 may indicate
that the droplet was not at this state. In the test with heptane pre-
sented in Figure 7, the ratio of the flame to droplet diameter varied
between 6.2 and 7.2, based upon the minor axis. The ;ralue ?redic.-
ted by Eq. (14) is 35, which is substantially greater than t.he experi-
mental observation. The ratio qf the major axis to the droplet .
diameter varie.d between 10. 0 and 12.1 which is still appreciably
lower than the theoretical value. In previous experiments on
n-heptane burning in air in the absence of buoyancy [18], the ratio
of the flamec to droplet diameter was found to vary betwecen 4.5 and

6.8, which agrees fairly well with the present result upon the minor
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axis.

F. Forced Convective Extinction

‘Because of the timing error in the package relcase into frce-
féll, many droplets achieved substantial velocities relative to ithe
drop frame. At a large velocity, burning could not be sustained and
the flame cxtinguished. Figure 10 shows (Rem)-':"ET at extinction for
n-heptane at various atmospheric compositions. It ;i.s-_ll_interesting to
note that the velocity at extinction for YOZ/YNZ = 0, 2512;3; 1 atmosphere
pressure was 16 cm/sec, whereas corresponding results for sus-
pended heptane droplets at 1 g achieved imposed convective velocities
above 30 cm/sec without extinction [1]. The supporting fiber may

help to stabilize the flame in the earlier experiments. The increase

in Re_ at extinctionas Y_ /Y increases is qualitatively con-
N OZ NZ

sistent with theory in view of the greatly reduced chemical reaction

time at the elevated flame temperature of the enriched atmosphere.

G. Flash Extinction
As stated above, no droplet was observed to experience
extinction in the classical sense. However, two tests with decane

- 50% N. mixture resulted in an interesting

burning in a 50% O2 2

phenomenon which we have termed "'flash extinction'’.
Figure 11 shows a detail from the film of one of those tests,

which corresponds to the flamie diameter data of Figure 9. As can

R sk T .
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bev seen, the satellite burned to a small diameter and then seemed to
explode. A phenomenon of somewhat similar appecarance was obser-
ved by Dryer [22] 1n his work with emulsified fuels, which he termed
microexplosions. This behavior was not observed with h“eptanc in
any test, including burning in an 80% OZ - 20% Nz mixture, in the
present set of experiments. It can be seen from ‘Figure;9 tha.t the
diameter of the flame decreased sharply immediatelyﬁ‘p‘fior to the
flash extinction. This type of phenomenon appears hlxe%y to’ necessi-
tate the presence of impurities in the decane whose rela;:‘ive concen-
t:rations increase during burning; these impurities may be present
initially or perhaps more likely may accumulate during the combus-
tion proc.ess.

The presence of hot carpon particles in and around the
cir~op1et surface could facilitate this type of phenomenon. In the fuel-
richregioninterior to the flame, ;olid carbon particles are pro-
-cfuced in the combustion process through pyfolyéis reactions at the
elevated temperatures found at the flame sheet. The productioh of
hot carbon would increase as the flame temperature increéséd and
a? the number of carbon atoms initially present 'iﬁcrea:sed, wiaich is
tﬁe situation occurring whenever a heavier hydrocarbon fu‘el with a

high heat of combustion burns in an oxygen-rich atmosphere. In our

tests this corresponds to decane burning in a 50% O

2 2

ture. This increase in hot carbon production is qualitatively consistent

. + :
5
. }
_ i
. - - +

- 50% N mix-



99

with the increased luminosity observed with the decane burning since
the presence of carbon is primarily responsible for the flame's
luminosity. )

The hot carbon particles could be transported by thermo-
p’norc‘sis towards the cooler regions near the droplet surface. The
collisions tetween the gas molecules in the region interior to the
Ilam.e and the carbon particle wonld result in a transfer of heat‘t:o the
gas. The clevated temperature associated with this heat transfer
could increase the mass evaporation rate of the droplet since if the
droplet is at a constant uniform temperature the heat conducted into
the droplet must equal that needed to vaporize the fuel leaving the
droplet. If the distance the carbon must tra_‘\'cl before reaching the
droplet is decreased, the heat transfer to the droplet through this
effect would increase. As predicted by Eq. (14), the distance the
carbon would have to travel between the flame sheet and the droplet,
would decrease as the df*aplet radius decreased or as Yow iﬁcreascd.
The flash extinctioﬁ occurrcc}_with minute decane satellites with
YOm = 0.5 which correspond to a minimum distance between the
flame and droplet for all the tests performed. "l‘hc sharp decrease
in the flame diameter mentioned could result from a rapid decrease
in droplet radius which would only serve to increase thé heat transfer

to the droplet since the flame stand-off distance would decreasc.

Eventually a point could be reached where the droplet temperature
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would increase beyon.d the normal boiling point and the droplet would
superheat, causing the explosion,

A more likely explanation for the flash extinction could be
the result of hot carbon reaching the droplet surface it.selfn As the
combustion procéss continued, the concentration of hot carbon in the
droplet would increase. As the flame diameter decreased, the heat
transfer by radiation and conduction to the carbon would increase,
increasing the mass evaporation rate of the droplet. The energy
transfer to the carbon could become sufficient to ignite the particles
themselves if enough oxygen were present for combustion to occur.
With the flame sheet appro#imation that YO = 0 inside the ﬂamé.,
it would not appear likely that thc; ¢carbon would ignite close to the
surface of a large droplet. But fo‘rja small droplet where the flame
sheet is positioned physically not far from the droplet and with the
ass‘ﬁmptio‘n of finite-rate kinetics so that oxygen can .di.ffuse into the
region interior to the flame as described in section 4 -B, it would t;e
possible for the carbon !pa.rti'cles to ignite. This ignition of the carbon
would result in a violent superheating of the droplet which would occur
very »suc’idenly whenever the mass fraction of oxygen prvesen‘t at the
flame's interior reached a value sufficient for the carbon particles,

generzlly sub-micron in size, to burn. The close proximity of the

‘flame would cnhance this ignition process.
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7. Summary and Conclusions
A, Explanation of Experimental Deviations from Thecory

The data prgsented in Figures 7 and 8 show an experimen-
tal burning rate that is greater than the co‘nstan’t«p;operty theoretical
rate, a difference which seems greater for decane in‘\an oxygen-rich
atmosphere than for heptane in air, To account for this trend it would
appear that a phenomenon is occurring which depends upon the energy
involved in the reaction, heunce the fuel and atmosphere, the droplet
size, and the length of burning time.

Kumagai [18, 19] achieved very good agreement with theory
in his experiment with heptane burning in air where he measu.ed a
b\;rning rate constapt of 7.8 ¥ 10—3 qtnzlsec. His time available
fdr burning howﬁk%r was only 0.5 seconds which 1':» less than tﬁe time
at which the data in Figure 7 was Begun. The burning time may then
be a crucial peint in determining a burning rate since there is a
difference between the observed b;urniug rates in these experiments
which cover two different time periods,

This behavior appears éo be consistent with the plausible
explanation for the flash extinction which was accumulation of ho_t.
carbon at or near the droplet surface. The ayccum_ulation of hot
carbon would depend upon the burning time and upon the fuel itself,

The disagreement between theory and experiment is most severe in

. .
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the decanc test in the oxygen-rich atmosphere, where one would ex-
pect the carbon production to be most severe. For heptane burning in
air, the rate of carbon production is much less than that of decane in
a SQ% o, - 50% N, mixture, butif a heptane droplet burns for a
considerable length of time a substantial amount of carbon could
accumulate in the region near the droplet. The high carbon production

as well as the small droplet size in the decane test discussed are con-
L

ditions where the effects upon the burning rate would be most severe.

A
\

It is in precisely that test where the experimental burniﬁg rate exceeds
the theorctical rate by the greatest amount. The increaéed heat trans-
fer to the droplet would increase the mass cvaporation rate and hence
fhe burx;ing rate. The carbon production could be the reason then for
both fhe increased burning rate observed and the flash extinction,

‘ At the elevated temperatures found interior to the flame
sheet, pyrolysis of the fuel vapor may become a fact;)r. affecting the
burning rate of the dropzlet. As described i-n various works upon
bydrocarbon pyrolysis [29, 30, 31}, typical reaction times for paraffin
pyrolysis range from 0.0l to 1 seconds with some reactions occurring
:';n a time scaie on the order of 10 gs. This is within the diffusion

time associated with the fuel vapor in the inner region where diffusion

. : 2 :
coefficients are typically 1.3 cm /sec and distances are typically

0. 01 cmz.

Lincar saturated hydrocarbons decompose by chain reactions
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ihi‘tiated either by unimolecular decomposition of the parent molecule
into two radicals or by oxygen attad».{’ on the hydrocarbon, in each
. case followed by other elementary reactions. As the hydrocarbon
becomes larger, the num.ber and variety of radicals increase. Al-
though these radicals are generally more reactive than the parent
molecule, the assumption of infinite reaction-rates used in the deri-
vation of Eq. (13), which seems to be a reasonable a;’ip}‘oximation
during most of the burning history, precludes a_.ri‘y effe;ig;t of the radi-

\
cals upon the reaction rate. However since the process is diffusion
controlled, the presence of species different from the parent mole-
c‘uie can change the thermal conductivity and specific heat of the mix-
ture, ar.ld hence Ko’ The} pyrolysis would once again be most
severe at the higher temperatures associated with decane combustion,
and would serve to increase Ko through an increa‘se in A anda
decrease in Cp. This couldv contribute to the difference between
the experimental and theoretical values of L:h'e burning rate, but would
not explain the flash extinction,

It seems probable t-hén that hot carbon production through
dissociation is primarily responsible for the experimental-theoretical
difference as well as the flash extinction. The carbon would accumu-
late in time and therefore its effects would in;:rease in time. This

would explain why the data of Kumagai agreed with theory for his test

with heptane, since his burning time was short and there was little
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titne for carbon to accumulate. The data presented here began much
later after ignition so that much mere carbon could have accumulated
which would affect the burning rate as described above.

The variable property theory described above did not agree

+

as well as the constant property theory, and in view of the difficulties

encountered with this analysis it was not used. It would seem however

that a theory which could account for the variation in ggds properties
B .

due to thermal and concentration gradients, and yet ndi;be prohibi-
ti;vely complex, is desired. However it does not seem I;‘o.ssi’ble at this
time that one can have both; by necessity a theory which Acan account
for most effects would be quite complc.;:. The variable property
ahalysis. shown»above demonstrated the wide variation in the burning
rate possible through allowing thermal variations alone.

It is seen that the burning rate increases for a given fuel
as the oxygen content in the ambient gas increases, according to

Eq (13). Although it was not possible to observe the droplet surface

on tests at different atmospheric constituents for a given fuel, the

2 with a higher burning

re‘s’ults obtainied showing decane in 50% O

rate than heptane in air is in qualitative agreement with this tBéory,
The effect of ambient pressure upon vth-e burning rate was

also not demonstrated, but its effecf: was seen upon the extinction

Reynolds number as shown in Figure 10, where a reduc:ion in ambient

pressure was accompanied by a reduction in the Reynolds number,

.
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This is consistent with theory as evidenced in Appendix A where the
'chemical reaction time is increased as the pressurc is redﬁced so
that extinction would occur earlier at the reduced pressure,.

| The flame diameters observed were substantially less than
the t};eOretical value, hut were in agreement somewhat with the data
of Kumagai [18]. It would appear that the assumptions made in the
analysis which led to Eq. (14) may lead to an overest?'mﬁte of the

‘,‘

flame diameter. It is interesting to note that the ratig'-of flawie to

3

: )
droplet diameter predicted by Eq. (20), the variable property result,

for heptane in air is 10.2 which agrees more closely witﬁ the observ-
ed value. The region around the flame where the temperatures are
maximum would be the region where thermal effects would be great-
est. The assumption of unity Lewis npmber: in the determination of
the flame position as well as the assumption of constant properties

could be responsible for the v erestimate.

B. Suggestions for Future Work

The work described herein is really only the beginning of
a more extensive test program aimed at further unders.tanding this
phenomenon. But several results useful for future work have been
shown., In order to effectively study the _eff'ects as described above,
a purely stati:onary droplet mwust burn in the camera field for the full

2.2 seconds of free-fall. To observe extinction in that time, one
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must begin with a droplet whose initial diameter is 0.5 mim or less.
The critical problem in achieving a stationary droplet with the appar-
atus described is in the timing accuracy in the release system. At

the present time, the release system for the droplet is accurate to
withiﬁ +3 millis;acond-s‘; the packagé release system is accurate to
witilin + 33 milliseconds. Reproducibilities in timing of about
2 milliseconds are needed if stationary, burning dro,;;le::t‘s are to be
observed. o _ ‘

A

The droplet mounting system seems very reliable and is
an efficient method of producing and placing single droﬁiets on ‘the
fiber. The ignition system however supplies too much energy c;lS
present.ly designed and consequently induces motion in the droplet.
A reduced spark discharge properly timed could be used to arrest
the droplet motion,

Because of the brightness of the flames associated with
burning in oxygen rich atmospheres, the use of filters is suggested
in order to view the droplet surface. This is extremely important
- since the lighting conditions without filters may make viewing the
droplet impossible.

A systematic method of vafying the pressure and OZ/NZ
ratio of the ambient gas would provide much uscful data on reaction

orders and overall activation energies. A program covering a grid

of data points for different fuels, to clearly demonstrate the effect of
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cach parameter upon cach fuel, cculd greatly enbance the under-

standing of droplet combustion.

T s

o
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9. List of Figures
Fig. 1(a) Model of droplet combustion,
1(b) Flame field around a droplet moving with constant

velocity through an oxidizing atmosphere.

Fig. 2 Schematic of drop assembly showing drop franie,

air drag-shield, deceleration tank, and release

assembly. {
Fig. 3 Drbplet release and ignition mecha.niAséi.
Fig. 4 Dfoplet mounting mechanism, A
Fig. 5 Schematic of control system,
Fig. 6 Droplet in position prior to test.
Fig. 7 Square of droplet diameter vs. time for n-heptape

burning in air, P=1atm., T_=20°C,

Fig. 8 Square of droplet diameter vs. time for decane
satellite burning in 50% O, - 50% N, mixture,
P=1atm, T_=23.5°C. |

Fig, 9 Square cf flame diameter vs, time for exploding

decane satellite burning in 50% O

5 " 50% N2 mixtgre,

P =1atm., T_=23. 5°.

Fig, 10 (Rem)% at extinction vs. Y. /Y for n-heptane
0" N,
_ o
T_=23.5C.
Fig. 11 Decane satellite experiencing flash extinction.

B G SRSl A



112

OXIDIZER

FLAME

—>
SURFACE PRODUCTS

OXIDIZER

(o) MODEL OF DROPLET COMBUST(ON

DROPLET

—~LUMINOUS

DIRECTION |
REGION

OF DROPLET
MOTION

(b) FLAME AROUND MOVING DROPLET

Fig, 1



113

DROP ASSEMBLY

ANVIL— [~RELEASE BLOCK
{ N/ = L{QJ ' ]
UMBILICAL TO ~ &Cg.*l || |-moisT choLe
MASTER CONTROL (J—
PANEL ~ INSULAT oj] ) = =

PNEUMATIC CUTTER
QUICK RELEASE COUPLIN —P1ANO WIRE r(-—-HOlST LUG

(]
A SRRV SRS SN SN S A f1lL_J Z A

W

CARERA \ 4 Jd rTmamans
' ad % ’ J !

DROP “ | JTEST

FRAME-—\ \ _? m(ﬂ_“h L| | CHAMBER
CJF U o= 1) |,

t 8 IN. CLEARANCE

7///////////////

STREANMLINED 7 4 AR DRAG
SASE SHIELD

/ (DOOR REMOVED)

ROV ACN

|~ PENETRATION

/
..\K__ < O SPIKES

, T8 FT.

/— DECELERATION TANK

Ny )
e . N et e

4
AERATION

[ PUMP—]

e

1

by
-
» rY /.
g E
et b " Y -
a : r
’ S 4 S
.

Fig, 2



114

DROPLET RELEASE MECHANISM
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DECANE SATELLITE
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Appendix Cl

Derivation of the Formula for the Damkohler Number

We assume a one-step reaction

mO + nF - pP
, . -E/ROT
whose specific reaction rate is given by k = Be ~ . Using

the definitions provided by Williams [2], we proceed as follows:

N N
E vim, - ; v’ m,
_ i bt 11

i=1 =1
N
vl
ac./at = [v” - v.']k l i c.’
i i j
j=1
N
X, = (Y./W.)/ ; Y./W.
1 1 e J J
. j=1
N
P/ROT = P E Yi/Wi for an ideal gas
i=1

(P/R )X = Y. /W.)
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b = ZM/V

(P/Ro"r)(xi) [ZM/VIM, /EMI/W,

Mi/Wiv = moles per volume = Ci

Ci = (P/ROT)(Xi) i |
’v‘i\'
In terms of oxygen in a diffusion flame, we then have
m g n
: PX PX
4 = ek o e | —0OF | E
&CO/dt = -mk CO CF - mk R T IR T
o f| | f
let £ = P»‘XO B = r
Ro'lf Ro .['f
at /dt = -kamBn
Solving the equation and l'ett‘:mg T = chemical reaction time
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]C-mdﬁ = -mkﬁnfdt m#1

-m+1
L S L

1-m

T = c*m +1/[] - m][-kan]

In terms of original variables

m+n-1

P n-1,
1/7 = —m(l-m)k{ﬁ::;f] [XO]m llXF]n m>1, 1/1>0

The Damkohler number D is defined as flow time/chemical time

£
Flow time = 62/Dof where & = flame thickness

RoTF |w

@)

' r m+n-1 m-1 ¢ nf Jmin-1
D = 8% X [_13___ } {YO } [YF] 1

wFJ

}j

A

(Y./W.)
i

it

1

52 '[pf]m-fn-l »{Yo]nrl [YF]n

m-1.. n
of D]

=}
n
[

of W
For an order of magnitude calculation, we can assume that

Yo = YF = 1 80 tha:t we obtain
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Appendix C2

Evaluation of Gas Properties

In order to detcrmine the theoretical burning rate, the
factors appecaring in Eqs. (13), (15) and (19) had to be evaluated.
Since the gas properties were to be cvaluated for (13) at
T = (Tb + Tf)/2, the adiab‘atic flame temperature needed to be
calculated. This was accomplished using the NASA Adiabatic Flame
Temperature program, which allowed for dissociation and determined
the equilibrium composition. The output of this program for all the
test cases is shown in Appeﬁdix C.

The properties of each spebcies were then evaluated using the

. . O
following formulac from [32]. Temperatures are in K.

10°\ (DEGANE)(cal/scc cm °C) =-1.43507 +9. 06309 x 10 > T
4 1.78134 x 10°° T2

Cp(DECANE)(cal/gOK) = 0.0560393 + 1.41072 X 10°°T

- 6.96289 x 107 ' T? + 1.31224 x 10 10 3

Cp(HEPTANE)(cal/.gOK) = 0.982018 + 1.30398 X 1073 1

- 5.92804 x 10 7 T% + 1.01054 x 10 10 3

C(0; ) eal /g °K) = 0.177100 + 1.49509 x 10 T T

- 8.44940 X 10“8 'I‘2 + 1.83236 X ).O‘-ll T3

C (N, (eal /g °K) = 0.201678 + 1.08013 x 107 T

- 3.32212 x 1078 7% 4+ 2.45228 x 10712 o3
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C,(AIR)(cal /g °K) = 0.208831 + 7.71027 x 10°° T

- 8.56726 x 1077 T2 4.75772 x 10 1% 3

A(Oz, N., AIR, HEPTANE) were obtained frotm tables in [32].

2

From [33], the properties of the fuels, PL and A‘H; , were
obtained which were also used in the NASA program to compute the
flame temperaturc. From [34], the heat of vaporization and boiling

temperatures of the fuecls were also obtained. The conversion fac-

tors used were: 1J/cm °K = 4,1868 cal/cm-sec- oC ,

1 BTU/4bm °F = 4.184J/g °K, 1 cal = 4.186J, and 14b/scc ft.

= 0.0671969 gm/cm-sec. Theheats of combustion of the fuels were
obtained from [35].

The computation of )\m. , the thermal conductivity of the

1X

O2 - N2 gas mixture, was accomplished using the formula from

[36] p. 258
N X, X,
) ] ___j ) i1 )
mix Y ocd N
i=1 Z XJ q’u
j=1
where
ER 1] 2
y W, = A
o= o= |1+ =] |14 L
1) ‘/—8- WJ \Vi

li and “i were cvaluated at T = (Tb + Tf)/Z , and the valucs
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W = 31.998 gm/mole, W = 28.013 gm/mole were used;
2 i 2 15 Ro
“i "derived from expression “i Ai/( 4 Mi—“) as

described in [36].

The effective thermal conductivity was then defined as

A.= 0.4 AF + 0.6 X .
mMmix

There were ten cases which needed to be evaluated since for each
gaﬂsimixture and fuel, the flame temperature was different. These

results are shown in Table 1, which also includes the density of the

gas mixture, defined as

.s 3 o .
The densities were evaluated at 23.5 "C, an average ambient tem-
peiature, from the ideal gas law. The viscosities of the mixtures

were obtained from [36], p. 24

L N .
- X Hy
Pmix ~ 2.4 N ‘

i=1 Z x,@ij

J=1

where @.j is dcfined as above. These viscositics were evaluated

[ -
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at 23.5 oC also, for usc in the correction for forced convection (15).
ln the evaluation of (19), several methods were used in

defining the quantitics therein. The gas properties were evaluated

using the formulae above and the binary diffusion coefficient was

evaluated from [36] p. 22 using

/Ts 1 1
. 0. 0018583 \ V. o+ W,
1 ]

| Pog 53

As stated in 6-B above, the quantities in Eq. (19) were defined in
several different manners and at several different temperatures.
Each quantity was evaluated using the definitions below Eq. (20), and
the value of Ko evaluated. The heat of combustion used was the
lower heating value corresponding te gaseous products of combus-

tion. The results were summarized in 6-B.
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Gas properties for consta:i property theory

B o
- o~
V. v.\' P ! 1'M). Flame s # mix *p Fuel x"}'\ul AO ‘N ' ‘mht A ’& .l!l'.l
reee z : ° ° ° ° : o ¥ o ® ; 3 3
% % " Mg 1o X 4 plcmesséf Yig K Jiemeas K | Jemeoo R Jemesa®K | Fcmes<®¥] Flem-a N | stem glem
sEpTANE | 20 | 80 | 29.4 | .2ma7 2160 1265, 7] a2 4200 | t.40 0. 854 0.740 0.7590 1.0134 0.56120 t.tecs
x 1074 x 10%} x1073 x 1073 x 103 x 1073 x 1273
HEPTANE | 20 | 80 | 14.7 | 2647 2147 1248.0 ] 1. 012 «179 | o 0.845 o1 0. 7308 1.6025 0.6344 s 3012
x 107* x 107} x 1073 x 103 ) x 107 « 107 x 107t
HEPTANE | 23 75 | 29.4 | L2847 2385 1378.2 | 1. 825 4326 | 160 0.910 0.787 0.8129 L3y c.6120 ST
x 1074 x 1073 « 107} x 1073 x 107} x 1073 x 107
Angpzanz | 30 70 | 29.4 | 2647 2538 14547 1,837 4402 | 1.78 0.933 0.821 0.8533 12120 0.0120 782
PEET x 107 x 107} x 107} x 107} « 107} « 107}
- -

HEFTANE | 50 50 | 29.4 | L2847 2856 1613.7 | 1,990 4831 | 2,08 1.027 0.901 0.9571 1. 3943 0.6120 12088
x 107t x 107} x 1073 x 1073 x 167} x 1673 « 10°3
SECANE 20 50 | 29.¢ | .2009 2189 1303.1{ 1,812 s.190 | 1,7008 0.873 0,755 0. 7146 11451 0.6033 Lo 1es2
x 107t x 107} x 1073 x 107} x 107} x 1073 x 103
DECANE 5 75 | 29.¢ | L2889 2384 1415.6 | 1,825 a0 | tone 0. 929 L 0.804 0.8302 1.2963 0.6033 13677
: x 107 x 107} x 107} x 1073 x 1073 « 1673 . « 17}
DISANE 10 70 | 29.4 | .2869 2538 1492.6 1 1,937 4380 | 2.1678 0.956 0.839 0.3713 1.3599 0.6033 11352
x 107% x 1073 x 10} x 107} x 1073 x 107} x 10”3
DECANE | s0 50 | 29.4 | .2869 2856 1651.6] 1,890 w510 | 2600 1. 046 0.922 0.9775 1,639 0.4033 1.26:8
- - - - - - PS ]
x 167 x 107} x 12% x 157} x 107} x 1973 v 1t
pzeaxc | 80 | 20 | 20.¢ | .2069 3056 1751.6] 1,977 os8t | 28928 1.096 0.982 1.069 17543 0. 6033 12208
: - -3 .3 -3 3 x 107} T

x 10 x 10 x 10 x 10 x 10

TABLE 1

IET.
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Appendix C3

The NASA Adiabatic Flame Tempcrature program was utilized
to determine the flame temperature and equilibrium compositions for
the ten test conditions. These correspond to the case numbers in the

output and the following conditions:

CASE NO. FUEL ATMOSPHERE PRESSURE (atm.)
1 heptane 20% O2 - 80% NZ 1
2 heptane ZO%. OZ - 80% N2 | l/Z |
3 - heptane 25% O2 - 75% Nz 1
4 heptane 30%102 = 70% N2 1
5 ) heptane 50% O2 - 50% N2 1‘
6 decane | 20% O, - 80% N, o
7 decane | 25% O, - 75% N, Y
8 decane 30% OZ - ‘70% N2 | ‘1‘
9 decane 50% O2 - 50% N2 1
10 decane 80% O2 - 20% N2 | 1
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APPENDIX D

SUMMARY OF SCIENTIFIC RESULTS

Idealizations common to theories of droplet burning include the
approximations of spherical symmetry, quasisteady flow and chemical
equilibrium, Since elimination of any of these assumptions makes it
difficult to calculate theoretical results accurately, accurate comparison
b;tween theory and experiment may be facilitated by performing
experiments under conditions that conform to the stated approximations,
The most obvious source of departure from the assumptions for experi-
ments with suspended droplets is buoyancy that produces nonspherical
convection. Kumagai [1-3] pioneered the elimination of this effect by
studying droplet combustion in a freely falling chamber, Results of
experiments similar to those of Kumagai have been obtained.

In Kumagai's tests zero gravity was achieved for less than one
secdnd, so that burning to completion in spherical symmetry never
occurred. It was found that unsteady conditions prevailed in the gas
dﬁring the entire observation time. To see if quasisteady flow could
be established under conditions of spherical symmetry, the present
experiments were performed in a facility affording““more than two seconds
of zero gravity., An experimental apparatus was designed, and a series
of experiments upon n-heptane and n-decane droplets burning in atmos-

pheres consisting of 20, 25, 30, 50 and 80 percent oxygen diluted with
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nitrogen at pressures of 1/2 and 1 atmosphere were performed at the
NASA-Lewis Research Center's Zero-Gravity Facility. Data from the
experiments were obtained from a 16 mm high speed motion picture
camera which recorded the events that occurred in each test.

Typical data obtained through analysis of the film on a Vanguard
Motion Picture Analyzer are shown in Figure 1, The experimental burning
rate constant for n-heptane burning in air was determined by a linear
regression analysis of the data‘ tobe K=1,775 X 10“2 cmz/sec . The
théoretical value corrected for forced convective effects was K = 1,083 X 10-2
cmZ/sec based upon the classical constant property theory. This heptane
droplet was observed for 2. 16 seconds in the absence of buoyancy and
appeared to achieve quasisteady conditions but in the presence of forced
convection due to droplet motion. Even after application of a correction
for convection, the burning rate exceeded that measured by Kumagai [2].
The extent to which measured burniﬁg rates exceeded those c.alculated
theoretically seemed to increase with increasing oxygen content of the
atmosphere and to be greater for decane than for heptane.

A phenomenon termed 'flash extinction' was observed in tests with
ciecane. Minute satellite droplets were observed to burn to very small
diameters at which point they seemed to explode. These tests were
performed in atmospheres consisting of 50% O2 - 50% NZ by mass at one

atmosphere pressure.
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The most probable explanation for the flash extinction and the
discrepancy between the theoretical and experimental values for the
bul;ning rate is the accumulation of hot carbon at or near the surface of
the droplet through pyrolysis processes. The carbon production would be
most severe in the tests with decane where the flash extinction occurred
and where experimental-theoretical differences are the gf eatest, Ignition
of the hot carbon at the droplet surface could cause the flash, and the
increased heat transfer from the carbon to the droplet could increase
the burning rate. Carbon buildup would be less severe in the experiments
of Kumagai because of the shorter test time,

Carbon production can be seen then as possibly being a crucial
factor in this type of combustion. The burning time, fuel used, and
atmospheric content all are factors which affect the production of carbon,
wﬁdse effect upon the burning rate has not yet been fully demonstrated.

It may be inferred that even if conditions of quasisteady flow .and spherical
symmetry are achieved, effects of nonequilibrium chemistry seem likely

to influence droplet burning,
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Figure 1. The square of the droplet diameter as a function
of time for an n-heptane droplet burning in air at a pres-
sure of one atmosphere and an ambient temperature of 20°C.,
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APPENDIX E

ELECTROSTATIC POSITIONING

OF DROPLETS

b

1. Ab stract

*

Electrostatic methods for positioning a droplet in a confined space
were studied. The droplets wére charged by induction, due to the presence
of an electrostatic field between two parallel plates, one gro'unded and the
6ther connected to a high positive voltage. A resulting attractive force
between the charged droplet and the positive plate caused the droplet to
move toward that plate. Experiments were performed in which the plates
were made of a.lumifmm and wereVZO cm in diameter. The polar liquid,
water, and the non-polar liquid, heptane, were investigated. The induc-
tive charges attained by the droplets were measured to be on the order

of 10°12 coulombs for millimeter-size droplets in electric fields on
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the order of kilovolts per centimeter. The charges attained by water
were approximately on order of n:xagnitude greater than those attained
by heptane. The results suggest that a six-electrode arrangment pro-
viding controllable electrostatic fields in three mutually perpendicular
directions may position a droplet at a predetermined point in a con-

fined space if influences of gravity are negligible.

T e

2. Nomenclature
,_&

a acceleration, Vg/md. ‘

b ' viscosity parameter, 67nr/m.

c k charge density.

d R separation between capacitor plates.

E electrostatic field intensity, V/d.

g . acceleration of gravity.

j ~ current density. |

k "droplet growth factor.

fn mass of droplet.

q charge of droélét.

r ' ré,dius of droplet.

t time. |

v voltage. B
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x : horizontal displacement of droplet.
y vertical displacement of droplet.
€ permittivity.
n . viscosity of the surrounding gas.
- droplet density.
o electrical conductivity.
T time constant, ¢/o. .f
A
3. Introduction

The NASA Spacelab program affords the opportunity to perform
éxpcriments under conditions of negligible gravity, in various areas of
basic research. One of those areas is combustion, and NASA has de-
signed a combustion facility for pursuit of such experiments in
Spacelab. 1 Buoyancy is a predominant force for removing hot com-

. bustion products from burning condensed materials, and the negligiblé
#cceleration of gravity in Spacelab effectively removes buoyancy,
thereby potentially introducing significant modifications to burning
mechanisms. A preliminary stuay has been performed by Knight2

on the effect that elimination of gravitational forces exerts on the

burning of liquid fuel droplets. As part of his study, experiments in

a drop tower were performed, similar to those of Kumagai and Isoda.
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The results indicated that in earthbound experiments there are severe
experimental difficulties in positioning a free, stationary droplet at
a prescribed position and observir;g its entire burning history under con-
ditions of negligible forced or free convection. Therefore.droplet burn-
ing appéars to be one promising area for study in Spacelab. Other
droplet experiments, not involving combustion, also ma.ybbe of interest.
In connection with such e;{periments it is necessary toé'hé.ve ‘a method for
positioning a droplet, preferably remotely,at a selected‘::i?cation ina
gas-filled chamber in the absence of gravity. The present paper addresses
this problem of droplet positioning. |

Three of the methods that may be considered for droplet positioning
are mec’:l':anica.l,4 a,cﬁoustical5 and electrical. 6,7 Mechanical devices work
best at reduced pressures but tend to introduce flow disturbances in
atmospheres that may support combustion. Acoustical methods have
been well developed recently, 4 but they require placement of t;he droplet
inside a relatively small chamber with a high degree of enclosure that
inay interfere somewhat with the observation of droplet combustion.
Therefore electrical methods warrant study. Of the various conceivable
electrical techniques, a straightforward use of electrostatics would
appear to be simplest. Therefore an investigation was undertaken into
electrostatic methods of droplet positioning.

The most direct concept for application of electrostatic methods

begins with the assumption that the droplet is electrically neutral. Some
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liquids have permanent dipole moments, and even those that do not are
polarizable in an electric field. In either case, the net dipole moment

P in the direction of an apélied electric field E is P = GE,

where @ is the polarizability, which is often expressed as being
p_roporti'onal to the ;_?ermittivity through the electrical suéceptibility. 8
Since the fofce on a droplet in an electric field is B. Vf = G.E . VE ’
a nonunif;)rm field can serve to move an uncharged drqplét. Although
data on electrical susceptibilities are spa;rce, the peri::nénent dipole
moment of water, 6.1 X 10-30 coulomb-meters, can i:.e used to
estimate the fields needed for positioning a droplet in an apparatus having
a size on the order of a few tens of centimeters, and it is found that fields
on the order of a few hundred volts per centimeter may suffice. A suit-
able arrangement may be to place six spherical electrodes inside a
grounded cage and to plan to attract the droplet toward any desired elec-
trode by applying a voltage to that electrode.

When an effort was made experimentally to test this concept, it
was found that net charges that existed within droplets overbalanced the
effect of the induced dipole momgnt. Therefore an alternative approach
wés stﬁdied, in which the charge on the droplet was used to move the
droplet in a nearly uniform electric field. The present paper details a
study that has been made on the motion of liquid droplets in a nearly
uniform electrostatic field. The principal results are curves defining

the extent to which the droplet can be charged.
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4. Theoretical Conﬁsﬂi_derations

The presence of a positive charge on one plate of a capacitor
near a grounded droplet causes a redistribution of electrons within
the Qroplet, giving it a negative surface charge, the creation of which
" is called charging by induction. After the droplet is re]ea;sed from the
grounding element, the resulting attractive force between the droplet
and the positive plate causes the droplet to move toward that plate. 7
ﬁnder the influence of gravity acting in the dovir;iyvard (y) direc-
tion the equations of motion of a droplet exposed to an e;éc'tric field in

the horizontal (x) direction then are

. mx = (V/d)q-éanrx . (1)

.

m§ = mg - 6mNry, - - (2)

in which the last term is the Stokes formula for the droplet drag force.
The geometrical arrangement in which Eqgs. (1) and (2) apply is that
which has been set up in the laboratory to test the concept of electro-
static positioning.

Itvis possible for the net charge g on the droplet to vary with
time. An estimate of whether such é variation:occurs may be obtained
from a combination of the law of conservation of charge, V ? +¢é =0,

Ohm's law, j = 0E and Maxwell's first equation, v - E = c/e.
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Here T is the current density’and c 1is the charge per unit volume.
These equations yield <c/T + ¢ = 0, where T = €/0 is the charac-
teristic time over which the charée may change. Use may be made of
the permittivity of free space8 (60 = 8.85 X 10.14 farad/cm) and of
an approximate value for the conductivity of a.ir9 (0=0.25 x 10-15
ol'xm-l cm-l) to obtain the estimate T ~ 354 sec. Although mea-
sured variatiox‘ls in ¢ exceed an order of magnitude.,;‘g c;haracteristic

1

charging times under the experimental conditions always are greater

¥

A
than a few tens of seconds, large compared with the time that a droplet

remains between the condenser plates in the laboratory measurements
(tenths of seconds). Therefore q may be éxpected to remain approxi-
mé.tely constant in these tests. It may be noted that air ionization,
which occurs above a critical field intensitylo of 30 KV/cm at atmos-
pheric conditions, did not occur in the present experiménts since the
intensities did not exceed 12 KV/cm. It may also be inferred that
collection of charge by the droplet during positioning may be expected
to occur if the droplet is exposed to the field for times large compared
with é. few tens of seconds.

Strictly séeaking, the reasoning just given refers to accumu-
lation of charge in air. As an alternative model, assume a current
density j= OE in the gas and a collection area of 1Tr2 for the
droplet. Then q = ‘nrzcE provides a rough estimate of the rate

of increase of charge of the droplet. For r = lo'lcm and E= 103V/cm,
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this gives q =~ 10-14 coulombs/sec, which again is found to result ‘
in negligible charge accumulation over the time scale of the present
experiment but to produce significant charging over times on the order
of tens of seconds. :

With q taken as constant, Eqgs. (1) and (2) may be written

in the form
X + bx = a, y + by =g , ; (3)

the constants a and b being defined in the nomenclature. The

straightforward solution, subject to the initial conditions x(0) = y(0) = 0

and x(0) = ¥(0)

0, clearlyhas y = (g/a)x . Therefore the tra-
jectory of each droplet between the plates is a straight line, inclined
to the horizontal, in these experiments. This prediction has been

~ verified by observation and by photogi‘aphy of droplet trajectorie‘s.

By use of the known viscosity of airll it can be shown that
the correction arisiﬁg from the Stokes force is about 0. 5% in these
experiments, and so b =0 1is a good approximation for the present
tests. With this approximation, if the droplets are released from a

distance above the capacitor plates then when they reach the

H

upper edge of the plates their velocity will be ;'r o (Zgyo) . To ob-

Yo

tain an approximate solution for the trajectory, this value may be used

as an initial condition in Eq. (3) which describes the motion of the droplet
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2
between the plates. With b =0 itis found that x=at /2 and

%

y = (28yy) t+ th/Z , which implies that

y (s/a)x+2(gy0x/a)1‘t . (4)

Hence the trajectory of a droplet released above the capacitor is a
curved line while the droplet is between the plates. This prediction

also has been verified by experimental observation.

5. Experimental Apparatus and Procedure

About 150 droplet tests were conducted in the experimental
program. The test set-up (Figs. 1 and 2) comprised the electrostatic
field and the droplet release systems. In several tests an AE-1 Canon
camera was used for photography (va the droplet trajectory. ' The result
shown in Fig. 3 illustrates the sf:raight—line trajectory of droplets re-
leased between the plétes. The increase in the spacing of the droplets
as they move downward is i‘ndicat‘iver of their acceleration.

| The electrostatic field system consisted of a parallel-plate
capacitor (two aluminum plates, 20 cm in diameter, 0.5 cm width) and
" a i)ower supply of 0 to 50 d.c. kilovolts (KV) — Integrated Laser
Mbdu;ator, model ILM-70, by Electro-Optical Instruments, Inc. One

plate was grounded (to the ground of the power supply), the other plate
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being connected to the positive high voltage.

The droplet releasing mechanism consisted of a glass con-
tainer with two narrow openings opposite each other, the lower one
connected to a glass pipette (inner diameter varied from 5 to 0.5 mm),
and the upper connected to vacuum (0.1 to 1 atm) through two continuous
valves, one having an opening to ambient pressure.‘ By adjusting
first the vacuum valve and then the ambient valve, the..{pi_pette is caused
to release droplets, one by one, as needed. To preventi g‘ossible
secondary charging effects, the liquid in the pipette (and in the con-
tainer) was grounded.

Two series of tests were completed. First the feasibility of

the method was studied with water, and later tests were performed with
heptane (hydrocarbon fuel). Droplets were released 1 cm apart from
a position adjacent to the grounded plate, the voltage being adjusted

until the droplets hit the bottom of the other plate. This technique was
selected because it provided the most accurate means for determining
the droplet trajectory. The distance between the plates was varied

from 2 to 7 ecm (6 positions), fofcing the droplets to move horizontally
1to6cm. Inthe vertical direction, the origin yy for the released
d?oplet varied from 20 cm above the plates to the center of the plates,
in increments of 16 cm (4 positions) with watér, and from 10 cm above
the plates to the center of the plates in increments of 5 cm (5 position#)

with heptane. Each test was repeated about three times, the average
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value of voltage of all runs being recorded. Typical variations in
voltage were +5%, the differences being attributable to alignment,

conductivity and polarizability variations.

6. Results and Discussion

The objective of these experiments was to obtain values for
the inductively produced charge q of the droplets. ’.I;’hls value must
be available if a suitable positioning device, based on th1§ electrostatic
principle, is to be designed. With conditions adjusted so that the drop-
let just touches the lower edge of the positively charged plate, the
values of x and y are known accurately at the end of the trajec-

tory. By solving Eq.(4) for a, it may be shown from the definition

of a that

X ;
f’n‘ = "'-g—"—z'[y+2yo + Z'Jyo(y+yo)] , (5)
(v/d) y
which provides the charge-to-mass ratio in terms of measured quanti-
ties. The time interval that the droplet spends within the electric field

is also obtained by solving a quadrat}ic, viz.,

t = (./y-i-yo -m)/Vg/Z . y (6)
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These results are to be used for > 0; if the droplet is released

Yo
from between the plates then q/m = g(x/y)/(V/d) and t = a/-g—_y_/—z- ,
y now being measured from the ~point of injection rather than from the
top of the plates. The time intervals that the released droplets spend
within the electrostatic field are listed in Table 1. |

Note from Eq. (5) that the charge-to-mass ratio may be ob-
tained without measuring the mass of the dropiet. The charge per unit

L

surface area of the droplet also may be of interest, but:‘gbtaining this

kN
requires measuring the droplet radius. A quantity proportional to the

charge per unit surface area is
2
q/r” = (4/3) Trp(q/m) . (7)

It was observed that when the droplet was released from inside the
electric field, its radius grew, depending on the voltage, before it
became detached from the pipette. An approximé.te linear law was

determined experimentally for the growth, namely,
r=r (l+kv) . | ' (8)
Values of the growth factor k are given in Table 2. It is noted that

k is smallest in the center of the field. This may indicate that a non-

uniform field enhances the growth effect. ~Use of Eq. (8) enables q/r'2
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to be calculated from Egs. (5) and (7). Relevant physical properties
of water and heptane, the first of which is used in this calculation,
are listed in Table 3.

The simplest result to derive from the experimental obser-
vations is the dependence of the voltage between the plates on the
horizontal distance of droplet travel, under the condition that the droplet
irhpinges on the lower edge of the positive plate. Such results are shown
in Figs. 4 and 5, for water and heptane respectively, for different ele-
&ations of droplet release. Positive values of Yo correspond to
release positions above the upper edge of the plates, and negative values
between the plates. The near linearity of these plots suggests that if the
electric field intensity were plotted instead of the voltage, then the values
obtained would be nearly constant, for fixed values of Yo Figures 6
and 7 reveal tha‘.;: this is true only approximately. There is a tendency
for the necessary field intensity to decrease as the distance of travel,
or plate separation,decreases. It is understandable that higher field
intensities are needed at larger values of Yo because the velocity at
which the droplet is traveling when it reaches the upper edge of the

plates increases as increases.

Yo
The relationships shown in Figs. 4 through 7 enable the
charge-to-mass ratios, calculated from Eq. (5), to be plotted as a

function of the voltage difference between the plates, the electric

field intensity or the horizontal distance of droplet travel, for various
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values of the vertical position of droplet release. Such graphs are
shown in Figs. 8, 9 and 10, respectively, for water and in Figs. 11,

12 and 13, respectively, for heptane. It is seen that typical charge-
to-mass ratios for water droplets, achieved by induction in these
experiments, are on the order of 10-5 coulombs /ké, while those foruz
" heptane are about an order of magnitude lower. The lovf polarizability
of heptane in comparison to that of water is likely to é%:'the.cause of
this difference. - u:;\

Although the graphs as a function of the electric field inten-
sity may be expected to have the greatest fundamental significance
(Figs. ? and 12), the curvatures in these plots make extrapolation of
the data difficult. Extrapolation appears to be mofe straightforward if
the voltage or the horizontal distance of travel is used as the horizontal
scale, and the dashed lines in the figures illustrate such extrapolations.
It is evident especially from Figé.f 9 and 12 that as the elevation of the
point of droplet release increases, the induced charge-to-mass ratio
decreases. Stated differently, a higher electric field intensity between
the plates is needed to produce the same charge-to-mass ratio at a
.larger value of Yo This is understandable for positive values of
Yo because tl'fe field intensity at the point of droplet release then
decreasgs r?,pidly with increasing Yo Howe\.rer, it is somewhat sur-
prising in Fig. 12 to find a measurable difference between the curves

for Yo = -5¢cm and Yo = -10cm. The variation in droplet mass, as
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implied by Table 2, inay be somewhat responsible for this result; the

droplets at = -5 cm are somewhat larger than those at Yo = -10 em,

Yo
and so if the charge does not increase in proportion to the mass, the
charge;to-mass ratio will be smaller at Yo = -5cm. 1

The extrapolations in Figs. 8 and 11 suggest that even for
zero potential difference a negative charge on the droplets may exist.

Such charging may result from frictional effects operative during droplet
-

injection and appear to lie in the range of 10-6 couloml;'s/kg for water

EY
\

and 110.7 coulombs/kg for heptane. These charges may be particularly
important in droplet-positioning devices if the droplet is feleased in the
ablsence of the electrostatic field, a procedure which appears desirable
from the viewpoints of both convenience and safety. Therefore it is un-
fortunate that the present experiments have not been able to quantify this

effect of residual charge more accurately.

2
Graphs of g/r”, corresponding to Figs. 8 through 13, may

. Be obtained by use of Eq. (7). These results are.plotted in Figs. 14

through 19. It is seen that the charge per unit surface area, induced on
the water droplets, is on the orcier of 10.9 coulombs/cmz, while that
for heptane is about 10"10 couloxnbs/cmz. The same trends that were
evident in the g/m curves again are seen. Extrapolated values for

zero potential difference are 1()-10 coulornbs/émz for water and

10“ll ccmlombs/cm2 for heptane.

L
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Because of the very low electrical conductivity of hepta,nel
(a factor of 3 x 106 less than that of water, see Table 3), it is to be
anticipated that heptane will require a greater amount of {“me than water
tt; acquire its induced charge. This expectation was borne out experimen-
tally. About 10 seconds of exposure to the electrostatic field were re-
quired for the experimental results with heptane to be reproducible. ‘The
corresponding time delay for water was too short to be ineasured. Hep-
tane and water also have different values of surface tension (Table 3).
Partially becuase of this, the droplets formed by the two liouids may be
of different sizes under otherwise identical conditions. Experimentally,.

dropiet diameters were about 0. 30 cm for water and 0. 25 cm for heptane.

7. Concluding Remarks

There are obvious limitations in attempting to d.évelop, through
earthbound experiments, design of an apparatus for positioning of droplets
electrostatically undei conditions of negligible gravity. For example,
residence times of droplets between the plates of the condenser in the
present experiments were in the range of 0.1 to 0.2 sec., well below
the residence times in gravity-free environments. Therefore relatively
high fields, up to 11 KV/cm, were needed in the present experiments to
measure droplet deflections. In the absence of gravity, weaker fields
may be used, since times on the order of 10 sec. or more are expected

to be available for adjusting the position of a droplet. These longer time
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frames may have two effects. First, accumulation of charge during
positioning, which was negligible in the present experiments, may be
significant in the zero-g application; this phenomenon would enhance
the effectiveness of the positioning device. Second, .the field intensity
required to effect positioning at zero g is likely to bye appreciably less
than that required to make the present laboratory measurements, For
example, a heptane droplet with a charge of 10_6 couiopnbs/kg can be
caused fo move from rest a distance of 10 cm in 1o'i§“ec by means

of a field as low as 20 V/cm, according to the design equation
2
x = (V/d)(g/m)t /2 , 9)

obtained through integration of Eq. (1) with drag neglected. Thus, the
electrostatic method appears to be relatively promising for applications
-in which the acceleration of gravity is negligible.

The present experiments have served to determine the order
of magnitude of the charge per unit mass on droplets released from a
pipette in the vicinity of an electfostatic field. Although this information
i‘s helpful in developing a design of an electrostatic positioner, there
remain uncerta?nties that should be considered during design. The mag-
nitude of the electric field has a large influencel on the droplet charge;

and the charge will be small for a droplet released prior to initiation of
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the field. Moreover, this initial charge may depend appreciably on
the mechanism of droplet release. Although it may be possible to
employ B-ray emitters to impart a charge to a droplet released
with negligible charge, the present experiments suggest that provi-

" sion for this is not like" s to be necessary. Instead‘, it seems reason-
able to provide a margin of safety in the positioner design by employing
electrodes that can be charged to the kilovolt range, the potential being
adjustable to 1% (e.g., 50 to 5000 V D.C.). With such a design, large
enough field intensities will be available to cause the droplet to collect
charge during its mofion, if necessary, while at the same time fields
as low as 10 V/cm can be controlled.

A schematic illustration of a positioner design, consistent
with the dimensions of the combustion facility of Spacela.b,1 is shown

~in Fig. 20. This design is intended to provide flexibility, go that
different modes of operation caﬁ be explored under zero-g conditions,
and the most convenient mode can be selected. Note that in providing
easy external access to the volume in which the droplet is to be confined,
the design allows some divergence of lines of electrostatic force, thereby
potentially making some use of the polarizability of the liiquid as well,

Although successful operation of the device requires zero-g testing
for verification, there is every reason to believe, based on the experi-
ments reported herein, that the device will perform its positioning

function successfully.
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Table 1.  Time Intervals in the Electrostatic Field
yolem) | 20 | 10 5 ' 0 | -5 I -10
t(sec) l 0.0836 | 0.1045 I 0.125 I 0.202 I 0. 175 I 0.143

K

Table 2. Values of the Droplet Growth Factor k (%/KV)
yé(cm) 0 -5 -10
water 3 - 1.5
heptane 2 1.5 1
Table 3. Properties of Water and Heptane
., 11 . . .1
density electrical dipole surface tension
property 3 conductivitylZ2 moment inair at 20 °C
- -1 - '
(g/cm ) ohm 1 cm (10 ISe. s.u.)| (dynes/cm)
-6 . , ‘
water 1 10 1.87 73
heptane 0,684 ~0.33 x 10-12 ~0 ~ 40

[ L —
+ \ &3
. N
¢
5
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9. List of Figures

Fig. 1 - Schematic diagram of the test apparatus.
Fig. 2 Photograph of the test apparatus.
- Fig. 3 - Photograph of the droplit trajectory, obtained through

stroboscopic illumination, for droplets of water released
between the parallel plates of the condenser.

Fig. 4 Dependence of voltage on horizontal dista;nce of droplzt
travel, for impingement on the lower edge of the positive
plate, at various values of the vertical position of droplet

~ release for water.

Fig. 5 Dependence of voltage on horizontal distance of droplet
travel, for impingement on the lower edge of the positive

4 pla.te, at various values of the vertical position of droplet
release for heptane. ‘

Fig. 6 Dependence of electrostatic field intensi{:y on horizon-
tél distance of droplet travel, for impingement on the
lower edge of the positive plate, at various values of the
vertical position cf droplet release, for water.

ng. 7 Dependence of electrostatic field intensity on horizon-
tal distance of droplet travel, for impingement on the
loWer edge of the positive plate, at various values of the

vertical position of droplet release, for heptane.
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Dependence of the charge-to-mass ratio of the

droplets on the voltage difference between the

plates for water.

De‘pendence of the charge-to-mass ratio of the
droplets on the electric field intensity for water.
Dependence of the charge-to-mass ratio of the
droplets on the distance of droplet travel ft;r
water.

Dependence of the charge-to-mass ratio of the
d?oplets on the voltége differeﬁce between the
plates for heptane.

Dependence of the charge-to~mass ratio of the
droplets on the electric field intensity for
heptane.

Dependence of the charge-to-mass ratio of the
droplets on the distanc‘e of drople‘t travel for
heptane.

Dependence of the ratio of the charge on the
aroplet to the square of its radius on the voltage
difference between the plates for water.
Dependence of the ratio of the charge on the
droplet to the square of‘its radius on the electric

field intensity for water.
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Fig. 16 Dependence of the ratio of the charge on the droplet
to the square of its radius on the distance of droplet
travel f<.Jr water.

Fig. 17 Dependence of the ratio of the charge on the droplet
to the square of its radius on the voltage difference
l;)etween the plates for heptane.

Fig. 18 beperxdence of the ratio of the charge ‘__'on.'the‘ droplet

to the square of its radius on the electri§: field in-
Y

.

fensity for water.
Fig. 19 Dependence of the ratio of the charge on ;he droplet
to the square of its radius on the distance of droplet
travel for heptane.
Fig. 20 Schematic diagram of a droplet-positioning apparatus,
Based ;an an electrostatic-field principle, for use

under conditions of negligible gravitational forces.
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NOTE: Switch designed to operote in Mode |
(all electrodes except one grounded) and
in Mode 2 (one electrode charged, the
oppsite grounded, and all others

.. interconnected but electrically isolated.)

e -
e

Pe

Fig. 20
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VIEW INSIDE COMBUS1ION CHAMBER LOOKING TOWARD

CAMERA SHOWING DROPLET MOUNTED ON QUARTZ FIBER
PRIOR TO TEST. DROPLET MOUNTING MECHANISM

AND IGNITION ELECTRODES ARE ALSO SHOWN.
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