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COMBUSTION OF HEPTANE DROPLETS IN A HOT GAS FLOW

¥ . ! Joel Lawrence Bert

Inorganic Materials Research Division, Lawrence Radiatioh'Laboratory,
Department of Chemical Engineering, University of California
Berkeley, California

October 1967
ABSTRACT

Burniné rates of individual n-heptane droplets were mea sured under

forced convective éonditions and environmental temperatures of 550 to

. 700°C. The droplets were supported.in a hot éir stream rising at approx-
imately their terminal velocity and thelr burning histories were recorded
by high speed motion picture photography. From analysis of the photo-
graphs data on droplet size, convective velocities and burning rates were
obtained. The effects of gas temperature, drop size, and convection on
droplet burning rate coefficlents were studied. In the size range studiea,
100-500u droplet diameter appeared to have no-efifect on burning rate co-
efficients. The coefficients were also not noticeably influenced by
convection for relative velocities up to 90 cm/s. These results are in
accord with predictions of simplified combustion models.- However, the
observed rate of increase of burning rate coefficlent with increasing
temperature between 556°C and 7OQ°C was much greater than present com-
bustion thFory would predict, but is conéistent with the few results of
other investigators available for elevated environmental temperatures.
These results indicate that additional phenomena influencing burning
rates at elevated temperatures and/or convective conditions may have to

be consgidered,
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I. INTRODUCTION

Liguid fuels are commonly burned as sprays of llguid droplets in
oxidizing atmospheres. .The study of the evaporation and ‘combustion of
fuel droplets is thué a subject of_considerable Importance for describing
combustion performénce in many sucﬁ devices as liquid fueled turbine
engines and fired process heaters. The objective of this research 1s the
experimental study of rapid evaporation and combustion of liguid fuel
droplets under forced convective conditions in a heated gas stream.
Droplet evaporation under these conditions is characterlzed by large
radia; velocities of the evaporatiné material at the drop surface.

In this work, the quasi-steady state combustion and evaporation rafes
are investigated by high speed motion picture photography of hydrocarbon
droplets of 100-300u diameter during evaporation and combustion in an air

stream at temperatures up to 700°C.

A. Previous Work

The phenomena of droplet combustion and evaporation is characterized
* by simultaneous heat and mass transfer involving chemicél'reaction. The
éombination of these three phenomena and the interaction between them
creates problems in the theoretical analysis. Theoretical analyses of
the situation,bfor whiéh early contributors include Godsave (1952),1
B épal_ding (‘1955),2 Goldsmith and Penner (3.95l+),5 Lorell and Wise' (J.955),LL
and Penner (1957),5 have produced models which are quite similar. Common
to thelr approaches are several assumptions. These are: spherical
symmetry (stagnant environment), no radiant heat transfer from flame to
drop, drop at uniform;temperature corresponding to its boiling point,

isobaric combustion, infinitely fast reaction kinetice (infinitesimally

I
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thin reéction zoﬁe), and ste;dy state evaporatign'aﬁd éémbﬁstioﬁ.
Williams6 énalyzed several of fhese assumptioﬁs and.cohclﬁded that
the radiant heat transfer is negligible but that the assumption of
constant temperature ofvthe drop is goed only fof high energy fuels. 4 ; &
He also concluded that‘thevbbiling polnt temperature assumption of the
drop 1s only fair for low energy fuels. Concerning the steady state
assumption, Williams cohcluded that this may cause errors of up to QO%V
for evaporation and combustion rates.

The assumption of spherical symmetry can only be true when there

7

is no convection; patural or forced; Lorell, Wise and Carr present an
analysis which investigates the assﬁmption of inflnite reaction rates.

A principal result of the theoretical aﬁalyses ié that the mass
burning rate of a droplét is proportionai to the diameter of the droplet.
An alternative way of expressing this is that the rate of deérease of
the diameter squared of the droplet is proportional to time. The negative
constanf of proportionality of this decrease 1s called the burning'rate
coefficient, "Also, from the theoretical investigation temperature pro-
files and flame radius can be predicted.

Among the first experimental measurements of droplet evaporation and
canbustion Wasvthe work carried out by Godsave.l He burnedlsixteen
different fuels including n-heptane. The fuels wére suspended - as drops
on & silica fileament. Several other experimental investigators also

8,9,10 In Godsave's b

chose to investigate droplets under this situation.
experiment the drops were about 1500p in diameter. A 16mm camera oper-
ating at four frames per second recorded the drop size change with time

after the drop had been lgnited and allowed to burn in alr at room tem-

perature., Because of the bright backlighting no evidence of the flame
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was found on the film.. From the photographic record of the dlameter of
the droﬁ and time, Godsa&e was able to conclude that the mass rate of
burning was proportional to the diameter of the droplet, a confirmation
of the theoretical analysis. Godsave found a proportione’lity constant
between diameter squared and time, or a burning rate coefficient, of
0.0097 cme/sec for n-heptane. He als; concluded that the problem of
heat transfer from the flame to the drop should be considered to be
taking place in a radially moving médium because of the large radial
velocities of the evaporating material,

Goldsmith8 utilized more elaborate equipment in his experiments than
did Godsave. He could regulate the;temperature of the environment up to
1000°C and the pressure up to 5 atmospheres. Durlng his experiments the -
oxygen concentration in the environment was varied from 23% to 90%. The
drops were again suspended from silica;filaments and. were 1.5 to 1.8 mm
in diameter (1500 to 1800n). A 35mm camera operating at about 24 frames .
per sgcond recorded the dfoplét diameter decrease with time. The fesults
here were again a confirmation of the linear burning law. For n-heptane
the burning rate coefflcient in air at room temperature and atmospheric
pressure was 0,008k cme/sec, which is in falr agreement with Godsave's
experimental results and very good agreement wlth those of Géldsmith and
Penner3 (0.0086 cm2/sec). The theoretical analysis as presented by
Goldsmith and Penner 1s basically under the same conditions as explained
earlier,

Goldsmith aiso reportéd on some effects of forced convection. Fdr
this experimental work he suspended droplets from a quartz filament, the

filament and drop being in turn suspended in a channel where the ailr

flow rate could be adjusted. For an air velocity of 34.5 cm/sec the
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ratlo of the burning constant for n-heptane under fOrced:convection to.
that under still air was 1.36, ‘He.lastly‘pfesehted é relationship be-
tween theoretical bﬁrning rate coefficlents and tempergture which shows
an lncrease in burning rate coefficient'of about 20% froﬁ'BOO°K to.lO5C°K. - i @
Bolt and Saadll in their eiperimentation were concerned with the |
influence of conﬁectibn on burniﬁg droplets, The size range of the
droplets used was 300-1150n. The drops were formed from a small bore,'
tube, where the fuel was Supplied,_surrounded by a concentric jet of air,
As the drops were formed at the tlp of the tube, they were blown vertically -
down off of the tip of the tube by the alr jet. The drops then fell B
through a furnace whose maximum att;inable temperature was l700°F,' Four
cameras were poﬁitioned vertically along the furnace with Open'éhutters.
As the drop fell into the field»df'view of each, a photo multiplier tube
triggered a strobe photolight (1p sec) to photograph the drop. One of
the camera positions was not used because the temperature at this position °
was lower than In the rest of the furnace. Since only three data points
could be obtained from any one run, different size droplets were used in
~geveral runs, and the results combined in a record of dlameter squared
versus time. From this, a burnihg rate coefflcient for n-heptane of
0.0195 cn?/sec was obtained. This'ﬁalue is much higher than any clted
by other investigators. From this éxﬁeriment it was difficult to deter-
mine the effect of forced convection on combustion because of the fact

that there'was an insufficlent number of data points for each drop considered. v

9

Kumagai and Isoda” tried to eliminate the effects of naturdl convec-
tion by observing combustion during free fall., A droplet was mounted on a
silica filament in a wooden box. The chamber was supported on a cable

over a pulley and counterbalanced so that its acceleratlon could be
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varied from zero to the acceleration due to gravity. A schlieren photo-
graphlc system was provided along the path of the falling chamber., The

size of the drops that were studled were 1000un éo 1500p, For n-heptane

2 o
a burning rate coefficlent of 0.0060 cm /sec was observed when the gravity

effect was zero. This is conslderably lower than burning rate coeffi-
cients reported by'other investigators under natural convection., Kumagal

and Isoda observed that under zero gravity the drops and the flame front

were spherical as opposed to the natural convectlon case where the flame

is elongated upwards. Thls convection free gltuation yielded experimental
results for the burning rate coefficlent that were 60% of the accepted
theoretical results. | .

In an important work Ingebo,le working with sprays, suggested that

the heat transferred to burning sprays as based on the areamedlan drop

diameter agreed with the heat transferred to non-burning drops evaporating

in an air stream. This agreement came in the form of similar overall heat
transfer coefficients., In the same artlicle he offered correlations of the
reduced drag coefficients on burning drops, & phenomena that has been
noticed previously. '

13

, Agoston, Wise and Rosser ™ employed a porous sphere in their ex-
periments dealing with fhe influence of convection on burning. The
advantage of this procedure is ﬁhét the mass burning rate of the wetted‘
sphere can be determined by the amount of material that must be con-
tinuously éupplied to the sphere in order to maintain a wet surface
without any excess fuel being shed., Other experimenters have also

chosen this technique.2’lh’15

Agoston, Wise and Rosser, working with
spheres of 0.3 to 1,3 cm in diameter, concluded that the mass burning

rate of the drops increased as the velocity of the gas stream increased
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up'ﬁhtil the gxtinétion ﬁelocity (fhat'velocipy'of ga.s whigh extinguishes

the flame). For an increase in the mass bqrning rate of ethyl alcohol

%urning at roomvtemperature by a factor of 1.36, an alr veloclty of about

hOcm/sec would have to be applied; They developed rei&tiénships of the ... ! i;

mass burning rate of a sphere versus the alr veloclty for n—butanoi, |

ethyl alcohol and‘genzene and showed an Increase 1ln burning rate co-

.efficient with convection of up to IOO%vover the natural convection éase;
Important variables that have beén studied in connéction with droplet

evagoration and combustion are: temperature, pressure, gas cémposition and:..b_“__

relative velocity of gas (convection). Some of the more important features- 

of droplet evaporation and combusti;n that have recelved attentlon are:

burning rate coefficlents, ignition time lag and distance of flame surface

from the drop.

The experimental techniquevemployed in this work hopes to simulate,
more closely than in previous work, the convective conditions under which
droplets are burned in situations of practical interest.

The situation of the droplets in this exﬁeriment is such that there
is no influence of filaments or porous spheres to Interfere ﬁith'the

actual heat transfer or fluld mechanics of the burning. In actual situ-

L3 :

ations, drépleﬁs are burned in thé form of sprays. As these sprays burn,
hot gas from the combustion process ekpands. This éccelerationAof the
hot gas carries the droplets in a conyective flow fleld where they travel "
at approximately their terminal velocity with respect to the gas. It

is this situation that is being simulated in thils experimental work

rather than combustion and evaporation under situatlons of mnatural

convection or no convection at all.
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A metered'gas gtream, of controllable composition, 1s heated and
passed in laminar flow up a rectangular flow channel. At the bottom of
this vertical channel i1s the droplet injection mechanism.  The drops, of

approximately 100-300u in diameter, are injected vertically upward into

the heated gas stream with a velocity greater than that of the flowing

gas. At the top of this column is a sectlion with tranéparent dlverging
walls where the veiocity of the gas decreases. By the‘time a drop of the
appropriate size reaches this height it has lost its Initial momentum and
is at terminal velocity with reépect to the moving gas. Consequently,
certain size droplets are suspended in this diverging section, their silze

being determined by the velocity of the gas in this test sectioﬁ. The

~ parabolic velocity profile across the test section serves to center any

droplets that stray off.of center. A drop In contact with the heated gas
stream sutoignites and, by the time 1t reaches the top of the column, is
in a quasi-steady eombustion. A high speed motion picture camera mounted

at the test section 1s used to record droplet combustion.
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IT. EXPERIMENTAL DESTGN |
This investigation is carried sutswith the psrpose 6fue¥amining the

'eyaporation and_combustioh of hydrdcarbon droplets in a.c0nvective environ-
ment, In order fo accomplish;this several requiremenfsAmust be satisfied. o ‘é
Thess insludsﬁlforming dropléts, inserting these dropleﬁs in ashot‘convec-

tiﬁe env;ronment, locating the droplets in a position where theilr evaporation

and combustion.can be recorded, and recsrding the course of combustion or
evaporation of the droplets. The follswing sections describe the manner in

which these reQuirements are fulfilled in this study.. Most of the experi-

mental design.for shis investigafion was developed by Salsbarria16 in his

previous work on the same project. The gensral concspt of the experiment is

to inject droplets into a stream of.verticallyAflowing heated gas, which

supports these droplets at a fixed-height in a.test section where a cameras

is focused to record the rates of evaporation and combustion of droplets.

A. Test Section | B ' e

In order for burning of droplets to be recorded Ey a stationary camera, :
the dfoplets in turn must remain approximately stationary wilth respect td
the camera. Since.the purpose of this éxperimental work 1s to study the in- "
fluencé of convection on burning of drops, the drops must be moving with
respect to the gas stream. A droplet falling in a gas stream under the in-
fluence of gravity will travel at its terminal velocity, which is determined
by the size of the droplet and the conditions of the éas. If instead of the
droplet falling, the gas 1s moving upward with the,corresponding terminal ' e
velocity of the droplet, then the droplet will appear statioh&ry. .This
condition necessitates a flow field with velocity changing with position in -
the direction of flow, so that a specific size droblet will reach a terminal
veloclity corresponding to the velocity of the gas at a given positioﬁ. For

droplets to remain stationary with respect to a fixed camera, their lateral
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motion must also be suppressed.. These requirements can be satiéfied by a

laminar flow field of the gas in a diverging wall test section. The para-

-bollc velocity profile inherent in the laminar flow In a duct tends to

stabilize droplets at the maximum veldclty or at the center of the symmetrice
flow. The diverging walls provide a varilable veloclty flow field. By ad-
Justing the angle of divergence of the walls in the test section, the rate

at whichlthe velocity decreases up the test section can be controlled. This
adjustment along with control of the mass flow rate of the gas controls the
size of the droplets to be suspended in the field of view of the camera.
Salabarrial6 designed the test section for this investigation with a 40 cm
duct that serves as an entrance length to the test section. This entrance
length serves to insure well developed laminar flow by the time the gas
reaches the test section, and aiso as a length over which Injected drops

lose thelr initial momentum. The separation of the diverging walls at the
entrance of the test section was determined so that there will be a 1% change
in velocity if a drop strays one diameter from the center of the parabolic
velocity profile and so that the separation 1s at least oneorder of magnitude
larger than the drops.

B. Droplet Injection

The experimental design behind this investigation demands that droplets
be Injected in a manner so that they reach the test sectlon. Some considera-

tions involved in forming the droplets are as follows: size of droplets,

direction of entry of the drops into the test section, and number of drops to

be formed. In order to provideaccommodation of the droplets to the environ-
ment in which they are to be studied, Salabarrial6 decided to inject the drops
vertically upward into the heated flowing gas stream. By injecting the drop-
lets in this direction, they must traverse the entrance length which serves

as a distance over which initial momentum can be lost. The greater the

number of drops injected, the more the concentration of the gas stream will
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be affected by combustionvprodupts'and'evaponifed hydfdcérpoh. Conversely,
the fewer droplets injected ﬁhe less.isvﬁhe possibility»of a:bﬁrning droplet’
reaching the field of Viéw of the camera. Thefefore afgomprbmise must be
Ireached as to the number of drops-fofmed. ‘Not more than 100 drops of §OOu
diameter are to be formed per run. The droplets'are.formed by forcing the
fluid to be studied through a sharp edged orifice by the impulsive motion of
a plunger. Varying the stroke distance of the plunger varies the number of
. drops that are formed. In. order nbt to impart eXéessive momentum to the drdps,
the rate at which the plﬁnger is moved 1s empirically determined so that drops
reach the test section without excess momentum. The size of the drops that
are formed is contfolled by the. size of the orifice, with the drop diameter
being almost twice that of the orifice.

C. Heating the Gas Stream

The requirement of laminar gas flow in the ﬁest'sectibn, whose. minimum
cross sectional area ié on the order of 2 cme, dictates a very low mass rate
of gas flow. The gas.must be continually heated over_perhaps 900°C; a speci-.

.fication which when considered along with the limltations on heatlng element
materials temperature (1200°C) constitutes a severe heat transfer problem.
Large heat transfer areas cannot be readily heated by eiectrical resistance
elements on a continuous basis. Reasonably high heat transfer coefficlents
require ﬁigh gas veloc;tiés which,'for a stationary heat transfer surface
would generate excessive pressure drops in the gas stréam. In developing the
,gas heating System used in this work, Salabarrial6 approached this problem by

moving the heating surface at high velocities through the slowly, moving gas.

This is accomplished by mounting the heating elements in a rotating cylindrical

arrgy which is located in an enlarged section'bf the gas inlet channel. When
this arrangement is rotated up to maximum rate of 800 RPM, high enough heat
transfer coefficients (1-10 BIU/ hr. ft.2°F)l6 can be realized so as to heat

the required mass flow rates (20006000 cc/min at standard conditions) to the
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necessary temperatures.

D. Photographic Equipment :

The expgrimental design of this‘work has as its focal polnt the re-
cording of droplet size as a function of time during evaporation and com-
bustion. The history of free falling burning or evaporating'drops can only
be recorded by photographic means; in thls case & high speed motion pleture
camera. If an éverage burning rate coefficient for n-heptane is about
0.01 cm2/sec, then a 100p drop will decrease in diameter to:lou in 0.01
seconds. A lower limit of 10u is chosen because below that size the linear
burning law may not apply,l7;the lifetime of the drdp from 10p to complete
vaporization is small when compared to 0.0l seconds, and photographing
drops smaller than this presents severe problems, Hence the time available
for photographing a 100u drop is not more than 0.0l seconds. The maximum
time available for photographing droplets largef than 100p inéreases as the
square of the drop diameter assuming that the droplets will stay in the
field of view of the camera throughouf their lifetime. It is assumed that
a working estimate of minimum time avallable under perfect conditions for
photographing an event is 0.0l seconds. The desired number of pilctures
of any event 1s around 30-100 this range being chosen so that the data
would be statistically effective. These requirements dictate that the camera
have the capability of working at frame rates on the order of a few thousand
frames per second. Thé Fastax WF17 camera satiéfies this requirement.

Becaqse photographic means are employed in this investigation, special

consideration of sevefal of the optical conseguences ié warranted., Examples
of these are: image magnification, depth of fleld of the camera, and ill-
umination. TImage magnification is very critical in this experiment because
for accurate measurements of the drop diameter to be taken from the film the

largest practicable magnifications are required. Magnifications greéter
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than 1:1 arévréquiféd because of the resolving.pdwer of thé fllm. The
film of best resplving power uéable in the Fastax without causing éx—
cessive péripheral broblems was DﬁPont's 951A'Rapid Reversal Panchromatic
Film with a resolufion of 100 lines per mm (ldp) as'repof%ed by the |
manufacturer. It is desired to have images on the film that are as large
as poésible so as to lgssen the relative error inherent in the measurement.
Magnifications employed in this work range from 1l:1 to-2-l/2:l. However,
the standard lenses availablé for the Fastax WFL17 caﬁefa are not designed-
to be used at magnifications greater than 1:1. TLens abberations become
noticeable in the image when magnifications_df greater than 1:1 are used _
and the field of view of the camera.musf be calibrated to account for the .
distortion. .

The depth of field of the camers is closely related to the image

ﬁagnificatibn. The depths of field at magnifications of 1l:1 and 2-1/2:1 are .

0.88 mm and 0.25 mm respectively, differing by alﬁost a factor of 4 (see_
Appendix I). It is desired to have a depth of field.at least as lafge as
the drop diameter. In this photographic problem, it 1s difficult to. .
simultanesusly satisfy the varlous requireﬁents as closely as would be
desired because of the way in which these requirements interact. If the
magnification is made small the depth of field increases. Since it is
beneficial to have a large depth of field, this‘appears to be'the proper “
method of attack, However, when small magnifications are employed, errors
in interpieting the film bécome great; A compromise must be reached
where each of these aspects, depth of field and magnification, are reas-
onably satisfied. In order to maximize the depth of fleld, the relative
aperture of the lens is made as small as possible. |

T1llumination requirements are severely restrictive in the photography
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of the drops. High intensity illumination musf be employed to compensate
for the very short exposure times, Because of the small apertures dictated.
by depth of field considefations, the illumination problem 1s intensified.
The light sources employed in this experiment are high ihtensity photoflood
lights.> . - s
Although the light sources can be placed at any horizontal position at
the height of the test section, ranging from front lighting to back lighting
only two conditions are cohsidered: Side or back lighting. Positioning
of the light will dgtermine the relative brightness of the drops with re-
spect to their background, When side lighting is employed the drop surface
is bright with the background.appea;ing dark; The difference in brightneés
on the film 5etween the drop surface and tﬁe background is great enough‘so
that it is easy to identify the drop surface. When backlighting is used,
the drops appear grey egainst a light backgfound. In this case distingulsh-
ing the surface of the drop from the background is more difficult. Although
sglde lightiné allows more precise determination of the position it also
requires much greater illuminatipn intensity than does back lighting.. In

both cases, proper illumination intensities must be empirically determined.

[PV -



ake o

o IIT. EQUIPMEN&L

The eéuiﬁment developed for ﬁse iﬁ this study can be dividgd according
to function- into six.componentsf 1).g§é pre-mixing sectién, 2) main gas
heater, 3) test sectioﬁ and entrance duct, k) thermﬁl blanket system, 5)
injection sysﬁem, and 6) photographic equipment. The integrated system is,'
depicted in Fig. 1. Oxygen and nitrogen, the gases which constitute the
combustion atmosphere for the droplets,'are metered at room temperaturevinto
the main heater where they are heated to 500-900°C. Frqm the maln heater the
gases are led through an exit manifold to the vertical entrance duct and then
through the test section. Droplets.ére injeéted upward into the combustion
atmosphere from benéath the vertical duct..._

Because of the high temperatufes and small mass flow rates of éas,'an
active insulation must be used to feduce heat losées in the nelghborhood of
the test section so that témperature'drops thrbugh the teét section can be
kept to a minimum. The active thermal insulatlon system conslsts of a set of.
auxilliary ducts largely surrounding the entrance duct and test section
through which heated air 1s circulated. .This thermal gas blanket prévideé
the hot metered combugtion atmosphere with surroundings nearly at its own
temperature and In this way reduces or eliminates tempéfature driving forces '
for heat transfer to the surroundings. There is also a passive inéulation |

used around all of the heated sectlons except the test section.

A. Gas Premixling Section

Oxygen and nitrogen are metered by a palr of Brooks Sho-Rate Type‘
4-1355V flow meters with a maximum flow rate for air of 10,000 cc/min at |
‘70°F at one atmosphere pressure, into a stainless steel tube 1 inch outside

diameter and 18 inches long. A stainless steel coarse mesh screen serves
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to mlx the gases.through turbulence that it creatés; The gases then pass
to‘the main heater. »
'_B. Main Heater

The main heater consists of a heating unit rotating in a stainless
steel shell, The heating unit, as shown in Fig. 2, consists of a cylind-
rical array of 48, 1/k in, dlameter by 7 in. long ceramic rods mounted
between two end plates. Of the 48 ceramic rods 46 are wound with approx-
imately 1.25 feet each of 28 gauge chromel wire of specific resistance
4.10/feet. One rod is wound with about 3.7 feet of the resistance wire,
and another 1s not wound and serves only to balance the unit. The geo-
metrical arrangement of the ceramic'rods can be seen in Fig. 3. The 47
electrically wound rods are divided into six groups of seven rods and one
group of five rods. The fods meking up each group are cohﬁected in séries.
The seven groups are connected in parallel, The group that contains 5 rods
contalns the rod that has the extraiwiré. The equivalent réslstance of
this arrangemenf is about 6.10. The end plates of the héating element, of
310 S;S., are 5.in. in diameter 1/16 in. thick and are mounted 5-1/2 in.
apart on a 1-3/8 in, 316 stalnless steel shaft. The heating unit is mounted
in a horizontal cylindrical shell 7 1n. in diameter, 9.in. long and 0.025 in;
thick, formed in two sectlons with an asbestos gaéketed horizontal joint.
The material of construction of this shell is also 310 S.S.

Figure 4 shows the arrangement of the main shaft of the heater. The
main shaft not only mechanically supports the‘heating elements but also
carries electrical current to the heating elements. To accomplish these
functions the main shaft, as shown in Fig. 5, consists of an outer metal
tube that is the load bearing member and a pair of co-linear inner metal
tubes, insulated from the outer tube by & concentric ceramic cylinder, that

provide electrical paths to elther end of the heating element. The outer
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~tube of 5i6 stainlesé'steel isv1+3/8'in; OD,lifl/B in.viD)vahd.3O in. loné.
"~ The end platés onfwhiéh thevﬁeéting elements rest,'afe mountéd on this
shait. Inside this fube 1s the 1-1/8 in. OD x 7/8 in; ID céramic insul#tor,
The inner tubes are of 321 stainleés sfeei and fif inside-the ceramic tube;
they are 7 in. long, 7/8 in. OD, ‘and 1/2 in. ID. About 1 in. from the

outboard face of each heater end plate, 1/2 in, holes are drilled through

both sides of the outer stainless steel shaft and the ceramic tube. Throughv

~each of these holes a 4 in. long by 5/8 in. dlameter thfeaded stainless

steel rod is screwed into the inner stainless steel tube. These rods do not

contact either the outer stainless steel tube or the ceramic tube. Around
those portioné where the rdds mightfcontaét the outer shaft, Sauereisen‘
Electric Resistof Cement ig éacked. In thié manner the main shaft is com~-
pletely insulated from the heater circult.

The electrical circuit for the main heater is shown in Fig. 5. Copper

plugs are screwed Into the outbosard end of the inner stainless steel tubes, .

and copper rods 1/4 in, OD are in turn screwed into these plugs. 'The copper
rods éxtend to within 2 in. of each outer eﬁd of the main shaft. Stranded
copper wire, having an equivalent diameter of a l/hwin. ro&, is silver
soldered to these cépper rods and then-soldéred to another pair of copper
.plugs that fit partially inside of the ends of the ceramic tube. These
latter'cépper plugs are held in place at the end of the shaft ly three B

nylon screws that go through the stainless steel shaft, the ceramlc, and

into the copper plugs., The electrical current passes to the heating element

in turn through the copper plug, the stranded copper wire, which serves to

take up any differentlal thermal expansion of the materlals, and the copper

rod into the stainless steel inner tube. From there it flows up tha 3/8 in,

stainless steel rod and into the coiled heating elements. The current exits
through a similar arrangement on the other side after passing through the

heating colls.

R £
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Power is supplied to the rotating unit through graphite_impregnated
porous bronze brushes that contact the copper plugs at the ends of the
shaft. A Sprihg‘is used to mgintain pressure of each brush on the copper
plug as the unit rotates. Figure 6 shows the brush contaeting.the copper
plug. An aufotransformer, Variac Type W20M, supplles a maximum of 20 amps
and 140 volts to the main heater circuit.

The entire rétating assembly_is supported by two SKF Model SYH 106X -
Pillow bloc adjustable bearings located about 8-1/2 in. from the end
plates. The rotating assembly is driven through & 4:1 speed reduction timing
belt drive by a 1/15 horsepower électric motor whose speed_is controlled
through a Minirik Model SH;53 power'control. The makimum speed of the
motor is 5500 RPM; therefore, the heatling eiement has a maximum rotational

speed of about 1400 RPM.

¢, Test Section and Entrance Duct

As mentioned earlier, the test sectlon 1s that part of the equipment
where the burning or evaporating droplets are supported and photographed,
and the entrance duct 1ls the section through which the ébmbustion atmosphere
gases flow on their way to the test section. v

The test sectlon is constructed of flat Vycor glass plates l/u in. thick.
As shown in Fig, 7, it has three channels through which gas can flow. The
two channels thréugh which the thermal blanket.gas flows are‘incorporated in
the diverging walls, each of which 1s made of two parallel pieces of glass,
in betweeﬂ which insulating gas flows. Two pleces of glass flxed perpen-
dicular to the divefging walls serve along with the dlverging walls to
enclose the combustion atmosphere on four sides. This is shown in Fig. 8.
The separation of the diverglng walls at tﬁe bottom of the test sectlon is

fixed at 4 mm. The separation at the top of the section is adjustable, the
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me.ximum separaﬁion obtginaﬁle‘ﬁeing 2vcm. The téét séctionsis approxi-
» matély 4 cm wide. |
The entrancé duct as seen In Fig. 9 élso hag three chénnéls-for gas
flow. The two outer channels carry the thérmally insulating gas whereas
the centrél channel carries the metered combustion_atmosphefe. The en-
trance duct is 55 cm long with a rectangular croés gectlon 1in which the

metered gas flows tapering from 2 em X 4 cm at the bottom to Q.h cm x_h cm

at the top. An additional sectioniwith parallel walls 1s avéilable for

increasing the overall length to about 40 ecm. The material of construction -

‘is 310 stainless‘steel; which has a continuows operating temperature of up

to‘llOO°C18 in an bxidizing.atmosphére.

D. Thermal Insulating System

Salabarria designed and described the shell of the reheater, the blowér,'

-and the duct work employed in the thermal blanket systém'in his earlier
work.l6 The shell of the reheater is a long rectangular parallelopiped

with a removable top section., The shell measured 11-7/8 in. x 1-1/2 in.

X 2-1/2 in. The heating element of the reheater has been revised to three

15.4 foot colls of 21 gauge chromel wire connected in pafallel. Each of
the three colls 1s arranged uniformly in & zig-zag fashion within the shell
of the heater, and 'the colls are supported at each change of direction by
~ceramic stand-off insulators. The approximate overall resistance of the
unit 1s 11.70. Power 1s supplied to the reheater by a Varilable Auto-
transformér, Powerstat Type 146, with a maximum output of 140 volts and
30 amps, |

Air 1s circulated through the closed circuit of the thermal blanket
system by a centrifugal blower locatedvupsfréém of the heater. The bldwer
s driven by a'l/8 horsepower'Bodiﬁe motor whose speed can be varled from

about 1000 to 5000 RPM by a Cole Carmer SCR Voltage Controller Model 2600,
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From the heater the alr flows through the two outslide channels of the
entfance duct where the heated air serves to actively insulate the center
section which carries the metered combustion atmosphere gases. This alr
"then flows through the two diverging walls of the test seetlon and is
collected in an overhead hood and returned to the bIOWer._v

To further reduce heat losses, heatiﬁg tapes are wrapped around the
exteriér of the ductwork; one around thé duct between the main heater and
" the vertical column, and the oﬁher.around the column, These heating
tapes,* have a maximum output of 576 watts at temperatures of up to 1600°F.
The voltage to fhe tapes 1is regulated by two Powerstat variable trans-
formers Model 3PN1168.

E. Injector System

The basic design for the injector is depicted in Fig. 10, with the
actual injector appearing in Fig. 11l. The iﬁjecéor 1s a syringe type
device whose cylinder 1s 1/2 cm In dlameter for the lower 15 em and
0.05 cm in diameter for the 6 cm nearest the nozzle. The nozzle, which
1ls fiﬁed at the end of the cylinder, 1s a cylindrical piece'of gtainless
steel approximately l/h cm thick and 1 em in diameter with an orifice
drilled in the center, On the outboard side of the plate the wall of the
hole 1s beveled at a 30° angle for 0.20 ecm. Two such nozzles are available,
one with an orifice of.0.025 cm in diameter and the other 0,038 cm in
diameter. The nozzle 1s held 1n place at the end of the injector cylinder
by a threaded collar, and'to avold leakage a teflon wagher is used under
the nozzle. The stalnless steel Injector plunger Which is 0.45 cm in
diameter and 15 cm long has a teflon band 1 cm long around the circum-

ference of the plunger 1/2 cm from the top of the plunger which serves to

¥ Priskeat Samox Fiber Insulated Flexible heating tapes 1/2 in.x8 ft.
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insuﬁe a éood sgal betwéeﬁ fhe_plhnger énd:thé éylihderfwali. The in- .
jector plunger operéfes 1n‘thé Lower paft éf the cyiiﬁder, -Fuei'is stored
in the'cylinder and is forced out through the orifice by the motion of the
plunger. The ihjector 1s surrouhdéd by a cyiindrical,cooling jacket in
" which cooiing water fléws up & tube to the nozzle end of the lnjector.
~ The coolling water then~flcws déwn the outside of the cyllnder and oﬁt at
the bottom of the jacket., This prevénﬁé sppreciable vaporization of the
fuel in the cylinder. The entire injector assembly is 21 cm long and |
2 cm in diameter; | |

The unit is mounted pointing vert1ca11y upwﬁrd with the nozzle
positioned in the ldwer wall of the'90°_bend in éhe main.duct. It is
held in place by twist-lock joinﬁs which also serve to align the in;

jector with the enfrancé duct and test sectlon.

F. Photographlic Equipment

Photographs of the burning droplets in the test section are_takénvbyi_i
a Fastax (Model WFLT) 16 mm high speed motion picture camera. The camers
is mountéd on a variablewheight support block that slides on & lathe bed
for adjustment of focus of the lenses on the test sectlon. The lathg bed.
is supported by a heavy duty Uni~Strut strﬁéture.

The camera 1s capable of taking.several ﬁhousand frames per second;
but is most often used‘in this study at 1000 frames per second. It 1s
vequipped with a timing light which can record.marks.on the side of the
film for timing reference. The timing light 1s operated at 1000 cps by
200 volt square wave pulses produced in a Hewlett-Packard Pulse Generator
Model 21kA. A Fastax-Raptar No. D51935 lens with focal length of 101.1 mm
is used with éxtension;tubes to vary the magnificat;on from 1:1 to 2rl/2115

the extension tubes vary in length from about 1-1/2 in, to 4 in. The film
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used is DuPont 931AvRapid Reversél Panchromatic 16 mm high speed photo-
graphic film with resolution of 100 lines per mm. |

‘High intensity lighting is pfovided by a high illumination photo-
flood lamp, Fastax Fastline WF322, with an adjustable péfabolic mirror.
The lights are General Electric Projection Lamp Model DRS with a maximum
power . of 1000 %atés. The high intensity light from this source is uneven
at short diétances, because of the images formed of.the filaments of the
bulb by the parabolic mirror, and thereforé a plece of ground glass is
placed between the lamp and the test section as a diffuser. An example
of the positioning of the camers and light source:with respect to the

test section is shown in Fig. 12.

"~ G. Insulation and Température Sensing

In order to reduce heat losses, the heatéd equipment 1s Insulated
(Fiverfrax fibrous ceramic insulation capable of withstanding temperatﬁres
up to 2500°F.) The thermal conductivity of this insulation is about
0.1 BTU/hr. ft. °F in the temperature range that it is empioyed. The
insulation is supported around the apparatus by an aluminum container,
which is constructed so that a minimum thickness of six inches of insula-
tion surrounds the heated equipment.

Temperature sensing of various parts of theiequipment 1s accomplished
by use of Pt-10% Rh—Pt~thermocouples using wire of 0.02 in. diameter. The
thermocouple leads are connected at a tefminal strip exterior to the in-
sulation,!which serves as a room‘temperature cold junction. From the
terminal strip the leads are connectéd to a continuous recording Leeds

and Northrup Speedomex H Azar multipoint: recorder which records:the

potentials of the thermocouples.
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”Iﬁﬂv PROCEDﬁRE
' The measurement of droplét burning rateé can_bé.divided iﬁto severalv
distinct parts: equipment,prepgration,'caiibratioh; photogréphy'of burning
6r.evaporating dfops, and analysis of the photogréphic rébord.

Preparation of the equipment before an experimental run is made is.

8 critical aspéct‘bf the work. The walls of the test éection are firét
cleéned with tri-chloroethylene and then set to a desired separation at
v.the top of the diverging walls. Next the photographic equipment must be
ealibrated and properly positidned'before the apparatus is 5rought up to
operating iemperature. 'Magnificationliequiréments determine the lens po»
be used and the distance from the t;st section at which the lens must be .-
located. The camera is focused én,é piece of thin wire which is sus-
pended with its end on the center line of the test sgction, where the gas
}velocity will be a ma#imum. Coarse focusing adjustment is achieveq by
sliding the camera mount on the lathe bed, and fine foéusing is realized .
by adjusting the lens. While the equipmeht is still cold, the light source
is placed on the slde of the test section opposiﬁe the camera. It is
positioned so that the image of the iﬁmp filament is focused by thé para#
‘bolic mirror'on as small -an area of the ground glass as possible.

The power supply to the camers is adjusted to a voltage which corre-
sponds to the nominal frame speed desired in the experimentalrruns. If
the camera 1is to be operated at a nominal 1000 frames pér'second, there
is a period of acceleration where the frame speed increases'from zero to
1000 frames per .second., The power supply is not altered throughout the
experiment so that the.nominal frame rate is the same for all cases.

To calibrate the object to image magpification and the local varia-

tion of this magnification over the field of view of the camera, pictures
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must be taken of objects of known size. The objects uéed here are glass
beads approximafely 1000p in diameter, the beads have been measured with
a cdmparator microscope so fhat their diameters are known. Two beads are
glued to a piece of fine wire, about 300p in diameter, so that most of
each bead is visible and distinguishable from the wire, With the camera
prepared for oberation and the photoflood light properly adjusted, the
~camera 1s started and calibration pictures are taken as the beads and wire
are moved to various positions in the fleld of view of the camera. In
this manner,.a photographic record is obtained that is sufficient to
calibrate the object to image relation over the fileld of vieﬁ.of the
camera.,

In all subsequent photography; a timing reference is_feqﬁired. For
this purpose the pulse generator 1s attached to the timing marker assembly
of the camera. The pulse generator is set to provide square waves at
1000 cycles per second, 200 volts and 150u second pulse‘widths.

The thermocouples, the thermocouple probe which is used to measure
the témperature of any position in the test section, and fhe injection
system are all checked to assure that they are functional. The electrical
resisténce of each heater ls then checked for any short or open clrcults
Iinlthe heaters. The temperature recording device is started and a log is
kept oflany changeé in applied currents, motor speeds, and alr flow rates.

Heating the equipment to the desired temperatures,A5OO°-9OO°C is
the most time consuming step. of the running of the experlment. Before
any power is turneg on, &ll cooling systems are started e#cept the
cooling of the injector, which 1s not fixed into position until droplets
are to be injected. Air flow through the test section is set at the
desired rafe, and the main heater rotor aﬁd reheater fan are adjusted

to the desired speeds, 700 RPM for the main heater rotor, and 5000 RPM |



for the reheater fan., Power is fifst'applied.td the‘heﬁting tapes, which
are allowed to heat fhe system until-the air in the tést secfionvreaches
about 450°C as determined wifh the aid of the thermocouple probe.. Power
is then slowly increased to both the main heafer and the yeheater. Usually,
the incremental changes in current to either heater do not exceed 2 amperes
because of the chanée of thermal shock to the equipment. Once the current
in the heatihg elements of.the main heater reaches 5 amperes, increases
in currentiare in 1/2 ampere.increménts evéry half hour. Under these con-
ditions the apparatus is brought up to the desired temperature. While the’
equipment is béing héated, the lens is removed from the camera so that 1t
will not sustain any harm from being in close proximity to the hbt fest‘
section for a long pefiod of time}v :
The currents neéessary to bring the equipment to the desired temperé- a
ture ﬁithin 8 reasonable amount of time”wili be greater.than the cufrents
- necessary to sustain the equipment>at thaﬁ temperatﬁfe. CQnseQuently; when -
the apparatus appréaches the desired tempefature, the current to both
.heatefs must be reduced until the steady statenis reached. To insure
stabilized conditions the equipment is allowed to remain at the desired
conditions for about half an hour. |
Once the equipment has reachéd and is stabiliied at the desired tem—
perature, the injection cylinder 1s filled with about 5 éc of n-heptane,
with a hypodermic syringe. The'aluminuh cover that‘séalé the slot where
the injector is to be positioned is removed and the injector is inserted. 
The injector is tested two or threg times by manually opefating the plunger
so that a few droplets reach the test section. The camera is loaded with
film, the lens is repléced in the camera, the pulse generator is started;'

and the photoflood lights are turned on.
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- Whén the camera is operated at about 1000 frames per second, 1t takes
about 1/2 second for the camera to accelefate from rest to the/deéired
speed; it takes about the same.amount of time for droplets formed by the'
injector to reach the test section. The camera 1is started, and at the
same time the plunger of the injectof is manually moved short distances
two or three times so that droplets can be injected into the test section
more than once during the running time of the £ilm. Operating at 1000
frames per second the camera.uses the 100 foot roll of film in about three
seconds and then thevcamera motor automatically shuts off.

Whenever the equipment is to.remain at elevated temperaiuresvfor over
15 minutes without any pictures being taken, as in the case of changing the
temperature of the apparatus,vthe injector is removed and the aluminum cap
is replaced over the injector slot;

Following completion of the experimental measurements, power to the
heaters is slowly reduced, and power to the heafing tapes ls shut off,
With the main heatér rotor and the reheater fan still operating and with
the cbolants still flowing, the equipment is allowed to return to room
temperature.

The film from the experimental run is developed, and viewed with the
aid of a 16 mm projector. The photograph of the beads are viewed first
to meke sure that the beads traversed the field of view of the camera,

If they did not, another calibration run can be made since the camera

and the test section femain in the same positions they occupied during
the experimental runs. The film records of the evaporating or burning
droplets are next examined for suitable events, a suitable event being

30 or more frames of a single stabilized sphericai droplet. These events

are marked, so that when measurements are to be taken from the film the



;é6_ 1'
event caﬁ éaéily be ibcated. When”al}léfvthe film from an.experiﬁentgll
series hasvbeen'examinea, meaéurenents Offdfopiéts‘involyed-iﬁ the chpsén
- events are faken with the ald of a Vanguard Motion:analyzer; The analyzer B
is equipped with éalibrated hbrizohtal énd ﬁertical ﬁoveable wire grids' B
" that are used to measufe'distances-on the screen. The photogfaphs of the
beads are measured'first sd tﬁat the magnification throughont the field
‘of view of the camera can be calculated from fhe kHOansize of‘the beads.
Oﬁce the magnification as a funcfion of position is known, the diameter
and position of these droplets whigh appear for the desired number of
‘fraﬁes‘islmeasﬁred. The time interval between successive frames 1s
determined from the distance between correspondigg parts: of successi&e'
| timing marks (which is known ﬁo represent a l/lOOO of a second time
interval) and the distance beﬁween corresponding parts.of éuccessivé
frames. In thié manner data caﬂ‘be obtained invthe form of a record of.

drop diameter and velocity as a function of time,
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V. RESULTS

The effect of drop diameter, convection and temperature on the burning

behavior of individual n-heptane droplets can be examinéd in the measure-
ments made in this investligation. The data used were obtained from the
photographic records of burning droplets as described in the prevlous
chapter. These records cover the burning historles of droplets, or
"events", at relative velocities from 30 to 90 cm/s, temperatures from
550°C to 700°C, and drop diameteré ranging from 1O00u to 500u. A re-
presentative photographic fecord‘for a particular event can be seen in
Fig. 13. From this type of pictoriél record the diameter and véLocity
of each individual droplet can be determined as a function of time. In

" most events the droplet under investigation appeared spherical, but dis-

tortion from the spherical shape was evident for droplets of diameter

greater than 500u. Distortion of these droplets was caused by form drag

and by frictional forces exerted 5y the gas moving tangential to the
droplet at the droplet surface. TFor cases where the drop dlameters,
measured along axes at right angles:to each other, as described in the
previous chapter, were different by % no attempt to obtain data from
the photographs was made.

Even though drops appeared to be burning in the test section ﬁhen
the photographs were being taken, no evidence bf a flame front exists in
the photographs. This is attribﬁted to the high intensity ba.ck illumina-
tion employed compared to the relatively low luminosity of the n-heptane
flame. |

The theoretical study of burning rates of individual droplets by

other investigators leads:to the conclusion that the rate of change of
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-the square of the diameter of avburning droplet should bé'a,linear func -

“tion of time,l’3’8

This result is derived under the assumption of fast
chemlcal reaction, and constant physical properties as a function of

temperature. The negative constant of proportionality between the square

of the diameter and time is termed the burning rate coefficient. Burning

- rate coefficients were calculated in this work by a linear regression -

analysis of the square of droplet'diameter on time for each event, which

_provided the value of the coefficient and the standard deviatlon of that -~

-value., All events which produced standard deviations of the burning rate

coefficient greater than 5% of the coefficient were rejected. Figure 14

represents the relatiénship betwaeh the squafe of the diameter and time - -

for the droplet of Fig. 13. The slope of this line gives a,coefficient_l-

of 0,0128 cm?/s with a standard deviation of 2%. The relative veloclty

of a droplet as a function of time 1s determined from the known velocity -
of the gas at the point in question in the test section and the apparent -

velocity of the drops in successive frames of the fllm. The gas VeloéityA*

is determined from the measured volumetric flow rate of the gas, the
vgeometry of the test section, and the temperaturé of the test sectlon,
The relative velocity of the droplet in Fig; 13 appears as a function
of time in Fig. 15.

When the photographic records obtained in this study were screened,
as described above, fifteen events remained for whiéh burning rate co- .
_efficients were established. These events cover airange of temperature
from 550°C to 700°C, of relstive veloclty from 30 to 90 cm/s, and of
drop diameters from initial diameters of Llop down to final diametérs

of 132p. They are summarized in Table I.
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Frbm the theoretical work of Godsave,l Sz;alding,2 Goldsmith and
Penrier,3 and. others, it is expécted that drop diameter will have no
':éffect on burning rate coefficients for burning under conditions of
spherical gymmetry, constant physical properties, and an dnfinitely
fast reaction at the flame front. This should be true for the size
range where drops are small enough to maintain thelr spherical shape
(drop diameter less than 1000) andvat the same time are large enough
so that surface forces can be neglected (drop diameter gredter than
5u). The droplets in this work, diameters from 132u to hlou? from
which Eurning rate coefficients were calculated, were approximately
spherical. Unlike the droplets considered in the theoretical work that
has been mentioned, the droplets inveétigated iﬁ this experiment were
subjected to forced convectlve conditions. However, even in the preseﬁce'
of convective conditions no consistent dependence of burning rate co-
efficignt on drop dlameter was noticed. This lack of dependence of
burning rate coefficient on drop diameter can be seen in the data of
Teble I. The burning rate coefficients at either 620°C or 700°C, the
temperatures at which more than one value of the burning rate coefficient
was obtained; show no tendency toward increase or decrease with increasing
drop diameter,

Burning droplets studled in this work were falling near their terminal
velocity under the influence of gravity. It appears under these conditions
that convection has~no appreciable effect for the burning ratevcoeffiéients
determined experimentally in this work. The influence of convection on
the evaporation rate for droplets evaporating into a hot environment of

17

their own vapbr has been studied theoretlcally by Wijffels, and the

effect of slow viscous flow on the burning of a droplet has been analyzed
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bvaendeil,‘Sprankle;iand Dodson.?l; It is,concluded'infwijffelis work e

_that the effect of‘convection7can be characterized by_the dimensionless

ratlo of the free stream convective veloclty to the'velocityvof the

evaporating material at the surface of the droplet, termed the "evapora-

tion velocity" and that the effect of convection for Reynold's numbers

less than one 1s second order. The convective conditions‘as existed

* . in 'this work were all characterized by Reynold's numbers smaller than]
“one so that Wijffels‘ conclusilons should be applicable. The evaporation-ltv‘ R

vvelocity at the surface of the drop is proportional to the Inverse of

the diameter of the drop, so that the size of the drop will effect the

evaporation velocity, and therefore the ratio of the convective to .

Vevaporative velocities. However, it has already,been nmentioned that'the;fm

drop size did not appear to have an effect on the burning rate co-

‘efficlent. The reason for the apparent lack of a noticeable effect of

convection on burning rate coefflcient may be because of the small
effect on evaporation rates that convection does have.' If the effect

of convection 1s on the same order of magnitude as the standard deviation .

of the burning rate coefficients at a gilven temperature and convective ,~"‘

condition, 8%, then the effect of convection will be unnoticed as In
the present case.

When the photographic records of individual events are analyzed,
very slight variations 1ln evaporation rate which might be attributed
to convection can be noticed.' However, becausevof the amall magnitnde
of this effect and.the unreiiability of 'a single event, no firm con-..
clusion can be drawn. Such is the case for the event depicted by Eigs.
14 and 15. From time O to lelO-3 sec, as reported in Fig., 15, the

relative velocity of the drop apparently decreased from 70 cm/s to 35.5 cm/s.
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The relative velécity of the drop remained'néar 35.5 cm/s until time
27x10f38. From time 27x10;3s to time SMxiO'Bé the’relati&e velocity
A decreased from 35.5 cm/s to 30 cm/s. Comparison of these veloclty
changes to the record.of'square of.diameter versus time'for the same
event, Fig. 1k, shows é possible relationéhip between velocity and

burning rate. The first 10><10_3

seconds, where the veloclty was hlghest,
exhlblted a slightly greater evaporation rate than the remainder of the
~curve. The increase in the evaporatlion rate in thils reglon is small
‘enough, however, to be considered within the standard deviation.ef the

35 to time 34x10-38 where the

slope of the curve, 2%, From time 27x10"

velocity was décreasing from 35.5 cﬁ/s to 30 cm/s no effect on the burning

rate was notlced. The effect of convectlion on burning rate coefficient

as exhibited in Figs. 14 aﬁd 15 tend to confirm Wijffels" cpnglusions

ﬁhat convection has a second ordgr effect. »
Another aspect of convection fhat is notlceable in the date obtalned

ip this work, is the effect of burning and evaporation on the terminal |

" veloclty of a droplet. .According to simplifled theoretical analysis of

the process the large radial veloclty of the evaporating materlal at the

surface of the droplet should cause the bﬁrning droplet to attain a

larger terminal velocity than a non-evaporating drop under the same.circum-

SfanCes.l9_?ThiS'phenbmenon;m has been noticed experimentally for
individual droplets by Bolt and Saad,ll and also for sprays of many
droplets by Ingebo.19 The radial velocity at the surface of thevdrop—
let tends to reduce the drag coeffilcient for the droplet, leading to the
higher veloclty.  Filgure 16 ghows a series of photographs of a burning
droplet that has feached its terminal veloclity. The relative Qelocity

between this 140p droplet and the gas is 35.5 cm/s. For a non-evaporating
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-heptane drqplet of- the same size and subject to the same conditions

" the terminal velocity is calculated to be 26 3 cm/s (Appendix 3) The

radial velocity at the’ surface of this droplet is 36.5 cm/s (Appendix hj
x'vThe ratio of experimentally determined and calculated (non-evaporating)
values of terminal velocity for this burning droplet is comparable to
lresults obtained by Bolt and Saad.ll Under similar clrcumstances they.
obtain a,ratio of 1.70 whereas the ratio determined in this work is'l.55;v
| The_theoretical effect of temperature on burning rate coe:f‘ficient for -
f_»the»non—convective case isvmost thoroughly analyned by_éoldsmith,and
'Penner.j Their theoretical model,icalled”the "3d1ffusion tneory"{'is

based on asSumptions of spherical symmetry, instantaneous_chemical re-
action at the’flame front, and average values of physical_properties over"
the range of temperatures existing in the gas. This theory agrees well
| with experimental results obtained by several investigators for droplets
~ burned in surroundings nearvroom temperature. A comparisOn between these"
burning rate coefficients and those from the diffusion theory can be :
‘found in Fig. 17 and Table II
At elevated temperatures the diffusion theory mentioned above pre;,'

dicts a'small'rate'of increase for the burning rate coefficient with
' temperature.a Instead of this small temperature effect, the data of the
present investigation show a large effect-of temperature on burning
- rate coefficient under convective conditions. Tnevaverage burning rate _"H
coefficients'at the three temperatures investiéated in this work were

found to bes

T°C o K cm?/s
550 - 0.0099
620 : 0.0115

700 . - 0.0126



From these three values, it éppeafs'that the burning rate coefficlent in-
creases at the.rate of l.8x10-ycm2/séc ih the temperature region 550°C to'.
- 7006C.‘ The'diffusion theor& would predict an increase of only l.5xlO-6cm2/s°C
in the absence of convection. Furthermore, the simplifiled theoretical
treatments of convection that were mentioned above do not_predict any
strongly temperature dependent convection effect.

The result obtained at 550°C in the present work 1s based on only one
" event. It might be suspected that.the experimentally determined value of
the burning rate coefficient a£ 550°C ié in error. However,'wheh the
values of the burning rate coefficiehté'are piotted a8 & function'of the
logarithm of the difference between the temperature of the environment
and the boiling temperature of the drop (98°C) as suggested by the work
‘of Goldsmith and Penner, all three points fall on & falrly straight line
..as seen in Fig. 17. Bolt and Saadll report a burning rate coefficient
of 0.0195 ém?/s for n-heptane ati815°C and at a relative velocity of
aboﬁt 215 cm/s (Appendix 6). This value 1s much larger than predicfed
by avéilable combustion theory. chever, when compared to the results
of thls work presented as a fﬁnction of ﬁemperature in‘Fig. 17 it seems
consistent with the temperature dependence found here. Moreover,‘in the
only other study of burhing rates at high environmental‘temperatures,
‘Kobayasizo determined burning rate coefficlents at 700°C and 800°C which
also appear to have the large temperature dependence noted here. The .
results are included Iin Fig..l7; although they were measufed under free
convective conditions they correspond much more closély to the behavior
found in this study than to the results available in the literature for

combustion at low temperetures.



: Although only a very few values‘have been measuredufor burning rate :
:. coefficients of n-heptane at environmental temperatures about 500 C, inv.'
.: this available data there appears a consistent pattern of significant T

'?increase of burning rate coefficient with temperature. The strong tem- f;ﬁ'v~iﬁ;f~;
perature dependence of the burning rate coefficient which appears in : R
this work cannot be explained according to the available theoretical

vtreatments of droplet combustion. It may indicate at elevated tempera-

: - tures, about 500 C, that burning droplets are subject to phenomena that'f.va

" are not considered in the theoretical models to date. For instance, small
"rapid pulsations in the shape of the droplet might occur that lead to |
'f-turbulence inside the flame envelope and thus to increase burning rate’
'vl coefficients. | |
| The only other work in addition to the present work and that of Bolt
; and Sead concerning convective burning of drops_was carried”out.by
Goldsmith8 uho, while working With 1500-1800u diameter.droplets at room:t
:temperature, determined,thebburning rate.coefficient for n-heptane'subject
)to three different convective velocities. The ratio of the convective to -iii . é
. the evaporative velocities, which characterizes the effect of convection, ' |
for Goldsmith's_work is & factor.of two-smaller than that for the work.of_
this investigation."Because this ratlo differs in these two studies and
"because Goldsmith's data are not in the same temperature range as this
work novdirect comparison between the two results should be made. Honever;
the burning rate coefficients determined by Goldsmith are included in o j. .
Table II. | | - |
Much more date are.needed,concerning burning.rates of_individual
droplets, especially at elevated temperatures. .Asvwas expected,ithe
results of-this Work.indicated no effect of droplet diameter on burning

rate coefficient. Convection appears_to have a second order effect on
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the rate of burning of droplets at elevated temperatures. The rate of
_increase of the burning rate coefflclent with temperature found here wasg
much greater than any that could be explsined by present theorles. How-
ever, the results of the other investigétions conducted at elefated
temperatures seem consistent with thg‘slcpe of the burning rate co-
efficient as a function of temperature determined here. Much more
might be said about the apparent rate of Increase of the burning rate

coefficlent, if data were avallable at tempefatﬁres'above 700°C.
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. VI. CONCLUSIONS

fhé value'of‘the-burniﬁg rate coefficienf found for h-hépﬁane at
‘ﬁﬁeflowest teméerature investigated in thié‘Work,‘55060;Faéreés with -
the value of the coefficient calculated using simpie theoretical models
at that temperature, énd with the room ;émperature coefficients deter-
‘mined experimehtally by many investigators. However, the rate of increase 
of the burning rate coefficiént with tempergture was found here to be mucﬁ
greeter than could be exﬁected on fhe 5asis of pfesent fheories describing>~
‘droplet combustion. This rapid iﬁcreasevin the coefflcient over the
'temperature,raﬁge ofv550°C to T00°C sppears to be céhsisteﬁt with the
regults Qf Bolf and Saadlland Kobéyasizo th'élso made burning réte
measurements, under forced and ﬁatural conVectife.conditions respectively,.
.for n-heptane at elevated temperatures. Many more burning rate measufe- |
ments in this tempefature range and st hilgher temperatures are needed.iﬁl.'
order to firmly establish thé depéndénée of burning rate.éoefficients on
fempefature at high eﬁvironmental temperatures and the effect of convection '
under these conditions. If tﬁe temperature effect on burning rate co-.
efficlent is as large as 1s suggested by thils investigation, then it
appears that phenomens that havé not beenlconsidered in pfesent com-
bustion theories are significant at elevated températures and/or under
forced convective conditions.

The influence on burning rate coefficient 9f boﬁh drop diameter and |
convection as determined in this work tend to agree with the theorefical |
and experimental findings of other investigators concerning these

effects.B’B’17 Drop dilameter seemed to have no effect on the burning

rate coefficlent, for the dlameters bﬁtWeen‘lOOu and 500u, studied here.
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Also, convection had little or no effect on the burning rates measured .

for individual droplets In this work.
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Fig. 6 Main heater brush contact
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Fig. 8 Test section
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Fig. 11 Injector assembly
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Fig. 16 Burning droplet suspended at its
terminal velocity
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Burning rate coefficlents as a function of temperature and. relative gas veloclty.

Table I

0.0122

Event K gm?/s ¢ Vgas cm/s erlativeme/s Dinttial p Dfinal M
1 0.0099 550 17 7560 328 276
2 0.0115 620 35,5 35,5 150 e
3 . 0.0112 620 35.5 35.5 - 60 312 . 278
N 0.0125 620 35,5 0 -% - - 326 279
5 10,0104 620 35,5 65 - bo 229 173
6 0.0120 - 620 ©35.5 36 -5 - - - - 200
7 .0.0125 700 36.1 66 337 320
8 0.0128 . 700 36.1 70 - 30 - 332 256
9 0.0119 700 - 36.1 88 AL 380

10 0.0129 700 36.1 66 2h1 221
11. 0.0121 700 %60 % 202 167
12 0.0116 1700 N 36.1f o 70 - 36 | 269 . okg

13 0.013% 700 361 - 56 - 36 330 296

1k 0.01%0 700 36.1 _ 96 .' - 3ho 321
15 1700 61 60 3M a7l

-gggf‘L



Table II

Burning rate coefficients of various investigators at room temperature.

Investigator Temperature Type ' Burning Rate
o (°c) o : Coefficient
1 ' | , | - 2
Godsave 20 Experimental . . 0.0097 em” /sec
Kumagai and Isod.a9 25 Experimental ' 0.0099 cmg/sec
' Goldsmith8 ‘ : - ¢ Theoretical 0.0086 cm2/sec
Goldsmith® 25 . Experimental 0.008k4 cme/sec
+ .
Goldsmith8 ‘ : 25 - " Experimental

11.8 cm/s  0,0102 cm2/sec
26,9 cm/s  0.0110 '
34.5 em/s  0.011k

Relative Velocity
Relative Velocity
Relative Velocity

A . _ . 5
Goldsmith and Penner” = 27 Experimental 0.0097 cm”/sec
. | _ .
. . 2
Agoston, Wood, and Wisel” 20 ’ Theoretical 0.0142 cm™/sec
‘ 15" Con ‘ o ' 2,
Agoston, Wood, and Wise 20 Experimental , - 0,0280 cm”/see -

See Appendix L,

¥ Convective cases.




- APPENDIX L
The depth of field of a given lens arrangement is given by HyZGrag e
(p- 147-150) ast | e

O pef? (M+1)

Sl o |
D = depth of field (mm) |
;C.fei circle of confusion of £i1m (mm).“v:‘"'ﬂl. )
- fll; focal length of lens (mm)
: A;l:f f - number or relative aperture)onening SEQ -
Ml.%r image magnification |

The Fastax WFl7 camera as used In the experiments employed the largest

aperture 0penings possible. The film used is DuPont's 931A. From these f o

considerations

¢ = JIOu or 0.0 mm K
S f = 10L1mm "\
A = 22
~ For M= l (1xl.nagnifleationy
D = 0.88m
For M ='2:l/2'(2;1/2*1 magnification)

D = 0.25 mm

Depth of field for M= 1 1s almost four times asg large as for M = 271/2; B



APPENDIX 2

The plot of diameter“squared versus time for 14 of ‘the lS'events

from which burning rate coefflcients were determined are shown in the

following seven pages. A similar plot for the other event, number
éight, is shown in Fig. 14. The value of the burning rate coefficient

1is found as the slope of the straight line rélating dlameter squared

to time.
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. APPENDIX 3

Calculation.of the Terminal Velocity of & Non-Evaporative Drop

When e drop i1s falling at its terminal veloclty, the force of gravity
is balanced by the friectlonal force: 1i.e.,

Ffriction = Fgravity

() (1/2p V) (£)

Ffriction B

where V = terminal velocity (cm/sec)

r = radilus of droplet (cm)

p = density of gaseous surroundings (g/cm;)

f = friction factor (dimensionless)

N : 2

and C Ppavity = (4/3) mr L8
where ~ pp, = density of liquid droplet (g/cm3)

g = gravitational constant (cm/se)

Tt is assumed tha£ the velocities necessary to supbort the drops whose
diameter 1s between 100 and 500u, shall be in the region claggified as
Stokes' flow from which f = 24/Re where Re = 2rVp/p, and p = viscosity
of gas (g/cm s). Equating the two forces; substituting f and solving

for V one obtalns

t

v o= (/9o &/

Py, = 0.6178/cm; n-heptane at its boiling point
. - under 1 atm pressure.

r = T0 = 7><lO—5 cm

TR 3.27x10"h g/cm s evaluated at mean temperature

between drop surface (98°C) and
free stream at (620°C)




i;gef viﬁﬁ.f:
g = -980vcm2»/‘s2
| from whiéﬁ_:;' ; V = 26,3 cm/s o
" To check. the a_ésumptibn of .S‘coke"s“'flov.rRe' is‘ calculated
Re = 0.59_
VAt Re %‘ 0.59 the Stqkes‘ flow ;33un@tidn is falr ég se;n.iﬂ Bifd,

Stewart, and.Lightfoot;,e3 Fig. 6. 3-1 page 192,

i
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APPENDIX U

Velocity of Evaporatling Materlal at Droplet Surface

The veloclty of thé evaporatipg materlal at the dfoplet Sﬁrf&ce can
be calculated from the mass rate of change of the drop (dm/dt in g/s), the
area of the drop surface (A in cmg), and the density of the gaseous vapor

at the surface of the drop (pv in g/cmB) according to the formula,

dm/dt = -py AV

where m = (h/j)anpL see nomenclature of Appendix 3.
2

where A = ™

so that oy, dr/dt = -p, V : (1)

From the relation for the burning rate coefficlent,

-

aD°/at = -k or  Lart/at = Xk
the following can be obtained
dr/dt = -k/8r
Substituting for dr/dt in Eq. (1):

V= 1/8(p;/py)k/r

fdr : r = TO0u
X = 0.0115 em’/s at T = 620°C
' Py = 0.617 g/cm3
Py 18 calculated as the density of the gaseous n-heptane at 98.4°C and

1l atm pressure.



so that

~l.atm_ S . T

'-',0.037_' iy

= 3.&7>&O'j g.cm

" From Weber and Meissner

1t

27 atm o T

it

. by
5

. 36;5 em/sec -

23:

98.4°¢c = 37L.7°k -

540,2°K.

0.69

At 4
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APPENDIX 5

ConVerting Mass.Bﬁrning Rates into Burning Rate Coefflclents

Agoston,-Wood, and Wise?‘5

report thelr results inrthe form of mass
burning rates. To convert these to burning rate coefficients the follow-

ing procedure is followed (see Appendix 3 for nomenclature)

- = mass burning rate = dm/dt in g/s
- = d/dt(nD3pL/6) = nDpL/h(en dp/at) . (1)

The definition of a burning rate coefflclent 1s:
k = dDQ/dt = 2p dp/dt - (2)

substituting for 2D dD/dt in Eq. (1) .

e
]

'n'DpL/)+ k

or

=
1

) / 'n'pLD

From Agoston,  Wood, and Wise15

/D - 6.88x10™ g/cm 8 = 0.617 g/cmz‘

P,

K = L2107 cm?/s




. APPENDIX 6

The_ﬁork éf Boiﬁ aﬁd Séad ;é thé §ﬁl& otﬁéf!e#périﬁéﬁ£al ih?estiga- |
vtion'bésidéé tﬁe,présent work under consideration to reporﬁ burning ré£e 
éoefficients for free’falling droplété traveliing at ﬁheir terminal |
veio¢ity; vThey determine burning rate coefficlents by obtaining the
,_slopé at éipﬁrticular point of.the line représenting diameter squaréd @.f 
versus time constructed'frém three picﬁﬁres each of a number of diffefent ;
size burning droplets falling at'their_respective terminal velocitiés. ” ”
* They did_not obtain a'Stréight liné‘relationship between diameter squafed
- and time, perhdps because they used different.size droplets which wefe
falling at different velocities. The burning rate coefficient that they
report for a 300p n-heptaﬁé droplet travelling at a relative velocity of
215 em/s in air at 815°C is 0.0195 cme/s. This burning rate coefficlent
-is much greater than the burning iaﬁe coefficlents of 0.012L4 cme/s thet
KobayéSi determined at 800°C, and 6(0103 cm2/s thet is calculated from
the diffusion théory at 815°C. However, 1f the slopé of the line fé_
presentling the preéent burning rate coefficlents as a function of tem-
perature 1s extrapola@ed to Include fhe‘temperature at which_Boit.and
 Saad réport their reéult,'at 815°C; then a burning rate coefficlent of'
0.0150 cm?/s would be obfained, a result.nof too different from Bqlt.andﬂ
Saed's result. The convectlve conditions to which the dropletsvof Bolt
and Saed's experimenfation were suﬁjected is characterized by Reynold's
numbers greater than one, so that a simplified analysis such as that of

Wijfflesl7 cannot hold.
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