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ORIGINAL PAGE IS
OF POOR ONALITY

Irnftion studices were perforred on nmonodisperse n-heptane sprays at
. | p y

ABRSTRACT

atmospheric¢ pressure over a ranpe of equivalence ratios and droplet diamcters.
A capacitive discharge spark [rnition system was used as the ijgnition sourcc}

btbvidinn lndcpdndcni control of'sphrk ehérg§ and duration. 'Préliminarf

/
L

meégyrements wvere rade to opti;ize spark duration and spark gap, optimum
conditions heling tﬁosc at which the maximum frequency or probability of
ignition was oSservcd. The cffect of spark duration on 1gnit£on frequency for
severai‘sbark enerﬁies was determined for equivalence ratios of 0.5 and 1.0
and initial droplet diameters of 28 and 68 microns. Spark duration had little
effect on ignition frequency over the entire 15;170 us tange examined. Spark
durations of 70-80 us were used for all subsequent work. ‘The spark gap was
optimized at equivalence ratios of 0.6, 0.8 and 1.0 and initiéi droplet

diameters of 30, 40, 50, 60 and 70 microns b& varying the electrode spacing

from 0.5 to 5.0 mm while maintaining a constant spark energy. The optimum gab

"was determined to be 3.0 mm for‘néarly all conditions.

Using tﬁe optimum-electrode spacing and spark duration, the frequency.of
ignition was determined as a function of spark énergy for the same three
equivalencé ratios (0;6, 0.8, and 1.0) and for initial droplet diameters of
40, 50, 60, and 70 um. The spark energy which léd to a frequency of ignition
of 90 percent was evaluated and defined és the minimum ignition energy. These
data Indicate that the ifgnitability of the sprays is enh;nced as the

equivalence ratio is increased from 0.6 to 1.0, as evidenced by a decrease in

minimum {gnition energy from 2 -~ 2.6 mJ to 0.6 -~ 1.0 mJ depending on droplet

size. There is an initial uniform and consistent increase energy with
increasing droplet size (fFrom 40 =50 ym). This is followed by a slight

ﬁecrease and then a subsequent increase in minimum {gnition energy as the

i1




droplet size is {ncreased further. This local minimum in the {,;nition cneryy

curve occurs near 60 un for ¢ = 0.6 and shifts to larger initial droplet

diameters with Increasing equivalence ratios. The effect of {ncreasing spray

velocity was to Increase the minimum ignition enerpy, as expected.
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A " ORIGINAL PAGE IS
I. INTRODUCTION OF POOR QUALITY

The corbustion of liquid fuel spravs Is eipecfed to remain a major source
of energy well into éhe twen?y—first cen;ury.‘ However; fuel bropertiqs and
quality are currently deteriorating. It is anticipated that_tﬁe fuels of the

Vfugu;e na§ Have-propeftfés Qﬂiéh are signffiéantly;differeﬁt_ffdm tdday's' ;
fuels. In order to efféctively design fuel Injectors, combustors, and
irnitors to accomrodate broadened specification and synthétic fuels, a more
fundaﬁentﬁl understanding of the ignition of liguid fuel sprays 1Is essential.

© To this end, a systematic program to study the ignition of monodisperse fuel
sprays 1n>the so called tranéition reglion 1s being undertakeﬁ at Drexel

University. Some experimental results of the minimum ignition energy of

n-heptane sprays are presehted”hefe.

The transition region is usualiy'associated with dropiets in the 10-100
um range. The following important effects have been observed.in the
transition region: (1) méxima in burning Velocity (Polyheropoulos and Das,
1975; Polymeropoulqs, 1984; Hayashi Eﬁ.él" 1976); (2) extension of lean
flammability limits (Burgoyne and Cohen, 1954; Hayasﬁi and Kumagi, 1974); (3)
minima in ignition energy réquirements (Rao and Lefgbvre, 1973; Ballal and
Lefebvre, 1978; Chan and Polymeropoulos, 1981; Chan, 1982); and (4) minima in
NO, formation (Nizami and Cernansky, 1979; Nizami et al., 1982; Sarv et al.,
1983; Cernaﬁsky and Sarv, i983). Therefore, combustion in the transition
reglion is an attractiye design goal for practical combustors.

Previous research'(e.g., Burgoyne and Cohen, 1954; Cernansky and Sarv,
1983) has shown that in the transition fegion, control of the ¢ombustion
process is-transformed frbm diffusivé to preﬁixed domination. Ié has been
suggésted that this transformation in controlling mechanism is responsible for

the observed transition region phenomena. More specifically, these phenomena



are associated with the complex interactions between droplets {n the size and
numher densityv range where the presence of neichboring droplets can

sianiflcantly affect the evaporative and corhustion environment of the fuel

spray. Oyetall, the combqstlon behavior is affected by the relative fraction

‘of fuel initially in a prevaporized and prenixed state, tﬁq average
interdroplet spacing, and the fuel properties. Although considerable rcsenrcﬂ
hﬁs heen énd i{s being undertaken in this area bv a nunber of 1nvestigatofs
(e.g., Tal gﬁ_il.,'1983; Sirignano, 1934; Sirignano and Sommer, 1984; Bellan
and Cuffel,'l983; Labowsky, 1976, 1980; Mérberry et al., 1984; Ray and Davis,
1980, 1981; Peters EE_El.,.1984; and others), a consolidated picture of these
transition region phenomena and tﬁeir mechanisms is not yet available. This
is due in part to the very diffferent aerosol genéra;ing techniques (generally
poorly controlled polydisperse spra;s), limited and dissimilar operating
'-tanges (e.g., equivalence ratio), different combustion systems; etc. used by
the vafious experimental investigato;s-

The situation with regard to ignition energy and ignition phenomené in
the transition region is not much better. Again, because of the complex '
configuration and geometry of spréys (even monodisperse sprays), adequate
predictions of droplet interaction effects on spray 1gnition'are not
available. ‘It remains difficult to directly compare detailed model
predict#ons with experimental data because there are little data from spray
éonfigufations which -correspond to thdse.thap have beén modeled. Furthermore,
- much of the éxperimentgl ignition data to date has been for polydisperse
sprays where thg drop sizes which ray control the evaporatisn and interactions
are not well characterized. Where monodisperse sprays have‘been-used, there
has'genefally been poor cont;ol of other variables. More specifically, Rao

~and Lefebvre's (1973) and Ballal and Lefehvre's (1978, 1979) important



ignitloﬁ studies uere.for polydléperSe spr;yﬁ'with droplets in the diameter

range of 30 to 120 microns. Thus, {t {s not possible td {solate the precise

&tdﬁiet diancter at which the igmition energy requirement i{s really minimum.

Also, Chan and Polymeropoulos (1981) used Burgoyne and Cohen's (19SA) aerosol

?enerator and hence, could only produce droplets over a relatively narrow ‘
rangy of droplet d;ameters without changing qquivalence ratio. Thus, they
couid'not perform their experiments over the entire transition range of

’ droplet dianetersAand equivalente ratios. The reported data is only for a
droplet diameter range of 10 and 30 um and equivalance ratios from 0.39 to
1.0. Further, recent data have raised questions about the results éf Chan and
Polymeropouios (Polymeropdulos, 1985).' For the;e reasons, a complete and
comprehensive picture of ignition energy variation in the transition region is
not available. ' : .

The data which are presented here‘are_some results obtained with a spray
facility which-évercomes many of the above problems and limitations. The
major cohponents of the faciliiy include: a.Berglund-Liu droplet generator

‘which supplies the monodisperse fuel spray to a combustion tunnel; a spark
ignition system with the capability of 1ndependently'yarying the spark
duration, enefgy, and gap; and a data acquisition system consisting of a
Norland Prowler two-channel digital oscilloscopé, capable of data acquistion
at rates up to 20 million samples per second. This facility has been used to

accurately determine the minimum energy required to ignite n-heptane sprays in

the transition region.



II. FEXPERIMENTAL APPARATUS
1. SPRAY BIRNER™
) A Berslund-Liu vibrating orifice acrosol generator was used to supply a

well-defined and characterized spray of fuel droplets for ignition studies.

In this systém, dropletlsize,vnumber density, flow velocities, stoichiometry,

fueyytype and properties, and extent of prevaporization can be independently

_-varied.and their effects isolated and studied. It can be shown that for a

given fuel flow rate and droplet diameter in air, the average 1nterdroplet
spacing 1s determined uniquely by the equivalence ratio. However, this can be
controlled and modified by employing diluents or oxygen enrichment.
Nonetheless, for the present experiments, only initial droplet size,

equivalence ratio and spray velocity were varied. The fuel used was

ﬁ-heptane. The fuel and air were at 29°C ahd there was no appreciable

.prevaporization prior to ignition.

The aerosol generator provides a spray whose droplet diameters can be
routinely varied between 10-100 ym with a standard deviation of less than 1

percent of the mean for monodisperse sprays. After generation, the droplets

-are subjected to a flow of dispersion air to prevent coagulation. The aerosol

then passes through a flow reducing section where dilution air is added to
achieve the desifed sfoichiome;ry. .Both the dispersion and dilution air flows
are adjusted and monitored by electronic flow controllérg. Thus, the
equivalence ratio can be varied over the entire range of flammability.

The basic system is the same as that préviously used bleizami and.
Cernansky (1978, 1979), Nizami g£ él. (1982), Sarv et al., (1983) and
Cer&ansky and Sarv (1983), with some modifications. 1In particular, a downward

flowing spray orientation has been chosen in order to prevent accumulation of

 fuel droplets in the test section. This provides better uniformity of the



spray; smaller differences between droplet and afr flow velocities, and a
margin of safety by prevcnting-fuel'nccumulatiqh within the burnér. Also, the
;est section has been fitted with a set of {ignition electrodes, which can be
adjusted fdr gép spacing, position in the fuel spra&, geometry,>etc{’ Further,
.therdé;iéﬁ_bf tﬁe fioﬁ fedﬁciné seétion héé-been éhanged ianrder fo'pfovide
flo??velocities.which'always‘exceed the flame speed, thereby preventing
flashback., Special consideration was glven to maintaining uniform flow as
'_ well, since a screen flameholder, such as that used in previous N0x>emi§sion
' experiments, is not appropriate for use in the present ignition experiments.
Tests have shpwn that the present spray apparatus'achieves a uniform aerosol
floQ wiﬁh yirtualiyvno fuel droplet accﬁmulation in the test section. A
schematic of the modifiea spray burﬁer'facility 1s presented in Figure 1.
2, IGNITION SYSTEM .

In order to determine the minimuﬁ energyvneeded to ignite a combustible
mixture, a capacitive discharge spark ignition system has been developed.
Briefly, the ignition system follows the désign of Peters (1981) with a few
additional features added for improved safety and conveﬁience of operation. A
‘schematic of the.system is shown in Figure 2. The spark energy and duration
-can.be indebendently controlled by varying ﬁhe charging voltage, the
capacitance; or the resistance of the circuit. .(Sbitches.are used to connect
or disconnect capacitors or resistors from the circuit.) The capacitors are
charged to approximately 20 KV using a high voitage.source by closing switch
Sc3 after charging and before ignition, the voltage source 1s disconnected

' from.thg circuit by opening S.. The grounding switch, Sg» aﬁq the discharge
switch, ?d, which are open while charging the cépacitors, are then closed.

When this happens; a large voltage difference forms across the electrodes and

*a spark is penerated.



- To measure the spark energy, two high voltage probes are connected across
the resistor bank and the voltage traces of the.spnrk are.recorded on a
Norland two-cﬁannel &1nltal éscilloscope. The prohé locations are indicated
1in Figure 2. Typlcal voltage traces obtained from the two probes are shown in
Figure 3. The voltage difference across the res{stor bank divided by the
equivalent resistance of the resisior bank gives the current, I. (The volfage
measurements are made relative. to ground.) The energy of the spark, E, is
determined from E = f: V(t)I(t)dt where V is the measuredvvoltage drcp across
the electrodes during the spark, as measured by bfobe 2, and 1 is time. The
upper limit of the integration, t,-is the spark duration. This was taken
equal to four times the time constant of the current trace. The waveform
processing capability'of ;he,digital oscilloscope readily provides evaluation

- of the above integration.

It shohld be_noted>that care has been taken to provide short cable
lengthé in 6rder to miniﬁize ground loops and any stray inductance or
capacitance. This was found to be important by Ballal and Lefebvre (1975) and
it did provide 1mproved energy measurements in this Qtudy.

As notgd above, stainless steel elecﬁrodes were used to deliver the
ignition spark discharge. The electrodes were mounted in the test section
with their main axes normal to the spray direction. This configuration has
been shown by Ballal and Léfebvre (1975) to produce more consistent sparks
than electrédes mounted with their axes parallel to the flow. The.electrodes
were mounted on é microhe;er traversing assembly which was used to adjust the
spark gap, as shown in Figure 1. ' The electrodes were 5 mm diameter Stainless
steel rods, with the spatk¥produc1ng ends machined to 1 mm diameier, and 6 mm
length. The high-voltage side electrode tip was pointed, while the

ground-side- tip was flat, as shown in Figure 4.



,IiI.‘ IGHITION ENERGY MEASUREMENTS

1. SPARK DURATION OPTIMIZATION

VThe effect of sp&rk durafion on ifnition energy was tested initially.

With a constant spark gap of 2.0 mh, ignition frgquency measurements were made
at two equivalence ratios (0.5-and 1.0) and two initial droplet diameters (28
‘and 68 ym) for each of five durations from 15 to 150 us. For a given spark
duration, capacitance and resistance-values were varied to produce sparks of
three to five different energles, ranging from 0.6 to 10 mJ. One huﬁdred
sparks were delivered to the fuel spray at each-spark energy and duration, and
frequency of 1gnition'waS determined by visual observation. The criteria for
ignition was the observation of a visible, propagating flame.' Spark energy
and ‘duration were ﬁeasured every fifth spark and an average spark energy was
determined with a standard deviation of 20 percent of the.mean. |

.The results showed little effect of duration on ignition éhergy, as seen
" in Figure 5. These resuits are in basic agfeement with the data éf Ballal and
Lefebvre (1975), Qho réported very little effeCt of spark duration on ignition
energies.of propane/air miktures for durations in the.AO to 100 us range;
However, Rao and Lefebvre‘(1976) reported a greater effect of spark duration
on 1gﬁition energles of keroséne/airlmixtures with droplets in the 52 to 72 um
Sauter mean diameter (SMD) range. By_varying the duration from 30 to 100 us
they saw chénges of up to 100 percent in minimum_ignition energies for
kerosene fugl éprays{

Based on the abové results, épaik durations in the 70 to 80 us range were
chosen for the present sthdy. The range of variability in spark duration for
a given setting of the 1gn1ti§n system was about *8 percent of the mean.

2. GAP OPTIMIZATION
The electrode gap spacing.was optimized for n-heptane sprays at

equivalence ratios of 0.6, 0.8 and 1.0, and each infitial droplet dlareter



studicd. At a piven condition, the optimum ;',:'xp‘ was determined by varying the
electrode spacing from 0.5 to 5.0 mﬁ in 0.5 mm Steps while keceping the spark
energy constant, and observing which gap gave the maximum ighition frequency
Vfor'fifty spa?ks. A ;gppescntaﬁive graph gf-ghe effect of spark gaﬁ'on
frequency of ignition is shown in Figure 6. These testsbshowed the optimum
gap{%as 3.Q mm for all cases studied except for the 30 um droplets at ¢ = 0.6.
In this case the optinum spark gap was 3.5 mm. |

3. MINIMUM IGNITION P;NERCIES

In order-to‘determine the effect of droplet size and equivalence ratio on
~the minimum‘energy required to ignite a n-heptape.sp;ay, the criteria for that
mninimum Had to Se established. The ignition phenomenon is such that a sharp
divisioh does nét exist between energiés which are sufficient for ignition and
those which are not. Instead, there is a range of energies for which ignition-
becomes more likely as the energy increases, and one can speak.of the
probability or-frequency of ignition for a given spark energy. Some
researchers have designated the energy at which ignition 1is observed 50
percent of the time as the minimum ignition energy. Others have used either
.the 90 percent value, the 100 percent value, or have not stated their
criteria. For the sake of providing data whiéh.is oﬁ the conservative side,
it was decided to denote the energy at which ignition is obsérved 90 percent
of the time as the minimum ignition eneréy.

The minimum ignitién energy was determined for a fuel spray of given
initial droplet diameter and equivalence ratio in the following manner,
Ignition frequency obsérvations wvere made for 3 to 5 sets of 50 sparks each at-
2 or 3 different spark energies. The spark enérgies and, hence, the |

capacitance and resistance settings of the ignition system were selected such

that the ignition freéquency values fell‘between 60 and 100 percent. The spark



-energy was measurcd for every fif‘th or 10 of the fifty sparks; the standard
deQiation of these measurements was fypicnlly.ZO percent of the mecan energy.
'I“hesc {immition ffcquencies and thelr corresponding spark energies were: tlien
- plotted. Representative data is shown 1n Figure 7, which is for 60 un droplet
‘diame;er sprﬁys aixequiQalenéé ratios of-0.6; 0;8 and 1;0; Eacﬁ pointrin
Figwye 7 represents one set of SO sparks.  The straight lines in Fipure 7 were
fit to the data by a léasﬁ-squares method, and the minimum ignition enérgy (90
percent ignition fréquency energy) was deternined from these lines. This
figure clearly shows that the ignitabilitonf the épray increases as the
equivaleﬁce ratio increases from 6.6 to 1.0. i
From data‘such as that presented in figure }, the minimum ignition energy
was determined for droplet sizes of 40, 50,‘60, and 70 pum and equivalence
ratios of 0.6, 0.8, and 1.0. Figure 8.shows the effect of varying droplet
diameter on ;he minimum ignition energj for the three equivalence ratios whicﬁ
were investigated. As noted, the data points on this figure represent the
intersection of the straight-line-fit and thé 90 percent ignition frequency on
Figure 7 and similar figures; The error bars on the figure represent the
uncertainty in tﬁe determination of the minimum ignition energy (90 percent
ignition.frequency). Tﬁis was determined from the uncertainties Iin the spark
energy and ignition f;equency which were, in tufn, taken as the 90 percent
confidence levels for those values. The uncertainty in the minimum ignition
energy was thus determinéd to be 12 percent; .
| Ag seen in Figure 8, the minimum ignition energy increased. for all -
equivalence ratios as the initial droplet diameter was raised from 40 to 50
um, Decrea#ing ignition energies were observed.ét all equivalénce ratios as

the droplet diameter was increased from 50 to 60 um. From 60 to 70 um the

» minimun ignition energy increased at ¢ = 0.6, remained level at ¢ = 0.8, and



decreased slightly at'¢ = ].0. This indicates the pdssibility of a local
minimum in innition energies for»monodispérsé n-heptane sprays, located at
about 60 um Initial droplet diameter for é = 0.6 and shifting towards higher
~droplet sizes with Increasing eqhivalence ratio, Again,.this figufe

411lus t.ira tes- that tﬁe fenitabili tv of -these sprays is-enhanced-as the -
equivalehce ratio is increased from 0.6 to 1.0.

The 40 to 70 um sprays used for the data above were all generated with a
fuel flow rate of 0.18 cc/min, which resulted in droplet velocities of 34, 26
and 20 cm/sec for equivalenée ratios of 0.6, 0:8.and 1.0 respectively.
~ Additional measurements were madé on 60>and 70 um sprays with a higher fuel
floQ rate of 0.24 cc/min without changing any other parameters. This resulted
in a 28 percent increase in spray velocities, to 45, 34 and 27 cm/sec
‘respectively. Figures 9 and 10 show a 20 to 25vp¢rcent increase in minimum

igniﬁion energies observed for the 60 and 70 micron sprays.at,thé higher spray

velocities.
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IV, CONCLUSTONS
A spray combustion facility has been developed to study the ignition
characteristics of monodisperse sprays in the transitién reglon. Procedures

for spark duration and gap spacing optimization have been developed. The

a,-éyéiéh has been used té-déterhiné-fﬁé minimﬁh‘iéﬁition'enefgy of some

mohodisperse'n—héptanevsprays. In particular, the effects of initial droplet
diametervand equiQalcnce‘ratio were considered.. The data shows that a local.
minimﬁm §f the minimum 1gn1tioq energy exists. _The droplet éiameter at wﬁich
this minimum occurs increa§e§ Qith increasing equivalencé ratio. Flow
velocity studies were performed which confirmed the expected result of‘

increasing minimum ignition energies for increasing spray velocities..
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