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Influence of Drop Spacing on Burning of an Emulsified-Drop Stream
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Abstract

Combustion characteristics of water-in-dodecanelsiptu drops with various initial spacings were $tad
experimentally by using a free-falling drop burneagparatus. The initial drop spacing) (vere 2.5, 5, 10, 40,
75 (70), 1005 (dd;) was defined as the ratio of the drop center-titeredistanceqj to the initial drop diameter
(d). The water contenf8f and the oxygen concentratioRd,) were fixed at 5% and 21%, while two drop sizes
550 um and 450um were compared. The results showed that the tramsif the drop flame occurred for all
cases in the experiment. F§> 10 along the flow direction, the flame around ¢imeps would change from a
blue spherical flame to a yellow flame and a walemé, and the drop flame extinguished later in the
downstream region. Soot particles was generatedlans collision and mergingccurred to form a flame tube
for § =2.5 in both cases af = 550um and 45Qum. Besides, drop expansion was observed in bo#saafsl =
550 um andd; = 450um, while micro-explosion only occurred in the fawhstream region fo = 40,d;, = 450
um. It was also shown that the emulsion drop evdjmraate was not a constant, and the trend ofdtiog
evaporation rate was strongly influenced by chaggire initial drop size.

Introduction

Spray combustion has been widely used in indusapglications especially in internal combustioniaag
and steam turbines. Its burning characteristiceeveantrolled by the drop size and the drop evajmraffi-
ciency in the combustion chamber. There were saui®ifs influencing the evaporation efficiency, éaample,
the drop size, the combustion environment, theactéons of the drops, and the fuel characteriskesulsified
fuel was widely used in the combustion chamber.r&lae two advantages of introducing water intodbm-
bustion reaction: (1) Water reduces the formatibsoot and NQ; (2) Emulsified fuel induces micro-explosions,
which is enhances atomization [1-4].

There has been extensive research of the emuls@rdfops up to the present. Avedisian and Andees’s
search [5] showed that the micro-explosion of anlsified fuel drop occurred if the superheat liroftthe
fuel/water emulsion was less than the boiling poirthe fuel. Wang and Law [6] studied emulsiongrdreely
fell into a hot, oxidizing, high pressure envirommavith a pressure up to 5 atm. Results showeditkatasing
pressure not only enhanced the possibility of m@xplosion of an otherwise non-explosive mixturet also
advanced its occurrence during the drop lifetimetel, an experimental investigation [7] was conddain the
combustion characteristics of dropsnefieptanen-decanen-dodecanen-hexadecane and iso-octane emulsified
with various amount of water. The drop burning ticwuld be significantly reduced through judiciouslf
blending so as to minimize the ignition delay addamced the onset of micro-explosion.

It was known that the micro-explosion of the enmuisdrop occurred when the boiling point of the endé
oil layer was higher than the internal water supatimg limit. When the emulsion drop was in the bastion
process, the internal small water drops would exatpodue to homogeneous nucleation, and expanentiog
sion drop into fragmentation, which was known as ‘thecond atomization”. Homogeneous nucleationhef t
emulsion drop occurred randomly, therefore theneeHzeen some research analyzing the micro-explqdien
nomenon by the Weibull distribution [3, 8-10].

Tsue et al[8, 9] suggested that micro-explosion was a rangomeess, and thus they used statistics to ana-
lyze micro-explosion probability. Their results shem that micro-explosion probability increased withreas-
ing water content. The same analysis was usedow Hat the distribution of the average waitingdimas not
influenced by gravity.

Kadota et al[3, 10] studied the micro-explosion of emulsioops on a hot surface. The base fuel oil, initial
water content, environmental pressure, and surtcgerature affected the number of micro-explosiand
waiting time. An increase in the initial water cent decreased the waiting time.

The micro-explosion waiting times were in the ordegxadecane> tetradecane > dodecane > decane. Re-
search results on micro-explosion of emulsion dnapge been mostly observatory or statistical. Deitgstic
prediction of micro-explosion is by far impossible.
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When the emulsified fuel was in the process of wm@mbustion, there was not only the phenomenon of
micro-explosion but also the interaction betweendtops. Concerning the drop interaction in th@ggombus-
tion process, many researchers simplified the spoagbustion situation to a drop string to obsenteraction
between the drops.

In the references [11-14], drop spacings ranginghfhundreds of drop diameters to slightly less tiwem
diameters were studied by various researchers.intaeaction effects became increasingly more ingrarfor
small drops. For a drop spacing of less than 2ldtabameters, the life-time of the drop is morarthwice the
life-time of an isolated drop. It was alknown that when the drop spacing decreased, teetaidf drop interac-
tion became significant and the combustion timgtle@ned because of lower evaporation rate. Thisgrhe-
non was thought to be affected by the heat and trassfer between the interacting drops [15]. Néa&dess, in
some researches, it was observed that if the gpadimlrop was in a certain range, the evaporatiba was
higher than that of an isolate a drop. [1, 2, 1§-20

In most of the studies on drop interaction, pumd fuas usually used in the researches. The ressaatiout
emulsion drops were usually focused on single drapd the experimental investigation of the stre@minter-
action of burning emulsion fuel drops with natucahvection considered was very rare. Thereforehigmre-
search, a free falling drop string entering a Higimperature oxygen environment was observed foclilaeac-
teristics of the drop string flame, the micro-e)gim, and the diameter variation of the drops.

Experimental Apparatus
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Figure 1 Experimental apparatus.

Figure 1 shows the schematic of the experimentphigtus. A string of drops of water-in-dodecane lemu
sion with various initial spacing were injectedarat high-temperature environment to study the cheristics of
the flame width, the diameter variation of the drognd the micro-explosion as the drops reachéer€lift loca-
tions in the combustion chamber.

Emulsified fuel was produced by the following prduee. A quantity of surfactant (Span80 volume imact
of 3%) was added to the pure dodecane, and stiyyesl homogeneous mixer for one minute. Then wa¥er 5
volume fraction was added into the mixture of d@shecand surfactant, and stirred for five minuteséke the
water-in-dodecane emulsion. In the process, thedspé homogeneous mixer was set at 9000 rpm. Kirthie
water-in-dodecane emulsion was placed in the regerv

The drop generation system comprised a reservairpp generator, a stroboscope, a video cameraand
function generator. The drop generator was driverthie signal from a function generator. By contngjlthe
vibrating frequency of the piezoelectric platepsadrop strings with uniform size and a specipdcing could
be produced. The initial drop spacin@ (vere 2.5, 5, 10, 40, 75 (70) and 180(/d;) was defined as the ratio
of the drop center-to-center distangp to the initial drop diameted). In this study, the initial drop diameter
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was fixed at either 550m or 450um. The drop velocity varied from 2.4 m/sxat 9 cm to 4 m/s at = 50 cm
and the gas velocity varied from 2.5 m/xat15 cm to 2.25 m/s at= 50 cm [20].

The combustion system consisted of a combustiombba (quartz tube), an image acquisition system and
an exhaust system. The quartz tube had a diamiedé mm, a thickness of 2 mm and a length of 1000. rim
the combustion chamber, a flat flame at the tofhefquartz tube was used to create the high gapetature
environment inside the quartz tube. The flat flanses formed by a premixed gas of methane and aigkrxy
After igniting the flat flame, the exhaust systermswurned on for about 20~30 minutes to make dutkeasys-
tems became stable. A 4 mm hole in the centereofltlh flame system allowed the drops to fall ithe quartz
chamber to be burned. In this study, the oxygerenimation 2o,) inside the quartz tube was controlled at 21%.
The volumetric flow rates of air, oxygen and metharere 323 ml/s, 86 ml/s, and 31 ml/s respectivEhe axi-
al temperature distribution inside the combustibamber was measured by inserting an R-type therapbeo
alone the centerline of the quartz tube. The teatpes decreased from about 8D@o 406C with axial position
(x).

The drop sizes were photographically determinedising the strobe lighting synchronized with the CCD
camera to capture the instantaneous images ofuhanly drop in different positions. FurthermoreD8LR
camera was used to capture the images of the lgudnap string.

Results and Discussion

d;=550pum, Qop=21%, p=5%

d,=550pm, Qoy=21%, S, =5, p=5%

100cm

Figure 2 Burning drops string of various Figure 3 Ignition and flame Figure 4 Image of emul-
initial drop spacingd; = 550um). transition process of drop string. sion droo exonsior.

Figure 2 shows the direct photographs of the bgrditop strings of different initial drop spacing&< 2.5,
5, 10, 40, 75, and 100). These photos were takddSiyR camera with shutter 0.4s, aperture 5.3 aq 180.
When the drops entered the high temperature enmeot, they needed some time to evaporate befoyentbee
ignited. Therefore the drop string was ignited aistance from the burner head. An “ignition pdimuld be
identified for each flame streak in Fig. 2. The igmitpoint of drop string did not change significgntthenS§
was varied. Furthermore, in some researches, itsivawn that the ignition point or delay time of #maulsion
drops was farther than the pure drops. The reassnthat the water in the emulsion drop absorbetitbezuse
ignition delay [7, 22].

Figure 3 shows the ignition and flame transitioagass of drop string. The ignition point of the misiring
and the flame string could be cleanly observed vthershutter was set at 0.4s. However, the instaptss im-
age of the drop flame in the falling process caubd be seen. If the shutter was changed to1/800ifs,the
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stroboscopic lighting, the instantaneous imagehefdrop flame in the falling process could be sdearly. In
this study, a spherically flame was clearly shownhe ignited point of drop string. At the positjaihe drop
velocity might be slightly smaller than the ambigyats velocity, and the small downward flow convatti
caused by the difference of drop and gas velo@tg n was just balanced with the small upward neatonvec-
tion [20]. Therefore, the drop was enveloped bplzesical flame As the drop moved downstream, the drop ve-
locity exceeded the gas convection and the dropdlmoved behind the drop gradually. Due to the ogexvec-
tion, the fuel vapor flowed behind the wake regidrihe drop, so the drop flame changed from a bpleerical
flame to a yellow wake flame. The ignition pointslathe early flame transformation process for diffi¢ initial
spacing cases were similar. Nevertheless, theaictien between the drops was stronger for the sinedlses as
the drops moved to the downstream, and it was wedehat the drop flame would merge and form ahirygl-
low flame tube. The width of the bright yellow flentube for a smalleg was wider than that fd&g > 100, and
the drop string evaporated and burned in the flaroe.

From figure 2, it could be found that the flamedtdnofS = 2.5 was shorter than that §f 5 and the flame
length decreases with increasfB¢= 5). The reason that the flame lengttScf 2.5 was shorter than that §f
= 5 was that some burning drops in the drops stoilided and merged in tHg= 2.5 case and this caused wa-
ter content, drop spacing and drop size variafitve increase of drop spacing due to drop colligiflmence the
drop evaporation rate, so that the flameSer 2.5 would extinguish earlier.

As SincreasedS = 10), the interaction between the drops decreasgethe flame width and flame length

also decreased. The flame around the drops wowadgehfrom a blue spherical flame to a yellow flaand a
wake flame, and the drop flame extinguished latethe downstream region. It was not observed thextet
were any soot particles generated, or there wasefimerging to form a flame tube.

Figure 2 shows no micro-explosion of emulsion drdpvas supposed that the quartz tube was too $hort
have enough time to heat the drop, the drop sizete@big and the water content was insufficientaose mi-
cro-explosion, but the phenomenon of drop expansiuid be observed fdg = 5. Figure 4 shows the expan-
sion of the emulsion drops. This picture was tabkgrCCD camera with stroboscopic lighting. By thekb-
scope, repeated exposures of the same drop wene, @@kd the expansion of the drop could be seanlyle

As the emulsion drop was heated in the combusti@mber, the heat would transfer from the surfate in
the drop center. There were many heterogeneous waips dispersing in the emulsion drop, when tlagew
drop temperature reached a certain temperaturer wapor could be generated and the vapor wouldecthe
emulsion drop to expand. However, to cause theaveégplosion it needed more water vapor.

In order to know if the micro-explosion would occtire ambient temperature, water content, and éa- h
ing time were all fixed, but the drop size was g®hfor 450um to be the comparison, which would be dis-
cussed in the following figures.

In this study, the water content and the oxygemceatration were fixed at 5% and 21% respectivialy,
the drop size was changed to 44t to compare with the case &= 550 um. Figure 5 shows the direct photo-
graphs of the burning drop strings of differentialidrop spacings§= 2.5, 5, 10, 40, 70, and 100). The flame
width and length were all shorter and weaker thancase ofl, = 550 um. Similarly, the flame length &= 2.5
was shorter thaf = 5, and some burning drops in the drops strintidsal and even merged §t= 2.5 from the
CCD images. It was also observed that soot pastiwiere generated and drop flame merged togettiernothe
flame tube, which was similar to the casedpf 550 um. For 10 <§< 100, the flame variation was almost the
same, and no drops collision, soot layer generatiorthe drop flame merging were observed. Howebere
was a phenomenon of micro-explosion ¢ 40 case.

Figure 6 shows a clearer image of the micro-explosirhe left image shows the flame without micro-
explosion, and the flame color changed from yeltovelue. However, in the right image, it can beadle seen
there was a flame of successive micro-explosion at 60 cm, and the color of the micro-explosion flawes
reddish.
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constant ) at different initial drop constant ) at different initial drop
spacing ¢, = 550um). spacing ¢=450um).

To further investigate the burning behavior of thiep in a burning string, the variations of evapiorarate
constantK) of drop with time for different initial drop spiag were calculated and shown in Fig. 7. The evapo-
ration rate constank) was defined ak = (d%,-d%)/t, whereds, was the initial diameter of the drog,was the
diameter of the drop at time t, and t was the @®¢he diameter of drop varied fraly to ds.

The emulsion drops vaporized in the combustion ggscso the drop size would gradually become smalle
along thex positions. The data in figure 7 was the drop evafimn rate calculated in eagtposition. However,
due to the drop expansion, the evaporation ratstanhk) could not stay as a constant and the drop evipora
rate K) would have a negative value, so it was markedttHhdicate the drop expansion. Finally, the ageta
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evaporation rate constantg (vere calculated to show the trend of the evapmratte It was found that the av-
erage evaporation rate increase@ascreased for the case df= 550um.

Figure 8 shows the average evaporation rate can@afor different initial drop spacings of the cadie-
450 um. Obviously, the variation of the average evaponatate constankj was very different from the case of
d; = 550um, but it was similar to the result of research][de average evaporation rate constentdécreased
with § for §< 10, and foiS = 40, it was larger than that of an isolated di®gsides, the micro-explosion was
only found in the case af = 450 um, as it was supposed that the drop had a betttamsfer condition for the
case of§ = 40 than the other cases.

Summary and Conclusions

1. ForS> 10 along the flow direction, the flame around dneps would change from a blue spherical flame to
a yellow flame and a wake flame, and the drop flaxinguished later in the downstream region. er
2.5 or 5, the flame of burning drops would mergéoton a flame tube.

2. The drop expansion was observed in both cases ©f550um andd; = 450 um, while micro-explosions
only occurred in the far downstream region$or 40 andd, = 450um case.

3. The emulsion drop evaporation rate was not a cohstiawas noted that the initial drop size playsii-
portant role in affecting the evaporation rate.
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