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Introduction

The effectsof gravityare significantto the dynamicsof idealizedunconfinedpremixed
flames. Moderate to low turbulenceReynolds numberflames, i.e. wrinkled laminar
flames,of variousunconfinedgeometrieshave been used extensivelyfor investigating
fundamental processes of turbulent flame propagationand to validate theoretical
models. Withoutthe wall constraints,the flames are free to expand and interactwith
surroundingambient air. The flow field in which the flame exists is determinedby a
coupling of burner geometry,flame orientationand the gravityfield. These complex
interactions raise serious questions regarding the validity of comparing the
experimentaldata of openflameswithcurrenttheoreticalandnumericalmodelsthat do
not include the effects of gravity nor effects of the larger aerodynamic flow field.
Therefore, studiesof wrinkledlaminarflame in microgravity(l_g)are neededfor a better
understandingof the role of gravityon flame characteristicssuch as flame orientation,
meanaerodynamicsstretch,flamewrinklesizeand burningrate.

To date, most studiesof microgravitycombustionhave concentratedon investigating
laminarflalnes. The primarydiagnosticused is highspeed moviesof flame luminosity
to observe gross flame propertieschanges. For example, Durox et al. [1] reported
flame tip motion of rich laminarBunsen flames under microgravityand analyzed the
motionby a flame instabilitymodel. However, the study of premixedturbulentflames
under microgravityrequiresmore sophisticateddiagnostics. But there are also many
experimental constraints. The short duration of microgravityexperiments in drop
towers or onboard parabolic flights precludes detailed statistical investigationof
velocityand scalar fluctuations. The lack of a high power laser source prohibitsthe
use of many establishedtechniquesto measure parameterssuch as flame crossing
frequencies and mean scalar length scales suitable for direct comparison with
theoreticalmodelssuchas the onedevelopedby Brayet al. [2].

Our approach to characterize and quantify wrinkled laminar flame structuresunder
microgravity is to exploit qualitative and quantitativeflow visualization techniques
coupled with video recording and computer controlledimage analysis technologies.

• The microgravity experimentshave been carriedout in the 2.2 second droptower at
the NASA LewisResearchCenter. The longesttime scalesof typicalwrinkledlaminar
flames in the geometriesconsidered here are in the order of 10 msec. Hence, the
durationof the drop is sufficientto obtainthe amountof statisticaldata necessaryfor
characterizethe flame structures.



Diagnostics and apparatus

Schlieren visualization was widely used in early studies of premixed turbulent
combustion. Since schlieren is a line-of-sighttechnique, it has been supersededby
laser planar imagingtechniquesin recentyears. Schlieren'smostappealingaspects
for microgravitywork are that it require relatively lowpower light source, the opticsare
relativelysimple,easyto alignand does notrequireseedingof the flow. When usinga
laser source coupled with modern CCD cameras with high shutter speeds (up to
1/10000 sec), new video recordingand.analysis technologies, laser schlieren can
providequalitativeinformationof the flame and quantitativeinformationsuchas flame
anglesandperhapsthe scale of theflamewrinklesize.

The schlierensystemdevelopedfor the microgravityexperimentsuses a 0.5 mW He-
Ne laser lightsourceand two 75 mmdiameterschlierenlenses. The lenses'diameter
is also the effectivefield-of-viewof the system. Due to the constraintsof the drop
package size, (3' x 3' x 1.5') the two lenses are of different focal length. The
transmittinglens has a shorterfocal lengthof 300 mm and the converginglens has a
focal lengthof 1000 mmto maintaina sensitivesystem. An opaque 1mmdiameterspot
etched on a glass plate is used as the schlierenstop. This arrangementproducesa
reverse field image (i.e., dark background),and regions of high density gradients
appear bright. The use of reverse field schlieren has advantages for computer
controlledimageanalysis. Bychoosingan elevated intensityfor the backgroundduring
imageprocessingthe dynamicrangeof the imagecan be improved.

A CCD camera and a S-VHS video recorderare used to record the schlierenimages
with the shutter speed varied from 1/60 to 1/10000 sec. The systemhas an effective
framingrate of 60 Hz even thoughstandardplay-backspeed is 30 Hz. Each frame is
made up of two interlacedfields (i.e., separate images) recorded 1/60 sec. apart.
Individualfields can be displayedby the S-VHS recorderduringfreeze-frame operation
or the images can be digitizedand the fields separated usinga computercontrolled
image processingsystem. The digitized images can be stored and analyzed by
standardimage processingsoftware.

A conicalBunsentype burner is used for the first set of experiments. The burner is
made of aluminumand has a 25 mmdiameteroutletsuppliedby a convergingnozzle
mounted on a cylindrical settlingchamber. The convergingnozzle is designed to
producedlaminarflowswith uniformvelocitydistributionacrossthe exit. The flame is
stabilizedby a ringfitted to the exitof the burnerto enable stabilizationof lean flames.
Turbulenceis generatedby a perforatedplate placed20 mmupstreamof the exit. The
entire experimentis containedwithinthe standarddrop package frame for the NASA
LewisResearchCenter 2.2 seconddroptowerfacility. The schlierensystemis located
on the upper level of the package. The laser, opticsand camera are mountedon a
reinforced0.5 inchthickaluminumplateto act as a stableopticalplatform. The central
level of the drop package contains ali of the electronics which includes a computer,
control box, ignition system and a fiber optic transmitter to send the video signal to a
recorder at the top of the drop tower. The bottom level of the package is for the fuel
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and air supplies,valves and regulatorsto control the flow rates and two battery packs
to supplypowerto ali the electricalequipment.

. The package is placed in an outershieldwhichfeels the aerodynamicdrag duringthe
drop and the package the free fallingwithinthis shield. The package and shield are
hoistedto the top of the drop tower where the flame is manuallyignitedand several

• secondsof the schlierenimages innormalgravityare recordedas a referencefor the I_
g portionof the experiment. The flame is shut-off,the droppackageis then sealedand
the onboard computer proceeds with the drop sequence governed by externally
switchedTTL signal used as inputs. The computerand control box can open and
closed solenoid valves for the fuel and air, turn on and off any of the electrical
equipment, position or retract the spark electrode, and trigger the ignitionspark.
Ignitioncan be done in normalgravityand the transitionto l_gcan be observed,or the
ignitioncan be done in p.g. At the bottomof the drop tower, justpriorto impactingthe
sand pit,the computerturnseverythingoff exceptthe air to purgethe system.

Results

Normal gravity

As a necessary prerequisiteto the microgravityexperiments,a parametricstudy to
determine the mixture and flow conditionsat which the effects of gravity on flame
characteristicsare mostprominenthad been conducted. Schlieren imagesof laminar
and turbulentconical flames subjectedto +g (upwards)and -g (downward)forces on
the product gases are compared. The -g experiments were done by inverting the
burner. In addition to sch!ieren visualization, selected flames are investigated in detail
by the use of two-component laser Doppler anemometry (LDA) to determine the
coupling between the flow field (reactants, flame, products and surrounding air) and the
flame characteristics.

Figure 1 shows a typical schlieren image of a +g laminar conical flame. The flame is
shown by the triangular silhouette above the burner exit. In addition, the interfaces
formed between the hot products and the ambient air are also visible. This product/air
interface is unstable and is characterized by the formation of bulges reminiscent of the
roll-up of torroidal vortices. A comparison of two time sequences of +g and -g schlieren
images of a laminar methane/air flame ((1)= 0.6 and incident flow velocity U = 0.7 m/s) is
shown in Fig. 2. The development of the roll-up vortex like structure in the unstable
product/air shear interface is apparent. The video also shows that the flame tip moves
up and down synchronously with this shear layer disturbance. When subjected to -g
the flames shown in Fig. 2 has its tip flattened and the product/air interface in the

• vicinity of the flame has become much more stable than the +g case. As a
consequence there is very little movement of a laminar flame in -g. At higher flow rates
the flame tip is not flattened and has the same general appearance to the +g flame butQ

with no flame tip motion.

The height of the flame tip above the burner exit is shown in Fig. 3 for +g and -g
condition as a function of the total flow rate and for two equivalence ratios. At low flow



rates the -g flaiNeshave flattened tips and are as a result shorter than the +g flames.
As the flow rate is increasedthe -g flamesappear conicaland become longerthan the
+g flames at the same flow rate. Both +g and -g flames increase in length almost
linearly with flow rate, but the rate of increase in -g condition is greater. As a result,
the higher the flow rate the greater the difference between the flame tip heights, and by
implication the effects of gravity on the flame height does not diminish with increased
flow momentum. This is a counter-intuitive result and may be explained by subtle
differencesinthe flame shape between +gand -g.

The flame tip motionbeingfully synchronouswiththe unsteadyproduct/airinterfaceis
also observed in the +g turbulentflames. Figure4 shows a typical sequence. The
flame wrinklesare eitherstretchedlargeror compressedsmallerduringthe cycle. This
impliesa directflowfield effecton the turbulentburningrate.

Duroxet al. [1] also reportedand analyzed flame tip motionintheir rich laminarflames
under normal and microgravity. By only observingflame luminosity,they were not
aware of the significanceof the product/airinterface. The flame tip motion in their
studywas attributedto flame instabilitydevelopedat the burnerrim. To estimateif their
results are consistentwith the present data, the schlieren videos are analyzed to
determine the fluctuationfrequenciesof the product/airinterface. The width of the
product/airinterfacesilhouetteat the meanheightof the flametip are determinedfor 60
fields (1 sec totaltime). The resultsare fittedwitha cubicsplineand analyze by Fast-
Fourier-Transform.Ali flamesshowprimaryfluctuationfrequenciesbetween 8 to 13 Hz
(Fig. 5). These frequenciesare about the same as those reported by Durox et al.
Therefore, it seemsthatthe flame tip motionobservedby Duroxet al. are alto induced
by the instabilityof the product/airinterface.

The unstableproduct/airinterfacealso inducesflowfluctuationsin the approachflow.
The velocityspectraobtainedat the centerlineabout4 mmupstreamof a laminarflame
tip clearly showa dominantfluctuationfrequency(Fig. 6) and higherharmonicsof this
primaryfrequency also exist. This is a strongevidence of the couplingbetween the
flowfield and flamefront dynamics. Velocityspectraobtainedin a turbulentflame also
showthe dominantfluctuationfrequency(Fig. 7) thoughthe relativeenergycontaining
in this frequencyis diminishedby the turbulentkineticenergy associatedwith the grid
turbulence. This observationstronglysuggeststhat the unstableproduct/airinterface
has a significantinfluence on flame propagationand is the avenue through which
gravityaffectsturbulentflamecharacteristics.

Microgravity

The I_gexperimentswere conductedat NASA LewisResearch Center in September,
1992. The l_gdata set includesmethane/air laminar flames with flow rates ranging
from 0.26 to 0.46 litres/sali at ,anequivalenceratio of 0.9 and turbulentflame at a flow
rate of 0.45 litres/sand equivalenceratiobetween0.7 and 0.75.

b

Initialexperimentswere doneby ignitingthe flame in normalgravityand then beginthe
drop. Only flames well away from blow-offconditionswere able to withstand the
transitionto pg. Mostflames,both laminarand turbulent,foundthe transitionintopg in



the 2.2 seconddrop towerfacilityto be too disruptiveto remain stabilized to the burner.
Therefore, mostl_gresultscome from flames ignitedafter the drop. The only problem
withignitionin I_gisthat the 0.5 secondsto igniteandstabilizethe flame is a significant

' portionof the total droptimethus reducingthe amountof data available for statistical
analysis.

• In I_g the product/air interface leaves the field of view as a stable large pocket of
products surrounds the burner exit. The instability of this interface no longer has a
dominant role in pumping the flame tip motion. In the laminar flames there still exists
an instability of the flame. The amplitude of this instability is small compared to the
normal gravity disturbance to the flame. Durox [1] also noted an instability in their low
gravity flights and was thought to come from "g-jitter" (the inability of the aircraft, to
maintain constant acceleration to oppose gravity). Yet the flame continues to show
instabilities despite the fact that there is no "g-jitter' in the drop tower. In the turbulent
flames due to the random nature of the wrinkled flamelets, it is difficult to identify any
difference between nermal and I_g flames without a detailed analysis of the video
image. Many image analysis and display software are available from the LBL Image
Analysis Group for characterizing the schlieren images. The analysis is in progress
and the results will be forthcoming.

Summary

A detailed studyof the effectsof gravityon laminarand turbulentconical Bunsentype
flames has been undertaken. The studycomparesresultsfromnormalgravitywiththe
burner in an up-rightorientation(+g), the burnerinverted (-g), and in microgravity(l_g)
by using the NASA Lewis drop tower facility. The primary diagnostic is a laser
schlieren system and some LDA measurementswere taken for the +g conditionto
measurethe flowfield.

The +g laminar flame experiencesa large amountof instabilitiesand results in an
unsteadyflame tip. The cause of this large instabilityare torroidalvortex rollingup
between the productsand the stagnatesurroundingair. Comparisonbetween the LDA
measurementsinthe reactantsandthe schlierenimagesshowsthat velocityfluctuation
are inducedat the samefrequencyas the roll upvorticesare formed. This pumpingof
the reactant stream by the product/air interface instabilityin the +g case is also
observedinthe turbulentflames.

In the -g arrangementthe product/airinterfaceis stablesothere is no large pumpingof
the flame tip. At lowflowratesthe -g flames haveflattenedtips,but at higherflowrates
they become conical in shape. Comparingthe flame height between the +g and -g
showsthatwhen bothflames,appearconicalthe -g flamesare longerfor the same flow

' rate.

In l_g the larger instabilities in the flame no longer exist as the product/air interface is
• believed to become stable. The laminar flames in I_gstill show small instabilities over

the entire flame.
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Figure1" Typical Schlierenof +g LaminarConical Flame.
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Figure 3: Flame Tip Height of Laminar Conical Flame.
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Figure 6:Axial Reac.tantVelocitySpectrafor LaminarConicalFlame.
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