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INTRODUCTION 
WeqhaveqbeenqstudyingqaqsupersonicqaxisymmetricqairqjetqforqseveralqyearsqwithqvariousqtechniquesqthatqgiveqinformationqaboutqdifferentqaspectsqofqtheqjetMqqq
WithqRayleighqscatteringqweqvisualizedqtheqshockqstructureqandqweqobtainedqinformationqaboutqtheqlocalqdensityqfluctuationsqandqtheqsoundqemissionqpatternqinsideq
andq outsideq theq flowMq Withq Particleq Shadowq Velocimetryq ,PSVBq weq obtainedq theq meanq velocityq fieldMq Withq high5speedq schlierenq andq shadowgraphq weq alsoq
visualizedqtheqshockqstructureqandqpartqofqtheqturbulenceTqandqthroughqJackgroundqOrientedqSchlierenq,JOSBqwereqableqtoqdetermineqtheqindexqofqrefractionqfieldq
thatqisqproportionalqtoqtheqdensityqfieldMqZnqthisqpaperqweqemphasizeqtheqlatestqresultsqobtainedqthroughqPSVqandqJOSM
Theq jetq isqproducedqbyq theqdischargeqofqcompressedqairqatqaboutqHMHqatmq intoq toq theqatmosphereq ,atqMexicoq&ity’sqaltitudeq itq isqaboutq’MAqatmBq throughqaq;mmq
axisymmetricqstraightqductqwithqaqlengthqofqAcm1qthatqisTqtheqnozzleqisqnotqconvergent5divergentMq6oweverTqweqhaveqdeterminedqtheqmeanqtransverseqsizeqofqtheqflowq
andqthereqisqaqcontractionqaqfewqmillimetersqoutsideqtheqnozzleMqq
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WequseqJackgroundqOrientedqSchlierenq,JOSBqandqParticleqShadowqVelocimetryq,PSVBqtoqstudyqtheqshockqstructureqandqtheqflowqfieldqinqaq
supersonicqaxisymmetricqjetMqWeqcanqvisualizeqtheqregionsqofqmaximumqdensityqandqthoseqofqmaximumqchangeqinqtheqdensityMq
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éigureq4M5qJOSqexperimentalqset5upq,Portaq8’0HBM

TheqlightqpulsesqareqgeneratedqwithqaqmicrocontrollerqMSPqcircuitq;4’gq8HH4qandqaq
high5speedqsignalqamplifierq,3cheverríaq8’’HBMq
Znq ourq experimentTq theq videoq cameraq recordedq atq N8’’q fpsTq withq aq resolutionq ofq
NNAxNNUqpixelsMqTheqtimeqintervalqbetweenqframesqwasq;’’qnsqwithqanqexposureqtimeq
ofqAA’qnsMqWeqdesignedqaqdeviceqtoqinjectqtheqparticlesqandqwereqableTqinqspiteqofqtheq
speedq andq sizeq ofq theq flowTq toq obtainq homogeneousq seedingq ,éigureq 8BMq Theq Machq
numberqobtainedqwithqPSVqisqaboutq0M;Mqq

BOS
PSVqisqaqnovelqtechniqueq,proposedqbyq3stevadiordalq8’’HBMqSimilarqtoqParticleqZmageq
Velocimetryq ,PZVBq itq consistsq inq photographingq movingq seedsq inq aq flowMq Twoq
photographsqofqaqsameqgroupqofqparticlesqatqtwoqdifferentqtimesqareqtakenMqTheqimageq
isq dividedq intoq interrogationq areasTq andq throughq cross5correlationq theq meanq
displacementqofqanqinterrogationqareaqisqobtainedMqéinallyTqanqinstantqspeedqofqthatqareaq
isqobtainedqwithqqtheqtimeqbetweenqpicturesM

TheqmainqdifferenceqbetweenqtheqtechniquesqareG

PZVqusesq aqpulsedq lightq sheetTqwhichq isqproducedqwithqhigh5powerq laserMq=enerallyTq
theq lightq sheetq isq aq fewq millimetersq thickq andq determinesq theq volumeq ofq studyMq Theq
techniqueqdependsqonqtheqMieqscatteringqpropertiesqofqtheqseededqparticlesMqqq

PSVq usesq aq pulsedq L3Lq lightTq inq thisq workq aq highq powerq L3Lq &JT508’Mq Theq
techniqueqdependsqonqtheqshadowqcastqbyqtheqseedsTqandqtheqmeasurementqvolumeqisq
determinedqbyqtheqdepthqofqcorrelationM

Thisqnotionqisqveryq importantq inqmicroqPZVMqZtqdependsqonq theqopticsqofq theqcameraTq
theq wavelengthq ofq theq lightq andq theq sizeq ofq theq seedsMqTheq lightq sourceq isq placedq inq
frontqofqtheqareaqtoqbeqstudiedq,éigureq0BTqalignedqwithqtheqopticalqaxisqofqtheqcameraM

m - Magnificatión
    - Particle diameter
    - f number
    - Threshold parameter
    - Wavelength 

TheqJOSqtechniqueqallowsqtoqquantifyqlocalqchangesqinqtheqindexqofqrefractionq
ofqaqtransparentqmediumTqbasedqonqtheqapparentqmotionqofqpointsqofqaqpatternqinq
theq backgroundq producedq byq changesq inq theq refractiveq indexq ofq theq objectq ofq
studyMqTheqrefractiveqindexqisqproportionalqtoqtheqdensityMq

TheqtechniqueqconsistsqinqtakingqtwoqphotographsGqtheqfirstqwithqtheqbackgroundq
inqabsenceqofqtheqflowqandqtheqsecondqwithqtheqflowTqtheqexperimentalqset5upqcanq
beqseenqinqéigureq4MqTheqmeanqdisplacementqisqobtainedqviaqcross5correlationqofq
theq twoq imagesMq Theq indexq ofq refractionq isq obtainedq fromq theq displacementsq
throughq aq Poissonq 3quationTq theq sourceq termq isq theq derivativeq ofq theq vectorq
displacementqfieldM

Theq relationshipq betweenq theq refractiveq indexq andq theq densityq isq givenq byq theq
=ladstone5LaleqequationqqqqqqqqqqqqqqqqqqqMqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq6oweverTqitqisqnecessaryqtoqknowqtheqcorrectq
valueqofqaqconstantqforqtheqspecificqmaterialqandqtheqincidentqlightM

k

WeqhaveqimplementedqtwoqnovelqtechniquesqthatqgiveqinformationqaboutqtheqvelocityqandqtheqindexqofqrefractionqasqaqfunctionqofqpositionqinsideqaqsupersonicqflowMq
ólsoTq theqPSVqtechniqueTqwhichqhasq theqsameqset5upqofqaqshadowgraphTqcanqbequsedq toq localizeq theqpositionqofq theqshockqstructureq insideq theqflowMq6igh5speedq
videosqshowqthatqtheqshockqstructureqisqactuallyqfluctuatingqbutqmoreqstudiesqhaveqtoqaddressqthisqquestionMWeqhaveqnotqfoundqanyqotherqstudyqthatqcanqshowqtheq
velocityqfieldqandqtheqshocksqatqtheqsameqtimeM

éigureq;aqshowsqaqshadowgraphqofq theq jetq flowMqTheqdarkqareasqcorrespondq toq
regionsq ofq highestq densityq gradientMq éigureq ;bq areq theq resultsq obtainedq fromq
JOSMq Theq redq areasq correspondq toq regionsq whereq theq indexq ofq refractionq isq
maximumTqandqthusqtheqdensityqisqlargestMqéigureq;cqisqtheqsuperpositionqofqbothq
imagesMq

éigureq;M5qaBqScalarqfieldqofqtheqZndexqofqrefractionqTqbBqShadowgraphqofqtheqjetqandq
cBqsuperpositionqofqaBqandqbB

aB bB cB

éigureq0M5qLeftGqLepthqofqfieldqandqdepthqofqcorrelationTqrightqGqPSVqexperimentalqset5upqM
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