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Abstract

Pressure-sensitive paint (PSP) has become a useful tool to augment conventional pressure taps in

measuring the surface pressure distribution of aerodynamic components in wind tunnel testing. While

the PSP offers the advantage of a non-intrusive global mapping of the surface pressure, one prominent

drawback to the accuracy of this technique is the inherent temperature sensitivity of the coating's

luminescent intensity. A typical aerodynamic surface PSP test has relied on the coated surface to be both

spatially and temporally isothermal, along with conventional instrumentation for an in situ calibration to

generate the highest accuracy pressure mappings. In some tests however, spatial and temporal thermal

gradients are generated by the nature of the test as in a blowing jet impinging on a surface. In these

cases, the temperature variations on the painted surface must be accounted for in order to yield high

accuracy and reliable data. A new temperature correction technique was developed at NASA Lewis to

collapse a "family" of PSP calibration curves to a single intensity ratio versus pressure curve. This

correction allows a streamlined procedure to be followed whether or not temperature information is used

in the data reduction of the PSP. This paper explores the use of conventional instrumentation such as

thermocouples and pressure taps along with temperature-sensitive paint (TSP) to correct for the thermal

gradients that exist in aeropropulsion PSP tests. Temperature corrected PSP measurements for both a

supersonic mixer ejector and jet cavity interaction tests are presented.

Introduction

Global measurement techniques have dramatically increased the amount of information realized during a

wind tunnel test compared to point measurements. The additional information leads to an increased

understanding of the flow physics around an aerospace vehicle thus decreasing its design cycle time. One

of these widely accepted techniques is the measurement of surface pressures using pressure-sensitive

paints 1-3.These paints are comprised of a luminescent compound (luminophore) or dye that is quenched

by oxygen and is dispersed in an oxygen permeable polymericbinder. The luminescence is induced by

the excitation of the dye at its absorbtion wavelength. The emitted intensity of the PSP is inversely

proportional to the partial pressure of oxygen.



Therelationshipbetweentheintensityof the luminescenceandthepartialpressureof oxygencanbe
expressedin termsof theSternVolmerrelationgivenby

I0
- 1 + KsvPo2 (1)

where:

Po2 = Partial pressure of oxygen

Io = luminescent intensity at zero oxygen pressure

Io_ = luminescent intensity at partial pressure of oxygen Po2

Ksv = Stem Volmer constant

In general it is not practical or even feasible to measure lo in a wind tunnel environment. By using

Henry's Law that linearly relates the ambient pressure P to the partial pressure of oxygen in air, equation

1 can be rewritten using the popular intensity ratio based form

P - A + B IRer

PREr I

where:

IREF = "wind-off" intensity at constant pressure PREF

I -- "wind-on" intensity at pressure P

(2)

It should be noted that both A and B in equation 2 are temperature dependent. A more detailed derivation

of these equations and the corresponding equations for TSP is well documented 46 and will not be

presented in this paper.

The intensity technique requires two data points to be acquired, IREF and/, to determine the unknown

pressure P. The technique holds true whether the acquired intensity data is from a single point detector
or two dimensional intensities from a CCD camera. Since all the data used in this paper were acquired

with a cooled CCD camera, the data points will be referred to as images. The reference image is acquired

at a constant known pressure usually at ambient conditions, and is commonly referred to as the "wind-

off" image. The image of the unknown pressure at test conditions is referred to as the "wind-on" image.

Photoluminescence is a radiative process that occurs when a luminescent molecule is stimulated by the

absorption of light. When the molecule absorbs a photon, it can be excited to a higher energy state. From

this excited state, the luminescence process competes with non-radiative processes such as oxygen

quenching to return the excited molecule to the initial ground state. The energy change for absorption is

greater than for the emission process. Utilizing Einstein's relationship between wavelength and energy

transition, the mean wavelength for absorption is shorter than the mean wavelength of emission. The

separation of the excitation and emitted light allows the two signals to be spectrally separated and allows

the emitted light to be recorded. It is essential that the camera record only the emission spectra.

Therefore the excitation must be filtered sufficiently so that it emits no light in the emission band.

Similarly, the detection system must be filtered to ensure the camera only records the emission band of

the PSP.



Therearethreemainsourcesof errorusingtheintensitybasedPSPtechnique.Thefirst typeof erroris
from thephysicalandchemicalpropertiesof thepaint.Theseincludebut arenot limited to the
temperaturesensitivity,inductioneffects,photodegradationandmoisturesensitivityof thepaint.There
aretwo majorfactorsthatconstitutethetemperaturedependenceof aPSP.Theyarethetemperature
dependenceof theemissionquantumyield of the luminophoreandthedependenceof thebinder's
oxygenpermeability.Thequantumyield or theamountof absorbedandemittedlight by theluminophore
is thefundamentalprincipleof theluminescenceprocessasdescribedabove.The quenchingof the
luminophoredependson thediffusivity andsolubilityof oxygenin thepaintbinder.This changesasthe
temperatureof thepaintbinderchangesanddictatesthe'amountandtransportspeedof theoxygen
throughthebinderto the luminescentmolecules.Thesecondtypeis themeasurementsystemerrorsfrom
theequipmentusedin thetechnique.Samplesof theseerrorsaretemporalvariationin theexcitation
light source;errorsassociatedwith thephotodetector(darkcurrent,readoutnoise,etc.),excitationand
emissionfilter overlapandstraylight.Thethird typeof error sourcehasto dowith theactualtestarticle.
Thedeformationanddisplacementof thetestarticlebetweenthe"wind-off' and"wind-on" imagesleads
to anon-repeatableexcitationlight field andregistrationinaccuracies.Theseeffectsarealsocomplicated
for teststhatrequiremultiple runsto acquirebothpressureandtemperaturedata.Themodelgeometry
canalsoleadto reflections,shadowingandself-illumination.Thetechniqueto bepresentedhere
addressesthefirst typeof errorsdiscussedabove,minimizing theerrorsassociatedwith temperature
gradientson thepaintedtestarticle.

As statedearlier,theintensitybasedPSPtechniquerequirestwo images,awind-off referenceimageand
awind-ondataimageto determinetheunknownpressuredistributionof thetestdataimage.In a similar
fashion,the intensitybasedTSPtechniquesrequiresthesametwo images.Figure 1showsthedata
reductionsstepsrequiredto producequantitativepressuredistributions.ScientificgradeCCDcameras
areprecisioninstrumentsto measurelight butneedcorrectionsto minimize pixel to pixel variationsin
sensitivityandzerooffset.Thesecorrectionsaremadeusing darkandfiat-field images.A darkimageis
an imagewith no light incidenton theCCD andrecordsthebiasor offsetof theCCD andelectronics.A
fiat-field imageis animageof auniformly lightedsurfaceandrecordeachpixelssensitivityto agiven
intensityof light. All wind-on andwind-off imagesarecorrectedfor thecamerasCCD sensitivityand
offsets.Whenusingthetemperaturedatafrom theTSPto correctthePSP,all four imagesmustbe
spatiallyalignedto sub-pixelaccuracyfor atruerepresentationof the surfacepressureandtemperature.
After thealignment,thewind-off referenceis dividedbythewind-onimage.This ratio utilizesthe
constantpressurereferenceto normalizethedataimagefor non-uniformitiesin paint applicationand
excitationillumination.

Therearetwo methodsof calibratingtheintensityratiosoncetheyhavebeenestablished.Thefirst
techniqueutilizesa-prioriinformation from asamplepaintedat thesameor prior time andcalibratedin
acalibrationchamber.Thesecondmethodreferredto asanin-situ calibrationreliesonconventional
instrumentationon thetestarticlesuchaspressuretransducersandthermocouplesto generatethepaint's
calibration.Theconventionalinstrumentationandintensityratio dataareusedto generatea leastsquare
errorcurvefit to generatea calibrationfor all pixelson thetestarticle.Combinationsof bothcalibration
methodsaretypically usedin testsatNASA Lewis. Thea priori calibrationis first appliedasa second
ordercurvefit to the intensityratio to giveapressureor temperatureimage.Then thein-situ calibration
is appliedasalinearcorrectionutilizing informationfrom instrumentationon thetestarticle.Oncethe
temperatureimagehasbeendetermined,thetemperaturedependenceof thePSPintensityratio is



correctedusingtheapriori calibration.ThetemperaturecorrectedPSPintensityratio is thencalibrated
usingtheapriori andin-situcalibrationsto producethefinal pressuredistributionimages.

Temperature Corrections

PSP tests have been performed at the NASA Lewis Research Center on articles made of many types of

materials. These materials range from good thermal conductors such as copper, aluminum, steel,

stainless steel and titanium to materials that are less thermally conductive such as glass, acrylic sheet,

carbon fiber composites and stereo-lithography constructed models. Also, since we primarily perform

propulsion component tests at Lewis, our experiments tend to have a higher degree of thermal variation

than other types of aerodynamic testing. Tests routinely have high-speed jets of air impinging on the

painted surfaces, or rotating machinery components that inherently have temperature gradients. An ideal

PSP would have a high sensitivity to pressure and no or minimal change in luminescent intensity due to

temperature to eliminate the inherent thermal effects of these tests. The ideal paint does not exist, and
therefore the thermal effects must be accounted for. These non-isothermal tests require a systematic

approach to the data reduction procedure.

A typical calibration of pressure versus intensity ratio at different temperatures for a PSP consisting of a

Ruthenium complex luminophore in a silicone binder is shown in figure 2. The family of curves uses a

reference image at a constant ambient temperature of 21°C and 1 atmosphere that in most PSP tests is

approximately the temperature of the "wind-off' reference images. It should also be noted that the

calibration curves show that there is a pressure level dependency of the temperature effect on the paint.

This shows the temperature dependence of the binder's oxygen permeability and the effects it has on the

quenching process through the diffusivity and solubility of oxygen in the binder at different
temperatures. It has been shown by Woodmansee et al that if the intensity ratio and temperature are

known at every pixel location, then the pressure may be determined by using an IREF/ICAL =tiP,T)

calibration surface. The method explored here goes one step further and assumes that given the intensity

ratio and temperature at every pixel, a corrected intensity ratio can be determined that is dependent on

temperature only in the form of [Ie,Ar_O]Cor= IRArio{T} since the intensity ratio is already pressure

dependent. This correction would collapse the family of curves of figure 2 down to a single curve at

ambient temperature or the 21°C curve.

The calibration data of figure 2 follows the functional form given in equation 3. When equation 3 is

applied, the family of calibration curves collapse to a single intensity ratio curve. The corrected intensity

ratio equation is

T COR

The values C, D and E are determined using a linear least squares fit to the data acquired on sample

coupons in a PSP calibration rig. Figure 3 shows the corrected intensity ratio data of figure 2 using

equation 3 with values of C = 1.822"10 -4, D = -0.1273, E = 22.664 where T is in degrees Kelvin. By

collapsing the intensity ratio curves to a single curve, only one equation that determines the pressure

with a known intensity ratio is needed rather than a calibration surface. The need for only a single

equation relating pressure to intensity ratio makes the data reduction process the same whether the



temperaturegradientis knownor thedatais acquiredusingathermallysoakedtestarticlewhich is often
thecasefor wind tunnelPSPtesting.Thusfar, only theRutheniumpaintusedatLewis hasbeen
correctedusingthisprocedure.Futureplansareto investigateotherpaintformulationsto seeif this
correctiontechniqueis applicable.

Experimental Results

A reliablespectrallyseparabledualpressure/temperaturesensingpaintwasnot availableat thetime of
testingsosingleluminophorePSPandTSPcoatingswereused.Thisrequireseachcoatingto beapplied
individually to thetestarticleandaseparatetestrun to gettheappropriatedata.Thedatareduction
proceduresusedfor thetemperaturecorrectedPSPusesacombinationof apriori andin situ
information.Most testarticleshavelimited instrumentationthatis usedfor the in-situ calibrationof both
theTSPandPSP.Theexceptionsarerotatingsurfacesthattypicallydonothaveinstrumentationandall
calibrationsmustrelypurelyonapriori infomaation.Thetemperaturesensitivitycorrectionof thePSP
alwaysreliesona priori dataacquiredfrom samplecouponsin aseparatecalibrationcell. The
temperaturecompensationis doneonapixel by pixel basisusingequation3 alongwith thealigned
temperatureimageandthepressureintensityratio image.Twoexperimentsarepresentedfrom work
doneatLewisthat illustratethetechniquefor improvedtemperaturecorrectionof PSP.

Thefirst testis a supersonicmulti-jet mixer ejectornozzletest8in whichthetestarticlewalls aremade
from acrylicsheetandinstrumentedwith pressuretapsandthermocouples.Figure4 showsthetest
article,jet locationsandthelocationof thethermocouplesandpressuretaps.ThePSPFFSPequipment
usedin thisexperimentisdescribedin Reference9. Figure5 showsthetemperaturegradientsthatexist
for thestraightejectorsidewallwheretheprimaryjets haveaMachnumberof 1.39.Thecomplex
temperaturedistributionon theejectorsidewallis clearlyevidentfrom thefour impingingsupersonic
jets.In fact, thetemperaturedistributionin thesubstrateis a low passversionof thepressurefield dueto
thelow responsetimeof thethermaldiffusivity. Thein-situcalibrationsof thetemperatureimageswere
performedusingall 15thermocoupleswhenthepaintedejectorwall waspaintedwith TSP.ThePSP
imageswith andwithout temperaturecorrectionsareshownin figures6 and7. Both imageswerealso
calibratedusingthe 15pressuretapsavailableon themodelbutdueto thecomplextemperature
gradients,theuncorrectedimagescontainsignificanterrors.ThePSPimagedataandthedifference
betweenthetapsandimagedataareshownin theTableI for theuncorrectedandtemperaturecorrected
imagesusingthetwo differentcalibrationschemes.Theimagedatais anaverageof a five by five pixel
areacenteredaroundits associatedpressuretap.

In thisexperiment,thetemperaturecorrectionprovidedverygoodpressuredataresults.The apriori
calibrationafterthetemperaturecompensationwasappliedto thePSPhadarms errorof 2.66kPa.
WoodmanseeandDuttonsuggestin asimilar typeof experimentthat anin-situ calibrationis the
preferredprocedureto obtainthehighestaccuracysurfacepressuremeasurements.However,thedatain
TableI suggeststhatin experimentswith high temperaturegradients,it is moreimportantto temperature
correctthedatathanto fit the imagedatato thepressuretaps.In fact,thetemperaturecorrecteda priori
calibrationis amoreaccuratemeasurementasshownbythermserrorvaluesthan thenon-temperature
correctedin-situ sinceit betterrepresentsthe lowerpressurenearthejet exit andhigherpressureat the



ejectorexit. Furtheranalysisof thedatashowsthatusingin-situinformation,whenavailable,is the
preferredmethodasconcludedbyWoodmansee.

Thesecondexperimentis thesteadystatesurfacepressuredistributionproducedby ajet-cavity
interaction1°.Flowsovercavitiesexhibitsignificantchangesin thesteadyandunsteadypressurefields
thatareof critical importanceto aerospaceapplications.Flowsovercavitiesoccurin aircraftwheel
wells,in-flight refuelingports,weaponsbaysaswell asasignificantnumberof otherapplications.Thus
far, only thesteadystatesurfacepressurefieldshavebeenstudiedusingPSP.Thetestarticlewas
constructedof aluminum,which hassignificantlydifferentthermalpropertiesthantheclearacrylicused
in thepreviousexample.Therectangularcavitydimensionswere4.5cm wide, 10.2cm longand1.3cm
deep.Thecavitywasattachedto theexit of thejet nozzlethusprovidingtheflow streamoverthecavity.
Theinstrumentationwassparsecomprisedof onlythreepressureandthreethermocoupleson thefloorof
thecavity.Similar to themixer ejectorcase,thePSPandTSPmeasurementsweremadein sequential
tests.Thetemperatureandpressureprofilesareshownin figures8 and9 for a left to right jet velocityof
Mach 1.02.It shouldbenotedthatthetemperaturegradientsarenot assevereasthosein theprevious
example.Onewouldexpecttheaccuracyof a linearin-situ calibrationfor thenon-temperature
compensateddatato beverygood.In thiscasethermserrorbetweenthepressuretapsandthepressure
imagedatais 1.78kPaandoutperformsatemperaturecompensatedapriori calibrationby almosta
factorof two. However,by correctingthedatafor temperaturegradientsandusingalinear in-situ
calibration,theerror canbecut in half to 0.86kPa.Theplot in figure 10showsthetwo in-situ calibrated
pressureimagesandhow thetemperaturecorrectioneffectsthePSPdataasthetemperaturegradient
increases.

Conclusion

The ideal PSP, if it were to exist, would be insensitive to temperature, but since this is not the case, one

must account for the temperature distribution of the surface of a test article. A temperature correction

routine has been developed that takes a family of pressure versus intensity ratio curves and collapses

them to a single curve. The advantage of using this type of data reduction method is that a single

pressure/intensity ratio calibration holds true for all corrected intensity ratio images. The one remaining

type I item that significantly contributes to the error of these measurements is the lack of a reliable dual

pressure and temperature luminophore paint. The repeatability of article assembly and test conditions

limits the accuracy of the acquired data for single probe paints.

The mixer-ejector nozzle test shows that combining the use of conventional pressure and temperature

sensors with PSP and TSP can minimize the impact of large temperature gradients on the measured

pressure. Using a priori calibration information actually yielded a lower error between the pressure taps

and image data than an in-situ calibration which used all available pressure taps in the calibration. The

temperature corrected pressure images of the jet cavity interaction test reduced the error by a factor of

two. This indicates that the accuracy of a PSP measurement can be increased when temperature gradients

are accounted for not only on low thermally conductive materials such as the acrylic but also high

thermal conductivity materials such as aluminum.



Table I. Mixer Ejector pressure tap and PSP image data comparison.
Pressure Non-compensated Temperature Corrected

in kPa
a priori calibration in-situ calibration a priori calibration in-situ calibration

Tap # Tap Image (Tap-Image) Image (Tap-Image) Image (Tap-Image) Image (Tap-Image)

32

36

38

42

46

48

52

56

58

62

66

68

72

76

78

RMS (Taps-Image)

78.54

80.39

80.29

81.70

85.21

84.75

84.37

88.99

87.69

88.10

92.18

92.41

91.34

95.60

95.41

82.73 -4.20

84.01 -3.62

82.83 -2.54

85.79 -4.09

82.36 2.84

80.71 4.04

88.28 -3.91

83.06 5.93

81.48 6.21

88.08 0.02

84.63 7.55

83.11 9.30

88.90 2.44

88.06 7.54

86.34 9.07

5.51

85.14 -6.60

86.45 -6.O6

85.23 -4.94

88.28 -6.58

84.75 0.45

83.06 1.69

90.84 -6.47

85.47 3.52

83.84 3.85

90.64 -2.54

87.08 5.09

85.52 6.89

91.48 -0.14

90.62 4.99

88.85 6,56

4.95

80.93 -2.39

83.04 -2.65

81.72 -1.43

84.17 -2.46

83.22 1.98

82.39 2.36

86.82 -2.45

86.75 2.24

85.18 2.51

87.70 0.4O

88.31 3.87

88.11 4.30

89.32 2.02

92.25 3.36

92.51 2.90

2.65

78.50 0.04

81.98 -1.59

79.81 0.48

83.83 -2.13

82.28 2.93

80.91 3.84

88.22 -3.84

88.10 0.89

85.51 2.18

89.66 -1.56

90.67 1.51

90.34 2.07

92.34 -0.99

97.16 -1.56

97.60 -2.19

2.13
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Figure 1. Flow diagram of data reduction

procedure.
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Figure 2. PSP calibration plot showing

temperature dependence.
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Figure 3. Temperature corrected intensity ratio

data, all curves collapse on to one.
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Figure 4. Instrumentation and nozzle location for supersonic multi-jet mixer ejector test.
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Figure 5. TSP temperature distribution of mixer-ejector acrylic surface.

Figure 6. Non-temperature corrected PSP pressure distribution of mixer-ejector.

Figure 7. Temperature compensated PSP pressure distribution of mixer-ejector.
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Figure 8. Temperature distribution of aluminum cavity floor with jet flow over the cavity.

Figure 9. Pressure distribution of cavity floor with jet flow over the cavity.
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Figure 1 i. Plot of uncorrected and temperature compensated PSP data at cavity centerline.


