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Uncertainty Estimates for Temperature-Sensitive Paint
Measurements with Charge-Coupled Device Cameras
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Temperature-sensitive paints (TSPs) have become a popular technique for the measurement of surface temper-
ature. Consequently, uncertainty estimates are essential. Whereas TSP is similar in many respects to pressure-
sensitive paint (PSP), there are some importantdistinctions. In particular, TSP is not sensitive to pressure, although
PSP is sensitive to temperature. Therefore, a significant error source in PSP intensity measurements is absent in
TSP applications. An uncertainty analysis is presented of luminescent TSP intensity measurements with charge-
coupled device cameras. Elemental bias and precision error sources are described in detail, and techniques to
estimate their magnitude are given for both standard-video and scientific-grade camera systems. Example appli-
cations of the technique and uncertainty analysis to swept-wing and swept-cylinder models in supersonic flow are
presented. It is shown that error estimates are quite dependent on the system and test configurations. However,
the relative motion between model and illumination source(s) is often the dominant error term. A technique to

minimize this effect is described.

Nomenclature
B = bias error
1 = luminescence intensity
I, = absorptionintensity
k = paint calibration constant, °C
M =Mach number
P = precision error
Re  =Reynolds number
T = temperature
U  =uncertainty
o = angle of attack
AT =temperature change, °C
0 = error sensitivity coefficient
0 = correlation coefficient
T =time, S
®  =efficiency of paint layer
Subscripts
b = bias
D  =diameter
p = precision
r = reference conditions
0 = absolute zero temperature
oo = freestream conditions

Introduction

EMPERATURE-SENSITIVE paints (TSPs), which are similar
in many respects to pressure-sensitivepaints (PSPs), have been
developedby severalresearch groups to measure wind-tunnelmodel
surface-temperature distributions. ~* The application of PSP and
TSP to aerodynamicapplicationshas beenreviewed in detail by Liu
et al.> The method can provide detailed temperature measurements
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atrelatively low cost. It should be noted that TSP has many similari-
ties to thermographicphosphors,whichhavebeenrecentlyreviewed
by Allison and Gillies.®

Pressure and temperature paints are based on the mechanism of
photoluminescence,in which a probe molecule, promoted to an ex-
cited electronic state by absorbing a photon of appropriate energy,
returns to its ground state by emitting a lower-energy photon. In
addition, the data-reduction processes are similar. However, there
are some important distinctions. First, whereas the effects of pres-
sure on luminescenceintensity are often described using the Stern-
Volmer relation,” the molecular physics are different for TSP, and
they are described in detail by Rabek .? Instead of the luminescence
being quenched by oxygen as in PSP, radiationless deactivationre-
duces the luminescence intensity in TSP via thermal quenching as
the temperature increases. In particular, the increased frequency of
collisions with higher temperature improves the probability of de-
activating the probe molecule (as opposed to the molecule emitting
a photon). Thus, the magnitude of the luminescence intensity is
inversely proportional to temperature in TSP.

Second, PSP is sensitive to both pressure and temperature,
whereas TSP is sensitive only to temperature. Indeed, much of the
uncertainty of PSP measurements can be due to temperatureeffects,
with the uncertainty due to other error sources being negligible by
comparison.’ Because this is not the case for TSP, the accuracy
of TSP measurements must be assessed separately. The purpose of
this paper is to provide a framework for estimating the uncertainty
of TSP luminescence intensity measurements with charge-coupled
device (CCD) cameras. The particular TSP used in this study is
a proprietary McDonnell Douglas ruthenium compound mixed in
enamel Krylon® paint; however, the analysis is applicable to the
many TSPs that have been documented in the literature.!

The paper is organized as follows: The experimental method is
described, followed by a general uncertainty analysis, in which the
overall uncertainty is considered and not the details of the bias and
precision error components. The elemental bias and precision error
components of both standard-video and scientific-grade CCD cam-
eras are discussed in detail in the next section, and techniques for
estimating their magnitudes are given. Next, sample applicationsof
TSP to supersonic swept-cylinder and swept-wing models, as well
as correspondinguncertainty estimates, are provided. These results
provide insight into an often dominant error source and suggest an
alternate method to minimize its influence. This is followed by some
conclusions.
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Experimental Method

This section describes the data acquisition and reduction meth-
ods for image-based luminescent paint with CCD cameras. Note
that other data acquisition and reduction methods are available. For
example, Campbell et al.! explain how the measurement of either
the paint fluorescence lifetime or the phase shift between intensity-
modulated excitationand luminescence signals can be used to deter-
mine temperature. Nonetheless, an image-based measurement sys-
tem remains the most popularmethod becauseit can easily provide a
global surface temperature distribution, whereas the other methods
are currently constrained to point measurements because of instru-
mentation limitations.

Before a test, the model is painted with temperature paint and is
sanded to remove any roughness.Registrationmarks are then placed
on the painted model surface, the exact locations of which must be
precisely measured. (The purpose of these marks will be explained
subsequently) Currently, we use rub-on dots that do not fluoresce.
To eliminate any roughness effects that may have been introduced
by the registration marks, a gloss clear coat is sometimes applied.
Finally, the model is polished to the desired surface finish.

During a test, data are acquired as follows: The model is illu-
minated by filtered light from an appropriate stable source. Lumi-
nescence occurs at a higher wavelength, the intensity of which is
measured by a CCD camera fitted with a bandpass filter that trans-
mits only the red-shifted light emitted by the paint. Care is taken to
eliminate all other stray light.

The magnitude of the luminescence is related to the paint tem-
perature, luminophore concentration, and source irradiance. Unfor-
tunately, the portion of the luminescence signal that is due to tem-
perature is often of the same order as these other effects. Hence, an
image-ratio method is employed to isolate the influence of temper-
ature. In this method, the paint temperature under test conditions
is related to the ratio of two images of the model obtained under
different conditions: one at a known reference temperature condi-
tion (usually correspondingto a no-flow or wind-off condition) and
another at run conditions. A ratio of these two images, each one
corrected for a zero offset by subtracting a dark image of the unex-
posed CCD, thus eliminates the portion of the luminescence signal
thatis common to the two images. In the ideal case, all that remains
is a temperature image, the values of which are obtained from a
calibration curve.

In wind-tunnel applications, however, the ideal case is rarely
achieved. For example, the model usually deflects and/or deforms
under load. At a minimum, the reference and run images must be
realigned or registered before the images are divided. Thus, the pur-
pose of the registration marks is to provide a mechanism for the
images to be realigned. An additional complication of model mo-
tion/deformation that can occur is that the illumination pattern on
the model surface may change between the reference and run im-
ages. This effect is not corrected for in the image registration pro-
cess. Thus, in general, the illumination pattern on the model surface
should be measured in situ, although this is rarely done in practice.
The magnitudes of these and other errors, therefore, have a first-
order effect on the accuracy of the measurement and are discussed
in detail in subsequent sections.

General Uncertainty Analysis

Performing an uncertainty analysis of a complex measurement
system can be a daunting task. The approach suggestedby Coleman
and Steele!® is to first perform a general uncertainty analysis in
which the details of the bias and precision error components are
ignored. This approach often provides insight into the accuracy re-
quirements imposed on the measurement system.

For TSP, the intensity of the luminescence emitted by the paint,
1, is proportionalto the intensity of the light absorbed by the paint,
1,. The constant of proportionality is called the quantum yield or
efficiency, ® =1/1,. Liu et al.’ show that the general Arrhenius
relation governing a TSP is given by

&[M} _E (i_i> (1)
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where E is the Arrhenius activation energy; R is the universal gas
constant;and I, I,, and I, are the respectiveluminescenceintensities
attemperatures7’, T,, and 0. Undernormal circumstances, T is close
to 7,, such that the factor (I, — I1,)/(Iy — I) is nearly unity. Thus,
Eq. (1) may be expressed in an equivalent exponential form:

—(T — T»}
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I=1- exp[
in which the constantk (=R - T - T, /E) amounts to a characteristic
paintconstantat a nominal operating temperature 7. [An even more
general expressionreplacesintensity in Eq. (2) with quantumyield.]
Equation (2) is a convenient form because it possesses the property
I-e"/* =1, .e"/* = const; thus, a pretest calibration is valid pro-
vided that an appropriatereference set (Z,, 7,) is used. Finally, note
that, althoughnotuniversal,Eq. (2) does accuratelyrepresenta wide
class of TSPs over a certaintemperaturerange. The interestedreader
is referred to the paper by Campbell et al.! for intensity-calibration
curves of several TSPs.

The first step in a general uncertainty analysis is to solve for the
desired quantity in terms of the other quantities. Very often, we
are interested only in the change in temperature from the reference
condition

@, I -1,
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AT, =T —T, =k ln
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where we have used the definition of ® to obtain a data-reduction
equation in terms of either known or measurable quantities.

Equation (3) is written in a general form in which the absorption
intensity is included. Although it is often assumed that the source
irradiance is constant, such that 1, /1, , = 1, the assumption is only
an approximation and contributes to the uncertainty. To accurately
determine its justification, the source irradiance must be at least
monitored. Alternatively,this could be accomplishedin situby using
a two-color paint, one that contains both temperature and reference
luminophores.!

Following the standard root-sum-square procedure outlined by
Coleman and Steele,' the absolute uncertainty associated with AT,
is given by
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where U denotes uncertainty. Substituting in the partial derivatives
and simplifying gives
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The coefficientof eachrelativeuncertaintyterm, Uy / X, indicates
the relative importance of each term. Thus, the sensitivity to each
intensity term is k, whereas that due to the calibration error term is
AT,. Provided that kK > AT,, the measurement is more sensitive to
errors in intensity measurements and source drift than to calibration
errors. Note that k is related to the normalized paint sensitivity
[(AT,/I)-(01/0AT,)=—(AT,/k)]. In particular,by inspectionof
Eq. (2), k can be viewed as the 1/e temperature change, i.e., the
temperature change correspondingto a 1/e change in luminescence
intensity. Once a paint is selected based on a nominal operating
temperature range, it is clear that smaller values of k increase the
paint sensitivity and decrease the uncertainty.

These ideas are shown in Figs. 1 and 2, which show a typical TSP
calibrationcurve near ambienttemperature and absolute uncertainty
estimates, respectively. Figure 1 shows the influence of the paint
constant k on the calibration curve. A lower value of k increases
the slope of the calibration curve, improving the sensitivity of the
instrument. Figure 2 uses the fitted calibration constantk = 37.7°C
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Fig.2 Absolute uncertainty estimates for TSP.

and shows the calculated uncertainty using Eq. (5) vs temperature
change as a function of relative error in I, I,, and k (under the ideal
condition of zero error in I, and I, ). These results show that, to
keep absolute errors below 0.5°C, an accuracy of better than 1% in
each measured quantity is required.

Detailed Uncertainty Analysis

The nextstepistoconductadetaileduncertainty analysisin which
we consider separately the propagation of bias and precision errors
into the result. A bias error is a fixed or systematic error, whereas
a precision or random error can be reduced by multiple readings.
Bias and precision errors are distinguished due to their differing
behavior. Following the approach of Coleman and Steele,!° a 95%
confidence-interval estimate is required for each bias and precision
error component of each variable that appears in the data reduction
equation. The approach taken here is to first identify and estimate
the elemental bias and precision error components. These elemental
errors are then combined to produce 95% confidence-interval bias
and precision estimates in accordance with Eq. (5). These error
sources are described in detail next.

Elemental Bias and Precision Error Sources

For the present discussion, the measured variables are taken as &,
1,1.,1,,and 1, ,,despitek itselfbeingaderivedquantity. Table 1 lists
elemental error sources that contribute either to the determinationof
k,i.e., from the calibration,or to any of the intensity measurements.
It also includes suggested methods to quantify them. The list is not
exhaustivebutratherincludes, from our experience, significant error
sources.

Aspects associated with the temperature calibration are consid-
ered first. The accuracy of the secondary temperature standard may
be used to estimate its bias but is usually negligible compared with
other sources of error when one is concerned with measuring tem-
perature changes. Two other bias sources require careful attention:
photodegradation and temperature hysteresis.!”> Photodegradation
of the fluorescent paint occurs when the paint is exposed to the il-
lumination light. The photodegradationprocess depends on illumi-
nation intensity, exposure time, and the paint itself. To minimize
errors in applications, the exposure time in a single test should
be as short as possible. Calibrations before and after a test se-
quence can quantify the exact extent of the photodegradation. For-
tunately, Liu et al.!> have shown that normalized calibration curves
approximately collapse to a single curve, minimizing its influence
on the calibration. However, the signal-to-noise ratio (SNR) for a
severely photodegradedpaint decreases because the signal becomes
weaker.

Hysteresisis a feature characterizedby a changein the calibration
curve when the paint is first heated above its glass temperature.'®
The temperaturehysteresisis related to the polymer structural trans-
formationfrom a hard and relatively brittle stateto a softand rubbery
one when its temperatureexceeds the glass temperature. Because the
thermal quenching of fluorescencein a brittle condition is different
from that in a rubbery state, the temperature dependence changes
after it is heated beyond the glass temperature. In practice, the paint
should be preheated once to a temperature above the glass tempera-
ture, prior to calibration,before it is used as a sensor for quantitative
measurements.

The contributions of elemental bias and precision errors to in-
tensity measurements are considered next. Either two (I and I,)
or four (1, I, I,, and I,,) such measurements are made. For the
case in which only the paint luminescence intensity is measured in
reference and run images, temporal variations in the source intro-
duce errors. These include random, short-term fluctuations (with a
timescale of order equal to the exposure time) and long-term, sys-
tematic drift between acquisition of the reference and run images.
In an effort to quantify these, a benchtop experiment showed that a
typical constant-currenthalogen source exhibits drift of about 0.1%
over the duration of a 30-min test and short-term fluctuations of
about 0.2%. An optical-feedback halogen source, in which the ir-
radiance is monitored and controlled in a feedback loop, exhibits
approximately the same drift but reduces the short-term fluctuations
to immeasurable levels.

In the case of four intensity measurements, the source irradiance
and its distribution over the model surface are also measured (as
described earlier). The result is that the effect due to source drift is
eliminated. This technique has an added benefit. Because relative
motion between the model and source can occur due to model de-
flections, the irradiance incident on the model surface can change
slightly between the reference and run images. Information about
the distribution of this illumination pattern can be used to correct
for this change. Of course, this process itself has errors associated
with its implementation (which may or may not be negligible). In
addition, this techniquesuffers from the drawback that four intensity
measurements are required instead of two. For the results presented
later, only I and I, have been measured. Thus, the accuracy of this
approach has yet to be evaluated.

As indicated in Table 1, CCD cameras are subject to three types
of noise: photon shot noise, dark current, and preamplifier or read-
out noise. It is primarily in this area where a scientific-grade, e.g.,
a high-resolution, cooled, digital camera excels compared with a
conventional video camera, as explained next.

Photon shot noise is an unavoidable quantum effect in which the
number of photons collected by a CCD from a steady source over
a time interval is governed by a Poisson distribution. Here the rms
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Table 1 Elemental bias and precision error sources

Error source

Bias (B) or
precision (P)

Estimate error from

Calibration curve fit
Standard used in calibration
Photodegradation of paint
Temperature hysteresis
Random source fluctuations
Systematic source drift
Photon shot noise

Dark current

Preamplifier noise

Digitizer bias

Digitizer resolution

A/D nonlinearities
Pixel-gain variation

Image registration errors
Location of registration marks in pixel coordinates,
location of registration marks in model coordinates,
least-squares-fit error
Interpolation error
Random model vibration

Relative motion between source and model

Ambient light
Source and camera filters overlap

20 of least-squares fit

Manufacturer specifications

Calibrate before and after a test

Deviation between repeated calibrations

Measure in benchtop apparatus or in situ

Measure in benchtop apparatus or in situ

2/(signal strength in eu.)!/?

Camera specifications

Camera specifications

Subtract dark image from / and I,

+7 least significant bit//

CCD specifications or intensity calibration

Zero without image registration; with image
registration, need flat-field measurements

Difficult to isolate: can perform uncertainty
analysis of image registration method

TEWWOwvW YU W W W

o]

P Configuration dependent, measure in situ

2 2
I, A I, Ay
B ) X n 8__)
ax I, dy I,

B Exposure with light source off and shutter open
B Filters’ spectral transmission specifications

Table2 Scientific-grade CCD camera vs standard-video CCD camera

Front-illuminated Standard

Parameter scientific-grade CCD video
Gray-scale resolution, bit 14 8
Linearity +2/1 +2/1
Pixels 512 x 512 512 x 480
Readout noise NP, e.u. rms 35 200
Dark current ND, e.u./s 0.7 20,000
Quantum efficiency at 500 nm n, % 10-25 10
Exposure 7, s ~10 1/60
Full-well capacity, e.u. ~345,000 ~40,000

noise is equal to the square root of the signal. (The units of the noise
are electron units.)

Thus, the SNR is /I, and the highest SNR is obtained when
the full-well capacity of the CCD is utilized. To accomplish this in
scientific-grade cameras, the shutter is opened long enough (usu-
ally on the order of seconds) to saturate the analog-to-digital (A/D)
converter at the minimum temperature to be measured. For long
exposures in low-light-level situations, dark current, a thermally
induced current, becomes important. Fortunately, it can be signif-
icantly reduced by cooling the CCD head, as is done in scientific-
grade cameras. Preamplifier noise is generated by the amplifier on
the CCD chip and sets the detection limits of a cooled CCD at low-
light conditions. Table 2 shows typical values of these parameters
for both the 14-bit, i.e., I,,,x =2, scientific-grade and 8-bit, i.e.,
Inax =28, standard-videocamera used in this study. The noise levels
are substantially higher for conventional video cameras.

In additionto these randomerrors, the intensity measurements are
subject to a number of bias errors. The repeatable drift of the light
source has already been discussed. The digitizer bias or zero-offset
erroris typically corrected for by subtractinga dark image, an image
acquired with the camera shutter closed, from both the reference
and run images. The A/D nonlinearities also contribute to the error.
Here, the scientific-grade CCD is extremely linear, compared with
the typical 1% variation in standard-videocameras.

As mentioned earlier, the optical setup requires separate filters for
thelightsourceand the camera. For the temperaturepaintusedin this
study, the transmission range of these filters is quite close, unlike
PSP applications, almost overlapping at 500 nm. It is important
that these filters do not overlap. Similarly, stray light should be

eliminated. Note that the stray light is present in both the reference
and the run images, and the error s, therefore,correlated. A detailed
discussion of correlation errors is provided in the next section.

As shown by Morris et al.,'* even scientific-grade CCDs have
measurable pixel-to-pixel gain variations. When the CCD is illu-
minated with a uniform field of light (using an integrating sphere
whose output is filtered with the same bandpass filter used for lu-
minescence detection), variations of +1% are typical. CCD camera
literature suggests that this value is even higher for video cameras,
although the exact magnitude varies with CCD type.

Nonetheless, this variation introduces a bias error when the same
pixels are not divided in the reference and run images. Assuming
a linear A/D, this effect cancels when the same pixels are divided.
However, when image registration is used to realign the reference
and run images, the error introducedby this effect can be significant.
Morris etal.'* describea standardized procedurethat uses a flat-field
calibration of the camera (again using an integrating sphere, filter,
and cameralens) to correct for the pixel gain variation. We have used
this technique to obtain an order-of-magnitudereductionto £0.1%.
Note that, when image registrationis used in an attempt to minimize
errors due to image misalignment but a flat-field correction is not
used, the overall error may actually increase as a result of pixel gain
variations.

Image registration techniques are discussed in detail by Bell and
McLachlan" and also by Donovan et al.'® A popular method is a
least-squares polynomial warping technique in which the locations
of the registration marks are matched in both the reference and the
run images. Here, rms errors on the order of a small fraction of
a pixel are routinely achieved. Unfortunately, it is difficult to iso-
late the contribution of the image registration error to the overall
measurement uncertainty. Table 1 lists the dominant error sources
associated with image registration. One may perform a separate
uncertainty analysis of this process, although this has not been at-
tempted here. It is our experiencethat, if the relative motion between
the reference and the run images is less than one pixel and a reliable
flat-field calibration is unavailable, then image registration is not
recommended.

Perhaps the single largest contribution to the bias error (and the
overall error for scientific-grade cameras) is that due to relative mo-
tion between the model and the source. Again, the relative motion
has a random component, the magnitude of which is configura-
tion dependent, and a steady or systematic component. Model mo-
tion effectively alters the luminescence intensity by changing the
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illumination pattern on the model surface. The effect is most pro-
nounced in regions of large luminescenceintensity variationsin the
referenceimage, e.g., near the limits of a field of view.

The precedingobservationis used to estimatethe magnitudeof the
error due to relative model motion, as shown in Table 1. In particular,
this error is estimated using the normalized intensity gradientin the
reference image coordinate system (x, y):

2 2
ol, Ax al, Ay
B = el il =
motion J( ax Ir ) + ( ay Ir ) (6)

where Ax and Ay are 95% estimates of the local model motion in
pixels.

Correlated-Error Effects

The overall uncertainty equation derived in the general uncer-
tainty analysis must be modified slightly to account for correlated-
error effects. Thus, Eq. (5) becomes

J J
U=y [9;5 B>+ 0,00 py B Be(1 — fm)}

i=1 k=1

J J
+ Z [Q;I Pi2 + Z epi el’k ppik Pz‘ Pk(l - 6ik)i| (7)

i=1 k=1

where §;; is the Kronecker delta function, 6 is a sensitivity coeffi-
cient, p is a correlation coefficient, and B; and P; are the 95% bias
and precision estimates of the ith variable, respectively.’

The two new productterms in Eq. (7) represent correlated errors.
Although often zero, these terms are sometimes significant. For
example, in a differential measurement, in which two instruments
are calibrated with the same secondary standard, the bias of this
standard is correlated and will cancel.

In the case of luminescence intensity measurements, the ambient
light seen by the camera, as well as the overlap between the source
and camera filters, is approximately equal in both the reference and
the run images. The correlated bias term in Eq. (7) may be written
as pp, B; By (1 —6;) = (1) B! B] for i # k, where the prime denotes
elemental biaserror sources thatare common to both variables. Then
the summation is taken over the number of common elemental bias
terms. In the case of the ambient light, for example, one obtains the
following expression for the net bias error:

LB+ (B /1) ] e — 2 LB/ D(B;, [1)] ®)

A similar expression is obtained for the filter overlap. However, if
itis assumed that

B;/I =B, [I, =B,/I=B,[I, 9)

ambient ambient

for both ambient light and filter overlap, then the net contributions
due to these effects will cancel. The precedingresultis only approx-
imate because, in fact, the amount of stray light thatis measured by
the camera is an absolute amount and not a fixed fraction of the
luminescence intensity.

Stated another way, if the measured luminescenceintensities are
contaminated by the same amount of ambient (or filter-overlapped)
light, then instead of determiningthe ratio I, /I, one actually obtains
(I, + AI)/(I + AI), where Al is the intensity of stray light. If A/
is negligible compared with both / and I,, then the error is small.
In summary, this means that only a small amount of stray light can
be tolerated for high-accuracy measurements.

Quantitative Error Estimates

Now the results of the preceding sections are combined to for-
mulate a rational method for estimating the total uncertainty in the
measurementof AT, for each pixel. By way of example, we include
the following bias terms: pixel gain variations, CCD nonlineari-
ties, bit resolution, systematic relative motion, and source drift. The
contributionof the biaserrors to the calibrationis assumedto be neg-
ligible. The formula for the variance of the 95% bias-error estimate
is

Bi]‘, :kz[N(Bz +B2 +B2 +B§mtinn +B§rift] (10)

gain linear res)

where the biases are expressed as relative errors and N is the num-
ber of intensity measurements (two or four). For a scientific-grade
camera, these quantities are estimated as By, ~0 without image
registration, ~ 0.01 with image registration and without flat field,
~(0.001 with image registration and with flat field; Bye, *&2/1;
B,y ~0.5/1; By ~0if I, and I,, are measured or are corrected
for, else ~0.001; for Bpoion se€ Eq. (6).

Similarly, the formula for the variance of the 95% precision-error
estimate is

1

Nimages

2
PAT,-_

[k2 "N (Pvzib + Pszource

+ szark + Pszhol

+ P2 )+ AT, - P] (11)

preamp

where againrelative precisionerrors are used and Njp,ges 15 the num-
ber of images averaged to reduce the random error. As before, N
is the number of intensity measurements. Note that the precision
error due to model vibration, P, is dependent on the configura-
tion, whereas that due to source fluctuations, Psquce, 1S about 0.2%
for a constant-current source or is entirely negligible if feedback
is employed. Following guidelines in Ref. 17, the noise terms are
estimated as

e.u. 2"PSADU 15

Pyx =2 -ND— —4mm— —— (12a)
s FWCe.u. I ADU
2V Te.u. 2
Ppot = ———— = —= (12b)
Ie.u. JT
2MSADU
Pyreamp =2 - NPe.u. (12¢)

"FWCe.. 1 ADU

where ND is the dark current, nbits is the number of bits in the A/D,
7 is the exposure time, FWC is the full-well capacity of the CCD in
electronunits, / represents the measured intensity expressedin A/D
units (ADU), and NP is the preamp noise in reciprocalelectronunits.
Note that the preceding relations provide 2o estimates normalized
by the signal 1.

Table 2 provides typical values for these parameters for both a
scientific-grade and a standard-video camera. Using these values
and a midrange intensity (I = 8192 and 128 for the scientific-grade
and standard-video camera, respectively), we obtain the following
comparison: Py, = 8.1 x 1075 vs0.033, Pypo; = 0.022vs 0.177,and
Ppreamp =4.1 X 10~* vs 0.02. Whereas these values can be reduced
by averaging, a standard-videocamera is clearly not well suited for
accurate measurements.

A 95% confidence-interval estimate for the total uncertainty is
obtained from

_ n2
- BATr

2
UA Tr

+ P, (13)

where the bias and precision estimates are obtained from Egs. (10)
and (11).

Results and Discussion

This section discusses the application of TSP to transition-
detection measurements on two models: a 76-deg swept-cylinder
model (diameter=2.54 cm and length=135.56 cm) and a 78-deg
swept-wing model (length=38.1 cm) in the NASA Langley Re-
search Center Supersonic (Mach 3.5) Low-Disturbance Tunnel.'® In
particular, sample results are presented, and uncertainty estimates
are evaluatedat each pixel using Eqs. (10-13). The results presented
in the following are for a scientific-grade camera only. As noted ear-
lier, only I and I, are measured.

Test Cases

To evaluate the effectiveness of the uncertainty analysis, some
simple test cases are performed with the swept cylinder. To begin,
two single wind-off exposures of the cylinder are acquired in suc-
cession. Here, the model is at a uniform temperature and, because
there is no flow, the bias error due to relative model motion is zero.

Figures 3a and 3b show the A7, and uncertainty images, respec-
tively. Because the mean temperature equals the reference temper-
ature, Fig. 3a actually represents the true error. Accounting for the
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background, the 95% error bounds are —0.31°C < error <0.29°C.
The uncertainty estimate, computed at each pixel as earlier outlined,
varies from 0.23 to 0.57°C, and the average estimate is £0.30°C.
Alternatively, because an uncertainty estimate is obtained for each
pointin the temperature image, one can calculate the percentage of
pixels for which the uncertainty estimates bounds the actual error;
this result is 97%. Thus, the uncertainty estimate is consistent with
a 95% confidence interval.

A harsher test case is needed to assess the ability of the method
to estimate the contribution of the bias errors, most notably that due
to systematic relative model motion. To do this, the approximate
deflection of the swept-cylinder model is estimated from prior test
runs. This deflection is then simulated in a wind-off condition by
first acquiring a single referenceimage, and then after deflecting the
model by loading the model mount with weights, a simulated run
image is acquired.

Figures 4a and 4b show the A7, and uncertainty images, respec-
tively. The static loading of the model mount is such that the run
image effectively moves away from an observerinto the page. How-
ever, the deflection is less than one pixel in both directions, and so
polynomial image registrationis ineffective here.

The temperature image, which again is the actual error image,
reveals little detail, with the exception of the registration marks, a
junction in the model, and the model edges. The uncertainty image
emphasizes these regions of potentially large errors and also esti-
mates the magnitude of the errors. Figure 4c shows line plots of AT,
and uncertainty estimates extracted from their respective images in
Figs. 4a and 4b. These plots show that random errors dominate in
the central portion of the image away from model edges but that the
model motion causes large bias errors that dominate near the visible
edges of the model. The uncertainty analysis clearly defines these
regions.

The true error varies from —1.3 to 2.4°C, primarily due to model
deflection, whereas the uncertainty estimates vary from 0.23 to
about4°C. The uncertainty estimate bounds the actual error 81% of

a) AT, image between two successive images

registration mark

b) Uncertainty image corresponding to A T, image shown in part a

Fig.3 Results of first test case with swept cylinder that show the vari-
ation in temperature between two successive wind-off images.

b) Uncertainty image

the time. Although lower than the desired value of 95% coverage,
further analysis shows that the uncertainty estimate bounds the error
over 95% of the time when the error is less than 1°C. Therefore, it
may be concluded that the bias error is underestimated near model
edges. Nonetheless, the uncertainty analysis certainly shows the
right trends and represents an effective method for evaluating the
local quality of a temperature image.

Sample Applications

In flow-on situations, the swept-cylinder model exhibits large
temperature variations along its length (due to the large thermal
mass of a solid support structure). The TSP results agree with cor-
responding thermocouple measurements. However, the thermocou-
ples are not calibrated against a secondary standard, and so their
estimated uncertainty (approximately £1°C) is greater than that of
the paint measurements.

A sample paint result and corresponding uncertainty image are
shown in Figs. 5a and 5b, respectively. The flow conditions are
M, =3.5 and Re;, =9.6 x 10°. Three cycles of a standard linear
gray-scale look-up table (LUT) are used to increase the contrast
in the AT, image. A parabolic-shaped transition region is clearly
visible in this image.

Note thatin Fig. 5b the regionsof large uncertaintyare confined to
within about 10 pixels of the model edge (ignoring the registration-
mark locations). Away from edges, the uncertaintyis about +0.3°C.

Aninterestingpointaboutthis applicationis that, instead of using
a wind-off image as the reference image, a run image at a low
Reynolds number, i.e., laminar condition, is used. As a result, the
relative motionbias is substantiallyreducedbecausethe incremental
change in model deflection between the two run conditionsis small.
A similar technique was first suggested by McLachlan et al.* for
low-speed flows in which run images obtained at two differentMach
numbers are used to infer the transition location.

Finally, the results from a swept-wing application are shown
in Figs. 6a and 6b. Here the flow conditions are @ = —2 deg and
Rey, =13.8 x 10%/m. Again, a three-cycle LUT is used to show

b) Uncertainty image

Fig. 5 TSP results of swept-cylinder test for Mach 3.5 and Rep =
9.6 X 105; three cycles of a standard gray-scale LUT are used for the
image in part a.
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Fig.4 Results of second test case with swept cylinder that show the temperature error introduced by model motion.
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Leading Edge

Registration Mark
Symmetry Plane

a) AT, image

TR e A9 TR §

b) Uncertainty image
Fig. 6 TSP results of swept-wing test for angle of attack=— 2, Mach

3.5, and Re/m = 13.8 X 10°; three cycles of a standard gray-scale LUT
are used for both images.

the transitionfrontin the AT, image. The transition frontis approx-
imately parallel to the leading edge of the model and then turns and
becomes almost parallel to the symmetry plane. As with the swept-
cylinderapplication,companionthermocouplemeasurementsagree
with the TSP measurements to within the estimated accuracy of the
thermocouples (£1°C vs about £0.3°C for the TSP). However, the
TSP measurements are in error near the leading edge of the model,
as indicated by the uncertainty image.

It should be noted that TSP luminescenceintensity measurements
are not inherently inaccurate near model leading edges. The diffi-
culties occur near the edge of the field of view or near sharp edges.
As aresult, multiple views of various portions of the model may be
necessary to obtain accurate measurements over the entire model
surface.

Conclusions

This paper presents an uncertainty analysis of TSP luminescence
intensity measurements with CCD cameras. A general uncertainty
analysis shows that the error is inversely proportional to the nor-
malized paintsensitivity, (—A7, /I)(01/9d AT, ). Elemental bias and
precision error sources are then described in detail, and techniques
to estimate their magnitude at each pixel and to alleviate their ef-
fects are given for both standard-videoand scientific-grade systems.
The scientific-grade camera, although much more expensive than a
standard-videocamera, offers superior performance for demanding
quantitativeapplications. Example applications of the measurement
technique and uncertainty analysis to swept-cylinder and swept-
wing models in supersonic flow are presented. Average uncertainty
estimates of £0.3°C are obtained for several sample applications
using a scientific-grade camera. However, it should be emphasized
that general statements about accuracy are impossible because er-
ror estimates are quite dependenton the system parameters and test
configuration. Significant variations within a single image are also
quite possible. We have found that the systematic relative motion

between model and illumination source is often the dominant er-
ror term. A method is proposed to alleviate the effects of model
motion in transition-detection measurements. The method deter-
mines the temperature change between two run images: one at a
low Reynolds number, i.e., laminar condition, and one at a higher
Reynolds number. The resulting transition pattern, which would be
buriedin the details of an absolute temperatureimage, is then clearly
revealed.
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