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Heat-Transfer Measurements in Hypersonic Flow
Using Luminescent Coating Techniques

J. P. Hubner,¤ B. F. Carroll,† and K. S. Schanze‡

University of Florida, Gainesville, Florida 32611

The developmentand applicationof high-speed imagingand luminescent coating techniques to measure full-� eld
surface heat-transfer rates in short-duration hypersonic � ow is presented. Tests were performed on an indented
cone model at the 48-in. shock tunnel and the LENS I tunnel facilities at Calspan—University of Buffalo Re-
search Center. Nominal test conditions ranged between Mach numbers of 9.5 and 11.1 and Reynolds numbers of
1:4 £ £ 105 and 3 £ £ 105 m¡ ¡ 1 with run times of less than 10 ms. Processed submillisecond images show the three-
dimensional, time-dependent development of the embedded separated � ow and shock/boundary-layer interaction
into a steady axisymmetric structure bounded by regions of laminar � ow. Conversion from processed image data
to full-� eld heat-transfer measurements were performed using both an in situ calibration with thin-� lm platinum
heat-transfer gauges as well as an a priori temperature calibration and transient heat-transfer theory. In situ
calibrations displayed excellent correlation with surface-mounted gauges, whereas a priori calibrations showed a
larger susceptibility to bias errors.

Nomenclature
C , D = calibration coef� cients, K
h = coating thickness, ¹m
I = emission intensity
K = thermal conductivity,W/K-m
M = Mach number
q = heat-transfer � ux, W/cm2

Re = Reynolds number
T = temperature, K
t = time, ms or s
U = uncertainty
y = local depth of temperature-sensitivepaint, ¹m or m
® = thermal diffusivity,m2/s
¸ = wavelength, nm
¿ = diffusion time constant, s

Subscripts

cure = curing conditions
em = emission
ex = excitation
i = initial conditions
ref = reference conditions

Introduction

T HE fundamentals of aerodynamic testing with luminescent
coatings designated as temperature- and pressure-sensitive

paints (TSPs and PSPs, respectively) are well documented.1;2 The
use of luminescent coatings in this context refers to metal-organic
luminophors (luminescentmolecules) dissolved and processed in a
polymer binder to enable the aerosol or casting application of the
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coatingbut by naturehave an upper temperaturelimit of 400–500 K.
The optical technique yields full-� eld measurements of the surface
temperature, heat transfer, or pressure depending on the composi-
tion of the coating. The application of TSPs and PSPs to transient
supersonic and hypersonic � ow environments, although relatively
recent, is increasing.3¡8 For higher temperature ranges, inorganic
thermographicphosphors9¡11 and infrared thermometry12 are alter-
native techniques.

Basic characteristicsof an ideal luminescent-basedmeasurement
system for short-duration facilities include durable, fast response
coatings; high-energy excitation sources; and high-speed/high dy-
namic range imaging devices. The primary advantages of such a
measurement technique are high spatial resolution, relative non-
intrusiveness,and the ease of application/instrumentationcompared
to point-wise measurement techniques. For instance, the tests pre-
sented and discussed in this paper were conductedas part of a larger
code validation study of the shock/boundary layer and shock/shock
interactions on generic axisymmetric models in laminar hyper-
sonic � ow.13;14 The thin-� lm heat-transfer sensors employed are
well-proven,high-frequencydevices but have a physical maximum
linear density [Calspan—University of Buffalo Research Center’s
(CUBRC’s) sensor design is about three per cm]. Because of the
practical considerations of installation time and cost, the sensors
sparsely populate the surface, primarily located to exploit the sym-
metry of the model with only a few located azimuthally around the
cone. When � ow asymmetries arise, the initial alignment of sensors
might not adequately capture the surface features. With imaging
techniques and considering the optical constraints of typical wind-
tunnel test facilities and model size, practical pixel (measurement)
densities of 100–2500 per cm2 can be achieved with a 256 £ 256
high-speedimager.The continueddevelopmentof high-framingrate
charge-coupled device (CCD) cameras enables the application of
this technique to short-duration(less than 10 ms run time) transient
facilities. The focus is on temperature coatings and the subsequent
heat-transfermeasurements on the indented cone model; however,
many of the general characteristics of the coating and equipment
apply to pressure measurements in transient and/or high-pressure
environments.

Experimental Technique
TSPs are coatings consisting of a carrier, binder, and photolumi-

nescent probes. The carrier is a solvent to enable the dispersion of
the probes within the binder and assist in the aerosol application
of the paint to the surface of interest. The binder is the matrix that
forms the coating, generally oxygen-impermeable polyurethanes,
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epoxies, or sol-gels. (PSPs use oxygen-permeable binders and
quench luminescence via external collisions.) The photolu-
minescent probes—luminophors—are the temperature-sensitive
molecules dispersed within the binder. The temperature sensitiv-
ity of the luminophors arises from the competition between pho-
toluminescence and nonradiative relaxation. Photoluminescence is
red-shifted from the excitationbecauseof the energy loss processes
of internal conversion and crossings between electronic states. The
absoluteemissionintensityis also relatedto the amountof excitation
energyas well as the concentrationof the luminophor.For radiomet-
ric or intensity-basedmeasurements a reference image is necessary
to account for nonuniform coatings and spatially and temporally
varying excitation � elds.

The proper excitation of the paints depends on the absorption
band of the luminophor. Most coatings are designed for long UV
to visible blue excitation. The intensity of the coating emission is
quanti� ed by an imaging device, that is, a digital camera, appropri-
ately � ltered at the emission wavelength. The amount of emission
correspondsto gray-scaleintensityvalueson the imager. Images are
acquired in the reference and run environments, processed to form
an image ratio, and convertedto temperaturevia calibration.The ba-
sic processing steps for digital-based imaging, prior to ratioing, are
dark-� eld image correction, � at-� eld image correction, and image
registrationor warping. These processesare described in general by
Refs. 1 and 2.

Following these processingsteps, it might be necessary to correct
for the time-dependent nature of the � ash source if only a single
reference image is used to normalize a sequence of run images. The
approachused in these experimentsis to acquirea corresponding1:1
sequenceof reference-to-runimages in which bothsets are triggered
at the same relative time within the � ash duration. The preceding
correctionis global in natureand doesnot accountfor pixel-by-pixel
variation of excitation caused by in- or out-of-planemovement in a
nonuniform excitation � eld. It also assumes stability in the overall
excitation � eld from � ash to � ash. These issues will be discussed
further in the following sections.

The nonradiativedecay transition for luminescent probes are of-
ten describedbyanexponentialdecayprocess.15;16 Hence, thecorre-
spondingtemperaturecalibrationforTSPs followsa logarithmically
linear trend with respect to the intensity ratio of reference image to
run image [Eq. (1)]:

T D C C D

³
Iref;TSP

ITSP

´
(1)

Ratioing corrects for spatial excitation and coating nonuniformities
when the relative specimen movement is small comparedto the spa-
tial gradient of the excitation � eld. Over larger temperature ranges
polynomial calibrations might be necessary, but caution should be
used when extrapolatingbeyond the calibratedregions.The calibra-
tion coef� cients in Eq. (1) are best determined with in situ surface
measurementson the model. If calibratingsensors are not available,
then an a priori calibration is necessary. Further image processing
on calibrated images to improve appearanceare spatial � ltering and
false-color contouring.

Thermal diffusivities of polyurethane binders typically are on
the order of 1 £ 10¡7–1 £ 10¡6 m2/s. Simply based on dimensional
analysis, the characteristic response time of TSP coatings is in-
versely proportional to the thermal diffusivityof the binder [Eq. 2]:

¿ / h2=® (2)

This response time is slower than the characteristic luminescent
lifetime of the luminophor itself by orders of magnitude (0.1–1 ms
compared to 0.1–1 ¹s, respectively,assuming a thin TSP coatingof
10 ¹m or less). Between the active TSP layer and the model surface
is an insulatingpolyurethanelayer.The requiredinsulatingthickness
is estimated based on the one-dimensional, semi-in� nite transient
heat � ow analysis assuming a step change in the heat-transfer rate.
This corresponds to an insulator thickness on the order of 100 ¹m
for run times of 10 ms and an insulatingdiffusivityof 3 £ 10¡7 m2/s.

Fig. 1 Typical heat transfer (W/cm2) vs time (ms) measurement
acquired with a CUBRC sensor.

The thin, active TSP layer is sprayed on top of the insulating layer
(»5–10 ¹m). Both the TSP and insulatingbinders are polyurethane
and exhibit similar thermal characteristics except that the TSP has
a “thermal” thickness of less than 1% of the insulator. This is im-
portant because the purpose of the active TSP layer is to respond to
the surface aerodynamic temperature. However, because there is a
� nite thickness to the active layer a nonuniform temperature distri-
bution through the layer exists. Hence the corresponding integrated
intensity through the active TSP layer is an approximatemeasure of
the actual surface intensity. By minimizing the TSP thickness rela-
tive to the insulator thickness (while still achievingviable intensity
measurements), the integrated inducederror as well as the TSP time
constant ¿ is minimized.

For typicalshort-durationapplicationspresentedin this paper, the
Biot number (nondimensional heat transfer) and Fourier number
(nondimensional time) are small (<0.5). A step change in heat-
transfer rate q is assumed. Figure 1 shows a typical point-wiseheat-
transfer measurement with respect to time. The measured rate is
relativelyconstantuntil the freestream tunnel conditionsdeteriorate
.t > 13 ms). For such conditions q is proportional to the surface
temperature rise 1T (see Appendix).

Facility and Instrumentation
Test Facility

The tests were conductedin the 48-in. shock tunneland the LENS
I tunnel facility at CUBRC. Imagesof the tunnels’expansionnozzle
and test section are shown in Figs. 2a and 2b. The basic operation
for each tunnel is the same. The tunnels are started by rupturing a
double diaphragm(Fig. 2c), which permits the high-pressure,high-
temperaturedrivergas to travel into the driven tube. A normal shock
developsand propagatesthroughthe low-pressuredriven gas. When
the normal shock strikes the end of the driven tube (secondary di-
aphragm), it is re� ected back toward the driver section, leaving a
region of nearly stationary high-pressure, high-temperature driven
gas. The driven gas is then expanded through a nozzle and into the
test section. Run times are controlled by the type of gases, their
initial conditions, and the tunnel geometry. Test-section run times
are limited by the re� ected shock, driver/driven gas interface,or the
leading driver expansion wave. Run times can range from a couple
of milliseconds up to 30 ms.

TSP and Insulator

The temperaturecoatinguses rutheniumtris (1,10-phenantholine)
dichloride (Ru-phen) as the active sensing molecule with the fol-
lowing characteristics: T is 270–400 K; D is 25 K; ¸ex is 350–
500 nm; ¸em is 550–700 nm; tcure is 3 h; and Tcure is 315 K. [D is
calibration coef� cient D in Eq. (1), Tref D 295 K, as measured in
a temperature controlled spectrophotometer; and the insulator re-
quires same curing time and temperature.] Whereas Ru-phen ex-
hibits oxygen-quenching, and hence pressure sensitivity, the lu-
minophors are dissolved into a nonoxygen-permeablepolyurethane
binder. Figure 3 shows the temperature sensitivity measured with
a spectrophotometer.This yields a near-ideal temperature sensitiv-
ity because the excitation and emission bandwidths are 1 nm, and
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a) LENS I

b) 48-in. HST

c) Tunnel schematic

Fig. 2 Test facilities and schematic.

Fig. 3 A priori TSP intensity-ratio calibration using a spectrophoto-
meter: Tref = 295 K. Open symbols represent the low temperature limit
of sensitivity.

thus the spectral leakage between excitation and emission is negli-
gible. Maximum sensitivity is in the range of 270–400 K. For lower
temperature ranges variants of the ruthenium complex are neces-
sary such as rutheniumbis (2,20:60,200-terpyridine)dichloride (100–
200 K) and ruthenium bis (2,20-bypyridine) (2,20:60,200-terpyridine)
dichloride (150–250 K) (unpublished research results by Y. Shen
and K. Schanze).At higher temperaturesthe complex becomes fully
quenched, and the polyurethane coating as well as the luminophor
is susceptibleto thermal degradation.For the more extreme temper-
ature cases high-temperaturepolyurethanesor binders are required
as well as different luminescent probes, including thermographic
phosphors.

Fig. 4 Relative (to maximum) absorption and emission spectra for the
TSP.

Fig. 5 Relative (to maximum) � ash excitation decay for variouspower
settings. The 4000-J setting was repeated eight times to demonstrate
� ash repeatability.

Visible peak excitation and emission wavelength ranges for
the TSP are shown in Fig. 4. The TSP is applied over a white
polyurethane insulating layer; both are sprayed using conventional
aerosol/airbrushequipment.Nominal TSP and insulatorthicknesses
are 5–10 ¹m and 100–150 ¹m, respectively (§5¹m). Thicknesses
were measured with a nonferrousdetectingeddy-currentprobe.The
average thermal conductivity and diffusivity of the insulator17 are
0.48 W/(K-m) and 2:7 £ 10¡7 m2/s, respectively, between the tem-
perature range of 293 and 323 K.

Excitation Sources and Filtering

The TSP was excited using a photographic� ash unit. The power
supply is capable of delivering 4000 J of energy to a single xenon-
� ash illuminator (2000 J for two illuminators). A power trim dial
can adjust to discharge energy down to 125 J. An external relay is
used to trigger the � ash upon a 5-V timing signal.

As a reasonable approximation, the � ash intensity trace follows
a simple exponential decay related to 1) the resistance of the � ash
element and cablingand 2) the variablecapacitanceset on the power
supply. Figure 5 shows characteristic intensity decay plots. (Eight
time series are shown for the 4000 J case.) For a single image per
test run the � ash is set to 2000 J or below. The corresponding time
constant is 1.25 ms at 2000 J with a coef� cient of variance equal to
3%. For multi-image acquisition,a single � ash is set for 4000 J. The
correspondinglifetimeis 1.93ms with a coef� cientof varianceequal
to 1%. This level of variance was acceptable to assume constant
� ash-to-�ash excitation, and, hence, the only excitation correction
for a sequence of images was the temporal correctioncaused by the
time-dependentdecayof the � ash. In terms of outputenergy(98%of
total), the relative � ash time was 7.9 ms at 4000 J. For longer tunnel
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run times multiple units are necessary. The � ash is monitored with
a photodiode.

Ultraviolet to blue excitation � lters and orange-red emission � l-
ters are necessary to separate the emission from the excitation. A
combinationof two Schott glass � lters (BG 12 and BG 39; 120 mm
o.d. and 3 mm thick) were utilized to � lter the xenon � ash excita-
tion. Together, they provide excellent � ltering of the excitation (see
Fig. 6a). For emission � ltering a 650-nm interference � lter (80-nm
bandpass) was used in conjunction with a high-pass Schott glass

a)

b)

Fig. 6 Normalized transmission plots for a) excitation � lters and
b) emission � lters: note log scale.

Fig. 7 Schematic of the indented cone model.

� lter (OG 530; see Fig. 6b). The peak transmission ratio, the ratio
of transmitted to incident intensity, for the excitation/emission pair
was 8 £ 10¡8 at 550 nm and 1:4 £ 10¡7 at 700 nm.

CCD Imagers

A fast-framingCCD camera system employs a circuitdesign that
allows on-chip framing rates from 15 frames per second (fps) to
1,000,000 fps with a frame capacity of 17 frames. The practical
framing rates for the measurement system used at the CUBRC fa-
cilities are 100–5000 fps, depending on the length of the test run,
the desired sampling rate, and the ability to effectively detect coat-
ing emission for short exposures. In the latter case a high quantum
ef� ciency camera and high luminosity coatings are desirable. The
advantageof the � exible framing rate (exposuretime) is theabilityto
choose from a single long-exposureimage or several short-exposure
images duringa single tunnel test. The frames (or images) are stored
on the chip until all 17 frames are acquired, then the data are trans-
ferred to the PC-installed frame grabber card. The CCD has a full
well capacity (FWC) of 220,000 e¡ and a readout noise level of
70 e¡ . These values correspond to a dynamic range of over 3000;
hence, the 12-bit analog-to-digital converter of the frame grabber.
The effective spatial resolutionper frame is 248£248 pixels, and its
activepixel size (� ll region)is 13.4£13.4 ¹m. Features like external
triggering and exposure length are software controlled.

In additionto the high-speedimaging,a 14-bitCCD camera (with
a SITe SI502A CCD, 512 £ 512 pixels) was used. The single-shot
camera had better dynamic range and spatial resolution, which is
more suitable for time-averagedmeasurements in a steady-stateen-
vironment.For both cameras typicalphotographiclenseswere used.
Because of the short exposure times, fast lenses are preferred at the
expenseof depth of � eld. The f/# rangedbetween 1.4–3.5 with focal
lengths of 35–80 mm.

Model and Instrumentation

Figure 7 shows a schematic of the 25/55-deg indented cone
model with heat-transfergauge locations. The back diameter of the
model is 0.262 m. The model can be � tted with a sharp- or blunt-
nose cap (6.4-mm radius). The overall length with the sharp-nose
cap is 0.194 m. Over 60 platinum thin-� lm heat-transfer gauges
are aligned along a ray of the model. Additional gauges were in-
stalled azimuthally along the � are (aft) cone near the region of
the shock/boundary-layerimpingement. The insulatingsubstrateof
the gauges is Pyrex. Reported measurement accuracy13 is §5%, and
the measurement resolution is less than 0.5 W/cm2 .
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The TSP and insulator were applied to 50% of the model for the
48-in. HST tests and 25% of the model for the LENS I tests. For
the latter case the azimuthally located heat-transfer gauges limited
the region of TSP application. Insulator thickness was 100 ¹m or
greater.

Results and Discussion
The measurements presented and discussed in this paper were

part of a larger experimental program used to provide data to
evaluate numerical codes for laminar hypersonic � ow.13;14 The
Mach-number and Reynolds-number ranges were 9.5–11.1 and
0:14 £ 106–0:3 £ 106 m¡1 , respectively.Speci� c test conditionsare
listed in Table 1. Figure 8 (Ref. 13, Fig. 37) shows a schlieren pho-
tograph of the � ow� eld around the indented cone model. Visible is
the intersectionof the forebodyshock and the aftbody (� are) shock.
There is a separation region induced by the shock/boundary-layer
and shock/shock interactions.This exists over the leading cone, and
the � ow reattaches over the � are cone. Decreasing Mach number
and increasing Reynolds number increases the separation size.

Initial TSP measurements were acquired with the single-shot
CCD camera in the 48-in. HST. The effective exposure time was
3 ms. The start of the � ash was delayed 4 ms beyond the onset
of � ow. Figures 9a and 9b show in situ calibrated temperature re-
sults for runs 41 and 42, respectively.For both cases the separation
region and corresponding shock interaction had not stabilized as
indicated by the asymmetric high-temperature(light-gray to white)
bands formed by the shock/boundary-layerstructure aft of the sep-
arated region and on the � are cone. (Color images are available via
correspondence with authors.) Close inspection of the asymmetry
shows that the shock/boundary-layer interaction near the surface
corresponds in opposition to the location of the onset of � ow sepa-
ration. Where � ow separation is present, the correspondingsurface
temperature(or heat-transferrate) is low (dark gray).As the onset of
the separation region occurs further upstream, the shock interaction
with the boundary layer occurs further downstream.

The asymmetric � ow features shown in Fig. 9 were transient in
nature and stabilized after 6–8 ms. (Freestream test conditions are

Table 1 Run matrix

Run M Re, 1/m Nose Facility

41 11.1 0:14 £ 106 Sharp 48-in. HST
42 11.1 0:16 £ 106 Blunt 48-in. HST
46 11.0 0:14 £ 106 Sharp 48-in. HST
25 9.6 0:27 £ 106 Sharp LENS I

Fig. 8 Schlieren photograph of � ow over the indented cone model
(from Ref. 13, Fig. 37).

Fig. 9 Temperature results for the sharp-nose (left) and blunt-nose
(right) indented cone model in the 48-in. HST with a 4-ms delay from
� ow onset. Asymmetric features were captured prior to the � ow struc-
ture stabilizing at » » 7–8 ms.

Fig. 10 Heat-transfer results for the sharp-nose indented cone model
in LENS I with an 8-ms delay from � ow onset.

attained approximately 2 ms from the onset of � ow.) Figure 10, an
in-situcalibratedheat-transferimage fromrun25, showsa stabilized
axisymmetric pattern. Clearly present are the separated (dark gray)
and shock/boundary-layerinteraction(lightgray)regions.Figure 11
shows centerline heat-transfer values for both the TSP and gauge
measurements.Visible in the linegraphand thegrayscalecontoursis
the mild recompressionaft of the shock/boundary-layerinteraction.
The relative rms calibration error of the TSP measurements with
the gauge measurements is 15%. This variation is caused by the
high-frequencyunsteadiness in the � ow features as detected by the
heat-transfergauges.The standarddeviationof the calibratinggauge
measurements relative to the mean (acquired over 1–2 ms) ranged
from 10 to 20% with the higher variations in the region near the
shock/boundary-layerinteractions.

Figure 12 shows the time-dependent intensity-ratio images cap-
tured with the high-speed camera (run 46). The framing rate was
2000 fps (0.5 ms exposure). Every other intensity-ratioed image
is shown (1 ms). Reviewing the image sequence from left to right
shows the development of the surface heating. The � rst image is
1 ms aft the onset of � ow. This image and the following, acquired
while the tunnelconditionsrise to the desiredfreestreamconditions,
shows the � are shock impingement just aft of the intersectionof the
leading and � are cones. Afterwards, the separation region grows
upstream, and the shock impingement moves downstream. At 4 ms
the azimuthal boundary of the shock impingement is similar to that
shown in Fig. 9. A spatialwavinessof two periodsper circumference
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Fig. 11 Centerline heat-transfer results from Fig. 10.

Fig. 12 Time-dependent intensity-ratio measurements on the sharp-
nose indented cone. Images shown at successive 1-ms intervals. (Actual
acquisition rate was 2000 fps.)

Fig. 13 Centerline heat-transfer results from Fig. 12.

exists. As time increases, the separated region and shock impinge-
ment boundary appear to stabilize and become axisymmetric.

Figure 13 shows the corresponding heat-transfer results from
the time-dependent intensity ratio data (Fig. 12) along the center-
line of the model. First, the intensity-ratio data were converted to
heat-transfermeasurements using an a priori intensity/temperature
calibration (Fig. 3), the thermal properties of the coating, and the
transient one-dimensionalheat-transfer assumptionsdescribed ear-
lier. As shown by the thin line, the trends match that of the gauge
measurements,but the coatingvalues overpredictedthe gauge mea-
surements by 20–50%. Often the case with a priori calibrations is
the presence of unacceptable bias or offset errors. These arise as a
result of 1) the differences between the coating calibration exper-
iments and the actual applied experiments (test setup differences
that lead to spectral leakage, background illumination, etc.) and 2)
uncertainties associated with the thermal properties of the coating
and insulator.For the latter case the uncertaintyin the thermaldiffu-
sivity and conductivity is 9 and 6%, respectively.17 Although these
errors arise as biases, they would not account for the overall bias

in the a priori calculations. It is the former case, where calibrating
conditionshave changed (broader spectral � ltering ranges, possible
spectral leakage, and � nite TSP thicknesses), that causes the larger
offset. In situ calibrationwith gauge measurements can account for
these bias errors. When the intensity-ratio data are calibrated with
the gauge data (thick line), there is excellent agreement. Calcu-
lations based on time-dependent measurements show a minimum
resolution of approximately 2–3 W/cm2 .

Conclusions
This paper describes the application of time-dependent TSP

measurement techniques to acquire the surface temperature and
heat-transfer rates on a generic indented cone con� guration in
short-duration hypersonic � ow. Freestream Mach numbers ranged
between 9.5 and 11.1 and run times were on the order of 10 ms.
Heat-transfer rates ranged between 1 and 100 W/cm2. The mea-
surement techniquedemonstrated its value by clearly capturing the
initial time-dependentnature of the surface features during the on-
set of � ow and then the � nal axisymmetric distribution. Intensity
ratio measurements calibrated well with in situ surface mounted
gauges; however, a priori calibrations led to large bias errors. Heat-
transfer measurements were determined from both single-shot and
time-dependent image data. A practical camera exposure time of
0.5 ms was used to balance the effects of low measurement in-
tensity and provide reasonable temporal resolution. The threshold
measurement resolution was 2–3 W/cm2 . Further advances in CCD
or camera technology that increase the number of captured frames
without sacri� cing outlined performance characteristics are desir-
able; however, this must correspond to improved or multiple ex-
citation sources (preferably constant intensity) that enable longer
overall acquisition times.

Appendix: Additional Theory
Heat-Transfer Rate Calculation

The temperaturedistributionfor a one-dimensional,semi-in� nite
layer, constant heat-transfer analysis18 is shown in Eq. (A1):

T .t ; y/ D Ti C 2q
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At the surface .y D 0/ the change in the square of the temperature
rise, 1T 2 D .Ty D 0 ¡ Ti /

2, with respect to time is constant assuming
that the thermal properties k and ® are independent of temperature.
Hence,

d1T 2
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­­­­
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D
4

¼
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From Eq. (1), the TSP calibration equation, the change in tempera-
ture is

1T D T ¡ C D D .I ¤/ (A3)

where I ¤ is the intensity ratio of the reference condition to the run
condition and 1T D 0 when I ¤ D 1 at t D 0. Substituting Eq. (A3)
into Eq. (A2) yields
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and rearranging results in the following expression for q :
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¼
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µ
.I ¤/
p

t

¶
(A5)

For multi-image sequences with respect to time, a least-square re-
gressioncan be used to calculate the expressionin the square brack-
ets. In cases of transientheat � ux, numerical integrationof the time-
dependent data is necessary.19;20
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Uncertainty Analysis

A general uncertainty analysis21 on Eq. (A5) provides some in-
sighton the relativecontributionof each term to the totaluncertainty
in the calculation of q . Equation (A6) shows the resulting relative
uncertainty in terms of the uncertainty in k, ®, 1T , and t :
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C 1
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Assuming the temperature calibration constant D is determined in
situ, the uncertainty in 1T arises as a result of the uncertainty in
the camera intensity measurements. Based on the TSP calibration
[Eq. (1)] the relative uncertainty in 1T is

U1T =1T D [1= .I ¤/]
£
UI¤

¯
I ¤

¤
(A7)

Equations (A6) and (A7) show that the intensity-ratio uncertainty
and the thermal conductivityuncertaintyare themost importantcon-
tributions. Speci� cally, when there is a small temperature change
there is a signi� cant contribution in uncertaintycaused by the func-
tional form of Eq. (A7). Small changes in temperature correspond
to values of I ¤ ¼ 1; hence, .I ¤/ ¼ 0, and the uncertainty in the
temperature change is large. As the temperature change increases
(as a result of higher heat-transferrates, longer measurement times,
or changes in the insulator properties), the associated uncertainty
decreases. Relative uncertainty values for the various contributing
parameters presented in this paper are 9% for thermal conductiv-
ity, 6% for thermal diffusivity, and 2% for time. As just explained,
the relative uncertainty in the temperature depends on the amount
of temperature change. Based on the contributing factors of shot
noise, readout noise, and A/D resolution, and assuming 25% full-
well capacity for both the referenceand run images, the temperature
change uncertainty ranges between 46% for 1T D 1 K and 2% for
1T D 20 K. For the latter case the heat-transferuncertainty is 10%
and is primarily caused by the uncertaintyin the thermal conductiv-
ity. In situ calibration can account for the uncertainties of k and ®,
and, thus, the relative uncertainty is controlled by the camera and
excitation characteristics(»3%).
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