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Infrared Thermographic Techniques for Arc-Jet Testing
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Thermography can be used to image materials in the infrared range and to produce two-dimensional maps of
surface temperatures of materials in extreme environments and under harsh experimental conditions where
directly measuring the surface temperature with probes at all desired locations is either difficult or impossible.
Thermography is a process for measuring the surface radiant energy and reducing it to a temperature map of the
surface. Until recently quantitative temperature data for arc-jet tests were not easily achievable by thermo-
graphic techniques. To obtain quantifiable results, experimenters need reliable effective values for the emittance
of the radiating surface, the transmittance of any intervening windows or other media, and the bandpass of any
filters. In a new approach, these properties were lumped together and evaluated by integrating the relevant tem-
perature-dependent spectral properties and using the experimental data from a limited set of surface thermocou-
ples. This approach was validated by the good agreement between different surface thermocouples and tempera-
tures derived from thermographic measurements. Thermographic monitoring of a series of arc-jet tests is
described. The thermographic data gathered are used to evaluate the heating distribution across the surface of

the test model as well as the effect of steps in the model surface on the surface temperature.

Nomenclature
e = emissive power, W/ m? um
Fer  =lumped effective optical property
T = temperature, K
Ax = step height between tiles , mm
€ = emittance
A =wavelength, um
T = transmittance
Subscripts
C = center surface
IC = thermocouple
TGY =thermography
w =window
AT =at wavelength A and temperature T
Introduction

HERMOGRAPHY has been used to monitor hypersonic flow

tests in the past by Compton' of NASA Ames Research Center
and by a number of researchers from other institutions, including
Boylan et al.,”> Bandettini and Peake,® Carlomagno et al.,* Monti
and Zuppardi,® Simeonides et al.,* and Balageas et al.” The recent
advances in thermography, as discussed by Carlomagno and
DeLuca® and Henckels and Maurer,” have only begun to be fully
exploited. Augmenting thermocouple and spot radiometer data
with thermography was found to be a valuable tool for a number of
other different applications as well.
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Heatshield design for advanced space vehicles requires an array
of different thermal protection materials, to withstand the wide
range of predicted heating environments. The predominant thermal
protection material used on the Space Shuttle Orbiter is a tile sys-
tem composed of rigid fibrous ceramic tiles that are coated with a
high-emittance reaction-cured glass (RCG) coating. In this study, a
series of thermographically monitored arc-jet tests was performed
on an experimental tile model using the 20 MW panel test facility
at NASA Ames Research Center. The tile model experimentally
simulates a heatshield design.

The individual tiles can be positioned in a staggered pattern over
the surface of the vehicle in order to misalign the narrow gaps
between the tiles and, in certain designs, to align them at an angle
to the streamlines of the air flow over the surface. The surface of
the experimental model, like the tiled surface of a vehicle itself, is
not aerodynamically smooth but includes surface irregularities
such as steps and gaps between tiles. The surface steps result from
three different causes: thermal distortion of the tile materials dur-
ing the firing process, installation of the tiles within the assigned
step-height tolerances, and movement during flight. The locations
of these steps cannot be predicted and therefore cannot normally
be instrumented. The presence of forward-facing steps, in conjunc-
tion with other flow and geometric effects, can cause severe local
overheating of the materials under conditions that have been char-
acterized by Hube!? for the Space Shuttle as well as by Neiland!!
for the Buran flight regime, to cite only two references from the
extensive literature on this topic. For any new flight regime, the
conditions under which overheating can occur needs to be deter-
mined as accurately as possible to establish the appropriate step-
height tolerances for these new flight conditions. It is therefore
necessary to characterize the temperature distribution at stepped
locations on a model surface under controlled laboratory condi-
tions to extrapolate the experimental data to new flight regimes
that cannot be adequately simulated in ground-based test facilities.

For this work, test conditions were chosen that covered a range
of surface heat fluxes from 7.4 to 34.6 W/cm?. Experimental runs
were made imposing both step heat pulses and simulated trajecto-
ries to yield sufficient data for analysis. Both the angle of attack of
the model and the arc-jet operating conditions were changed dur-
ing the tests to control the heat flux to the surface of the model.
Figure 1 shows the imposed surface heat flux vs time for one of the
tests. A series of eight arc-jet tests was thermographically moni-
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Fig.1 Imposed heat flux on the surface of the model during arc-jet
test.

tored. Each’ test was monitored from the time the arc was estab-
lished through the heating and cooling phases of the model. The
thermographic data were recorded on videotape and postprocessed
by computer.

Temperature Measurement Techniques

Subsurface temperatures in the majority of tile test models are
easily measured with thermocouples; however, the surface temper-
atures are generally of the greatest interest. Frequently the surface
temperatures can be difficult to measure with thermocouples (TCs)
or resistance thermometric devices (RTDs) because the surface
itself is a thin coating or a porous layer. The sensor must be in
good thermal contact with the surface but not protrude through it.
The lead wire must be small gauge, must have small junctions, and
must be installed from the rear of the test specimen. Generally, to
instrument a tile, a hole is bored through the substrate to the sur-
face and the thermocouple is inserted before the tile is coated and
fired. This is usually difficult, tedious, expensive, and occasionally
results in damage to the coating or other parts of delicate models.
Thermocouples may not generally be surface mounted, since they
can perturb the gas flow over the surface or undergo catalytic reac-
tions with the gas species. To instrument porous models, sensors
are mounted directly behind the surface. In both cases, a metallic
thermocouple can change the temperature being measured because
of thermal conduction, catalysis, heat capacity, or differences
between the emittance of the thermocouple and the surrounding
material.

Thermocouples are also, of course, limited by their maximum
and minimum use temperatures. Type R (Pt-Pt/13% Rh) thermo-
couples can be used only to 1750 K, whereas several types of tung-
sten-tungsten rhenium thermocouples can be used to 2600 K, but
the chemical reactivity and brittleness of tungsten can cause diffi-
culties. In addition, thermocouples give only point measurements,
so where temperature gradients are anticipated, a large number of
thermocouples may be required to obtain the desired resolution.
Similar restrictions apply to RTDs.

Thermography is a process whereby the surface temperatures
are deduced from the infrared energy emitted by a target or source.
Generally, this is done by scanning the target with an electrome-
chanical mirror -or rotating prism system and converting the
incoming radiation to an electrical signal by use of an infrared
detector or array of detectors, usually HgCdTe, InSb, PtSi, or oth-
ers. The electrical signals are then converted to temperature by
computations, which depend on several variables, including sur-
face emittance and transmittance of the windows and the lenses in
the optical path.

Full field imaging, coupled with high spatial resolution, pro-
vided by 50,000 pixels (250X200) or more, provides previously
unavailable data on the effects of turbulent flow and localized heat-
ing or cooling. Infrared spot radiometers are used to measure or
verify temperatures, but these are limited by being local spot mea-
surements. As a means of measuring surface temperature, ther-
mography offers advantages over the use of thermocouples, RTDs,
and spot radiometers, because thermography measures surface

temperatures, as opposed to point temperatures, by remote non-
contact means under conditions where the direct measurement of
temperature is difficult or impossible. For example, without ther-
mography it is difficult to measure surface temperatures when tem-
perature gradients are present across the surface, in the presence of
irregular surfaces, or under flow conditions imposing a varied sur-
face heat flux boundary condition across the surface. In addition, it
is challenging to instrument highly porous materials such as flexi-
ble ceramic blanket materials, which are used as reusable re-entry
insulation. It is feasible, however, to measure the surface tempera-
tures on these and other complex structures by thermographic
mearns.

Thermographic data are collected at television frame rates,
either 20 or 30 Hz. In the cases where this is not sufficiently fast,
thermographic line scanning at rates up to 8 kHz can be achieved
by locking the vertical scan mechanism. Thermography displays
the measurements in a convenient graphical format that can be
recorded on videotape. Data can be presented in false color, which
is frequently advantageous to interpretation of test results. The
infrared system used in the present experiment resolves 256 sepa-
rate levels of radiance using a grey scale, which is divided over the
range of surface temperature variation, typically 100-500 K. The
images can also be displayed with a palette of 16 or more colors
for ease of interpretation.

The inversion of raw thermographic data to yield accurate tem-
perature data is not always straightforward, however, because the
accuracy of thermographic temperature measurements is strongly
dependent on the accuracy with which the emittance of the target
and the transmittance of the optical path between the scanner and
target are known. When the optical path is short and atmospheric
absorption is negligible, the only transmissive losses occur in the
viewing window and the aluminum mirror on the arc-jet tunnel,
both of which can be measured. These transmissive losses vary
with wavelength, angle, and temperature. This is discussed in
greater detail later.

Under other experimental test conditions than those described
here, the following two additional sources of error may become
significant. The emittance may change during the test due to abla-
tion, chemical reaction, or phase change at the surface under
observation. Any uncharacterized change in emittance will directly
result in an erroneous surface temperature when using thermogra-
phy, unless the thermographic measurements are calibrated against
independently measured temperatures. This may be accomplished
by the methods described in this paper. In addition, problems could
arise from detecting reflections of the electric arc from the target
surface. This reflected thermal energy would be interpreted by the
infrared camera as having been emitted by the target and would
result in an apparent higher surface temperature.

Ideally, we should know the emittance of all of the materials to
be tested as a function of both wavelength and angle and all of this
as a function of temperature. These data are rare and not easily
measured at the high temperatures produced in arc-jet tests. How-
ever, the appropriate values for the effective emittance and win-
dow transmittance have been calculated in this work from labora-
tory measurements and correlation with independent surface
temperature measurements using thermocouples.

Fig.2 Sketch of test model showing unshaded region imaged by
camera.
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Table 2 Effective radiative properties including filter
calibration and temperature effects for the three different
filters used

Bandpass  Blackbody Lumped effective radiative property,
filter, um  calibrated Fer
8-12 Yes 0.90—0.63* (T-730)/1000=0.01
3-5 No 0.70—0.123* (T/1000)*0.02
10.6 No 0.45+0.02
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Fig.3 Effective RCG hemispherical emittance and barium flouride
window transmittance for 8-12 pm bandpass filter.

Testing

The experimental model used in these runs was a 47X47 cm
panel with 13 removable tiles. Figure 2 is a sketch of the model
used in the arc-jet test section. The unshaded area indicates the
region typically imaged by the camera. The image is elliptical
because the model surface was at an angle to the horizontal. The
image of the ellipse is truncated where it intersects with the nozzle.
The lines on the model surface show where the gaps are located
between the tiles of the model surface. The panel was mounted on
a fixture whose angle of attack with respect to the freestream flow
was varied from 0 to 8 deg. Six of the tiles in the test model were
heavily instrumented with type R (Pt/Pt-13% Rh) thermocouples.
The thermocouples measured temperatures on the tile surface,
within the tiles, and along the tile gaps. The surface thermocouples
are in contact with the coating.

The tiles were composed of a rigid fibrous ceramic material
coated with a high-emittance RCG coating. The tile geometry was
representative of the tiles on one region of a proposed flight vehi-
cle. The tiles were 2.26 cm thick and were 15.7X13.8 cm parallel-
ograms, with the longer side at 18 deg to the perpendicular. On the
flight vehicle, a typical tile will have two edges at 18 deg to the
streamline and two edges normal to the streamline. Gaps left
between the tiles were typically 0.15-0.25 cm wide, with an aver-
age width of 0.20 cm. On a flight vehicle, gaps between tiles are
used to compensate for tile motion during flight due to thermal
expansion and contraction or vibration.

The thermographic equipment used was an Inframetrics 600
broadband scanner capable of detecting radiant energy over the 3—
14 pm infrared wavelength band. It is equipped with wide band-
pass filters of 3-5 and 8-12 um and with narrow bandpass filters
of 4.1 and 10.6 pm. It was calibrated by the manufacturer for mea-
suring temperatures to 1800 K. However, calibrations performed at
NASA Ames Research Center extended this calibration range to
nearly 2300 K.

The scanning camera was mounted on the top of the tunnel. The
optical path length from the camera to the test model surface was 1
m. A polished aluminum plate, mounted at a 45-deg angle, was
used as a mirror so the camera could be horizontal while looking
down into the chamber. For part of the test series, a wide-angle
lens was used since it afforded a view of the largest area of the test
model, although this reduced the spatial resolution. For the other
tests, the standard lens with a variable focal length was used to
afford higher spatial resolution of the instrumented center tiles of
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the experimental model. The spatial resolution of the test setup
was 0.023X0.023 m for the wide-angle lens and 0.009X0.009 m
for the standard lens.

The windows in the optical path were barium fluoride. The
transmittance of barium fluoride was high and constant from
below 1 um to up to nearly 10 pm but fell off rapidly above 10
pm. No alternative to barium fluoride was readily available. A zinc
selenide window would have been preferable in the 8-12 um
range for its superior transmittance above 10 pum.

Effective Thermographic Radiative Properties

Extensive measurements have been made of the high-tempera-
ture radiative properties of the RCG coating of the tiles, but the
available data are not applicable to this analysis since they were
not taken over the specific wavelength band used here. The surface
emittance required for thermographic use is an effective value of
the emittance. When the 8-12 um filter is in place, it depends only
on spectral data between 8—12 pm for the given temperature range.
To convert the measured surface radiant energy to surface temper-
atures, it is necessary to develop single values for the effective sur-
face emittance and the window transmittance in the 8-12 pm
range at high temperature. The hemispherical total emittance of the
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Fig.4 Comparison of surface thermocouple measurements with
thermographic temperature at the surface thermocouple locations
shown in boxes in Figs. 7-12.
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Fig.5 Comparison of surface thermocouple measurements with
thermographic temperature during a typical test.
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Fig.6 Step-induced heating of the tile leading edge as a function of
step height.
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reaction-cured glass surface and the transmittance of the barium
fluoride window were calculated from room-temperature spectral
measurements in the 8-12 wm wavelength band using a Digilab
Biorad FTS-40 Infrared Spectrometer at Ames Research Center.
The appropriate effective optical property is the integrated average
product of the surface emittance and the window transmittance. It
is weighted with the hemispherical blackbody emissive power per
unit wavelength interval over the wavelength range from A to A,,
e.g., \;=8 pm and \,=12 pm, as follows,

A
[oeT)TAT) e dh
R @
2
-[M e, rdA

Figure 3 shows the effective emittance of the RCG tile coating
calculated using Eq. (1) with the transmittance set to unity to iso-
late the surface emittance effect. Figure 3 also shows the calcu-
lated effective transmittance of the barium fluoride window as a
function of window temperature 7T,,, with the emittance set to unity
over the operating range. These predicted values were used as an
initial estimate for the radiative properties.

An additional calibration factor F was needed for two reasons.
First, the window temperature and temperature gradients cannot be
measured with accuracy. Second, there is some uncertainty due to
operating outside the range for which the thermographic system
was calibrated. Because these effects cannot be unambiguously
separated by analysis of the data, both factors are lumped together
with the model surface emittance as the effective lumped optical
parameter Fet as shown in the last column of Table 1.

As a check on consistency, the lumped parameter was compared
qualitatively with the effective properties. The variation of this
effective lumped parameter with the surface temperature of the
model follows the trend predicted by the effective surface emit-
tance as a function of surface temperature in Fig. 3. The window
transmittance variation, shown separately for clarity in Fig. 3, was
expected to influence the lumped parameter less strongly because
the window temperature T,, was governed by the external flow and
cooling, and was not directly coupled to the model surface temper-
ature.

The system was calibrated at the NASA Ames Research Center
with the 8—12 pm filter using both a 1300 K blackbody source and
a 2300 K blackbody source, as indicated in the second column in
Table 1. At that time, it was not possible to calibrate the other fil-
ters. The 1300 K blackbody was placed on top of the specimen
panel and its cavity aimed vertically toward the scanner. The tem-
perature of the blackbody was then measured with the thermogra-

eT(T; M 0,) =

Table 3 Leading-edge temperature rise and the scaled difference
between thermocouple and thermographic measurements of the
temperature rise at three heat flux conditions

AT

AT

c, 76y~ 2ter1c
Heat flux, ey
Wem?  TercK  ATerc K ATe rgy K T¢ rc
34.6 1608 170 176 0.0037
18.8 1354 33 42 0.0066
74 1045 41 36 —0.0048

Table 4 Leading-edge temperature rise
vs step height at maximum heat flux

condition
AT¢ gy K
Steps, mm  Open gaps  Closed gaps
0.25 86 58
0.46 86 38
0.56 129 120
0.76 172 141
0.91 215 184

phy system using the different filters. In this way, a value was
obtained for the combined transmittance of the windows and
absorbance of the aluminum mirror for the case where the entire
system was at ambient temperature. The calibration factor F in this
case equaled one over the calibrated range of temperatures up to
1300 K. The value used for the product of the surface emittance
and the window transmittance is valid for temperatures greater
than 800 K, since lower surface temperatures are not of interest in
this application. Between 1300 and 2300 K the system was cali-
brated by sighting on a 2300 K blackbody without intervening
windows. The thermography system was found to be highly non-
linear in this region. Consequently, a correction curve was gener-
ated.

The effective lumped optical property parameter Fer in the
infrared bands transmitted by the other filters appearing in the
table exhibits significantly less dependence on the surface temper-
ature, but for different reasons. In the 3—5 wm region, little varia-
tion of the room temperature spectral properties was measured,
consequently, little variation is expected at the higher tempera-
tures. This is consistent with the relatively slow variation of the
lumped emittance-transmittance parameter for the 3—-5 wm band.
When the 10.6 pm narrowband filter was used, no spectral varia-
tion was, of course, possible, and a fixed value of the lumped
parameter resulted.

Emittance also varies as a function of observation angle, gener-
ally decreasing for dielectrics as the surface becomes parallel with
the viewing axis, although this is not a linear relationship. This is
not often a problem unless the angle exceeds 45 deg. Particularly
when viewed at a glancing angle, the difference in directional
emittance is significant. Electromagnetic theory can be used to pre-
dict the emittance of a material at a given angle of observation for
the two limiting cases of a metal and dielectric.!? This translates
directly into a change in measured radiance, which results in a dif-
ferent apparent temperature. An ideal dielectric surface would
appear to be cooler than a metal at the same temperature when
viewed at a glancing angle. However, a real surface is not con-
strained to exhibit these trends, and the directional properties will
vary depending on wavelength, surface treatment, surface contam-
ination, and temperature. For example, the directional emittance of
titanium shows a behavior similar to a dielectric at one wavelength
but similar to a metal at a different wavelength. The angular effects
can be corrected for simple geometries using postprocessing by the
method described by Balageas et al.”

To reduce the effect of angular dependence on the measure-
ments, a mirror was used to bring the measurement angle as close
as possible to normal to the surface. The radiative properties are
well behaved at normal incidence. In these tests, the only area
where the viewing angle exceeded 45 deg was at the edges of the
gaps. It was assumed that the emittance follows the theoretical
dielectric curve, but no measured data are available. Measure-
ments made at an oblique angle are probably inaccurate, since the
radiative properties are not reliably predicted there.

Attempts to image the plasma were unsuccessful, as expected.
The effects of the emission, transmission, and absorption by the
arc-jet plasma gases are assumed to be negligible. The effect of
reflections from the arc is also assumed to be negligible in these
tests due to the small angle between the axis of the arc-jet nozzle
and the surface of the model. No evidence of reflections from the
arc column was observed in these tests.

Results and Discussion

The results of this experiment can be evaluated best by the good
agreement between the thermographic temperature measurements,
using the lumped effective optical property parameter Fer and
temperature measurements made by thermocouples in the same
areas on the model.

Figures 4-6 show the temperatures and temperature gradients
measured with thermocouples at different locations at the centers
of the tiles on the model surface and the temperatures derived from
thermographic maps made of the surface. Figures 7-12 are ther-
mographic images of the model during testing. The heated plasma
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Fig.7 Infrared image of the test model at the maximum heating con-
dition of 34.6 W/ cm2, with squares indicating the locations of surface
thermocouples.

Fig.8 Close-up at the maximum heating condition.

stream flows from the nozzle on the left to the right. The tempera-
ture scale is based on the lumped effective radiative property.

Figures 4 and 5 show the close agreement between the tempera-
tures measured using thermocouples and thermographic monitor-
ing. The temperatures derived from thermocouple measurement
and from thermographic monitoring are plotted in Fig. 4 against
one another, showing very close agreement for 36 data points cor-
responding to three points on the surface from different test runs.
Very good agreement was obtained between the temperatures from
the thermographic data and from surface thermocouples, which
were used as a basis for comparison.

The temperature histories for one arc-jet test at one location in
the center of the test model were reproduced in detail by the ther-
mographic temperature history as shown in Fig. 5. This test was
chosen for the anomalous temperature undershoot before the sec-
ond heat flux level was established to illustrate how closely the
thermographic method tracked the thermocouple measurement of
the temperature. The thermographic data are given starting from
90 s, since the lower temperature data were not of interest during
the initial transient phase.

Table 2 shows the temperature increases between the center of
the top surface on the stepped-up tile and the leading edge as mea-
sured by both thermocouples and thermography. The last column
in the table shows the ratio of the difference between thermocouple
and thermographic measurements of the temperature rise and the
absolute value of a characteristic surface temperature at that heat-
ing rate. At each of the three heat flux conditions, the difference
between the two methods was less than 1% of the absolute temper-

ature. As a result, the thermal gradients visible in the thermo-
graphic images of Figs. 7-12 can be used directly with a high
degree of confidence to evaluate the temperature rise due to the
presence of a step.

Good radiative property data are necessary to calculate the
effective emittance and transmittance parameter €7 and to predict
the trends that the effective optical property parameter will follow.
When these radiative property data are insufficient, but reliable
temperature data are available, it is possible to calculate a lumped
property Fet from the data, but it is impossible to then predict the
trend that this lumped parameter will follow or to separate out the
different components by calibrations.

The close agreement between the thermocouple data and the
ography data using the lumped effective optical property
rach proves that it is unnecessary to use more than a small
er of judiciously selected surface points instrumented with

mocouples to establish the required optical properties. The
sed optical property value does not vary across the surface.
temperatures derived. from the two measurement methods
2 closely, with a correlation coefficient of 0.95.
1alyzing pure thermographic temperature data builds on this
dation. Having proven that reliable and verifiable agreement
s between the two techniques, further experimental data from
locations that were not instrumented with thermocouples were
analyzed. Figure 6 shows a plot of temperature rise AT divided by
the absolute temperature of the surface as a function of the tile step
height to give a dimensionless quantity for comparison. Table 3
shows the step-height measurement from the adjacent tile to the
stepped-up tile and the resulting temperature increases at five loca-
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Fig.9 Infrared image of the test model at the second heating condi-
tion of 18.8 W/em?.

Fig.10 Close-up at the secdnd heating condition.
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Fig.11 Infrared image of the test model at the third heating condi-
tion of 7.4 W/em?.

Fig.12 Close-up at the third heating condition.

tions along the leading edge facing the oncoming flow. Because
the tile surfaces were not flat, the steps did not vary linearly along
the edge. A representative temperature rise at each of the locations
is shown for each of two tests. The temperature increases at the
maximum heating rate condition (34.6 W/cm?) are given in the
table. These temperatures were obtained from the thermographic
data by subtracting the temperature of an area like those shown in
boxes on Fig. 7 on the forward tile from an area on the rearward
raised tile. This procedure averages the temperature over an area
having a width on the order of a typical surface thermocouple con-
tact length. During the test labeled “open gaps,” the gaps between
the tiles were left open to the external flow. During the test labeled
“closed gaps,” these gaps were closed with a high-temperature gap
filler material. The gap fillers are used to reduce the flow of hot
external gases into and along the gaps.

The absolute values of the tile top surface center thermocouples
differed by 21 K between the two tests, reflecting the accuracy of
repeatability of the test conditions between the runs. This 21 K
represents a 1.3% variation from the tile surface temperature,
which is 1600 K. Uncertainties still exist due to the lack of repeat-
ability of external flow conditions between the two tests, possible
protrusion of the gap filler, and the effect of conduction down the
gap fillers, so the data from both runs were used in the following
correlation between the step height and the temperature increase at
a stepped-up leading edge normalized by the surface temperature
under these external flow and heat transfer conditions. This corre-
lation is shown as a line on Fig. 6:

A_TT = 0.1380AX +0.003 )

Surface temperature gradients on the model surface are dis-
tinctly visible in the thermographic images shown in Figs. 7-12.
The center tile in the array was stepped up into the flow by install-
ing a 0.76-mm spacer beneath the tile. The differences between the
temperature rises given in the table are much greater than the reso-
lution of the thermographic image, which is 4 K for the 500 K tem-
perature scale spread.

Conclusions

Good agreement between thermocouple and thermographic
temperatures has been established using a new approach to calcu-
lating the required optical properties under these widely variable
arc-jet test conditions. This experimental method can be used with
a high degree of confidence to record and store a tremendous
amount of surface temperature data in a straightforward and nonin-
vasive manner.

As with any advanced technique, this technique should only be
used with a full understanding of its limitations. First, the cost
associated with thermographic monitoring greatly exceeds the cost
of traditional thermocouple instrumentation. Second, the optical
properties vary as a function of observation angle, temperature,
and material purity, and appropriate property data are frequently
difficult to obtain. The optical property variation can be dealt with
using the method described in this paper using a small number of
reliable surface temperature measurements. However, the data
generated are only as reliable as the thermocouple data on which
they are based, although they can be verified to the extent that the
material optical properties are known. Finally, the thermographic
technique is limited by spatial resolution. To resolve features
smaller than the spot size of the standard thermographic setup
described in this work, it would be necessary to design an optical
system specifically for the desired test configuration.

Conditions for the use of the thermography in these arc-jet tests
have not yet been optimized, but plans have been formulated to

" solve the problems identified. It is expected that, after further

development of the techniques, the number of surface thermocou-
ples currently used in arc-jet testing may be reduced to a relatively
small number, which would then be used as reference points for
thermographic temperature measurements. The thermographic
measurements would then assume the role of the primary instru-
mentation technique.
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