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ABSTRACT

Programs to develop research instrumentation for
use in turbine engine hot sections are described.
These programs were initiated to provide improved mea-
surements capability as support for a multidiscipli-
nary effort to establish technology leading to
improved hot section durability. Specific measurement
systems described here include heat flux sensors, a
dynamic gas temperature measuring systems, laser ane-
mometry for hot section applications, an optical sys-
tem for viewing the interior of a combustor during
operation, thin film sensors for surface temperature
and strain measurements, and high temperature strain
measuring systems. The paper will describe the state
of development of these sensors and measuring systems
and, in some cases, will show examples of measurements
made with this instrumentation. The paper covers work
done at the NASA Lewis Research Center and at various
contract and grant facilities.

INTRODUCTION

The Turbine Engine Hot Section Technology (HOST)
Program was started by NASA in the late 1970's in
order to develop technology leading to improved hot
section durability. The program was a multidiscipli-
nary effort involving structures, surface protection,
fatigue, combustion, heat transfer, and instrumenta-
tion. The objective of the instrumentation portion of
the program was to develop improved measurements capa-
bility to measure the environment within the hot
section and measure the response of hot section compo-
nents to that imposed environment. Instrument develop-
ment programs that resulted included the following:

(1) Development of sensors for measuring the heat
fiux on.combustor liners and turbine airfoils.

(2) Development of a system to measure the fluctu-
ating component of combustor exit temperature with a
frequency response to 1000 Hz.

(3) Development of laser anemometer techniques for
applications in hot sections.

(4) Development of an optical system for viewing
the interior of a combustor during operation.

(5) Development of high temperature strain measur-
ing systems.

In addition to this, a major effort was started
just prior to the start of HOST to develop thin film
sensors for applications in hot sections, particularly
for the measurement of turbine airfoil surface tempera-
ture.

This paper will describe the state of development
of these sensors and measuring systems and, in some
cases, will show examples of measurements made with
this new instrumentation. The work described was done
at the NASA Lewis Research Center and at various con-
tract and grant facilities.

HEAT FLUX SENSORS

One of the important environmental parameters in
the hot section is heat flux. The heat flux is one of
the variables in the heat balance equation which estab-
lishes the cooling requirements and the anticipated
surface temperature of a hot section component. There
is not sufficient knowledge of heat transfer coeffi-
cients under engine operating condition to permit pre-
diction of surface temperatures to within acceptable
accuracy. This is especially true as heat fluxes
approach 1 MW/m. Initial work was directed at devel-
oping sensors for use in combustor liners (Atkinson
et al., 1983; Atkinson and Strange, 1982; Atkinson
et al., 19853). 1In later work sensors were mounted
into air cooled blades and vanes (Atkinson et al.,
1984; Atkinson et al., 1985b).

Sensor designs followed conventional concepts in
which the temperature difference proportional to heat
conduction through the sensor body is measured. Dif-
ferential thermocouples using the sensor body material
as part of the circuit were used to measure the temper-
ature differences. Calibrations (Holanda, 1984) were
made of the thermoelectric potential of a number of
engineering alloys and these established the validity
of this approach, which considerably simplified fabri-
cation.

Figures 1 and 2 show the sensors that were devel-
oped for combustor liners. The sensor is built into a
Hastelloy X disk 0.8 cm in diameter and the same thick-
ness as the liner. After calibration of the sensor



the disk is welded into a hole cut in the liper. Ffig-
ure 1 shows the embedded thermocouple sensor. The

disk is grooved so that 0.25 mm outside diameter
sheathed, single conductor thermocouple wire can be
laid into the grooves and covered with weld material.
The thermocouple wires are ISA Type K, Chromel-Alumel,
and single conductor leads are used sO as to maintain
good insulation resistance between the wire and the
external metal sheath. Grounded Alumel junctions are
located on the hot and cold side of the sensor body

and a Chromel junction is added to the cold side. A
yoltage measurement between the Alumel leadwires (i.e.,
using the Alumel-Hastelloy X-Alumel differential ther-
mocouple) orovides the hot-to-cold side temperature
Jifference proportional to the one-dimensional heat
flow througn the sensor body at that point. A measure-
ment using the conventional Chromel-Alumel thermocou-
2le provides the cold side temperature of the sensor.

Fiqure 2 chows a Gardon Gage sensor. In this case
-he sensor 2ody nas a 1.5 mm diameter cylindrical
cavity on the cold side so that a thin membrane of
material is left on the hot side. Alumel wires are
positioned so the junctions are formed with the
Hastelloy X at the center of the membrane and halfway
up the sidewall of the cavity. A Chromel wire junction
is also made on the sidewall of the cavity. After the
thermocouples are installed, the cavity is filled with
ceramic cement.

Sensors of the embedded thermocouple and Gardon
Gage types have also been built into air cooled blades
and vanes. In the case of turbine blades, two-piece
blades were used and the sensors were installed from
the cooling passage side of the blade. The two blade
halves were then joined by brazing. In the case of
vanes, sections of the vane wall opposite to the
desired sensor sites were removed and the sensors were
installed through these "windows." Figure 3 depicts
the installation process on a turbine vane.

The heat flux sensors were calibrated over a heat
flux range up to 1.7 MW/m? and a temperature range to
1250 K. The calibrations were accomplished by impos-
ing a known radiant heat flux on the hot side surface
of the sensor and flowing cooling air over the cold
side surface. The hot side surface was coated with a
high temperature black paint with a measured absorp-
tance and emittance of 0.89 over the test temperature
range. In all cases the reference temperature was mea-
sured and used to estimate the hot side surface temper-
ature so that energy being radiated away from the hot
surface could be calculated and taken into account.
Estimates of the convective heat flow from the hot sur-
face were also made and used in the heat balance.

The heat flux sensor calibration systems used banks
of tungsten filament lamps enclosed in quartz tubes as
heat flux sources; the most powerful of these systems
provided heat fluxes up to 1.7 MW/m2. The quartz lamp
rigs were capable of long time and cyclic operation at
reduced heat fluxes. Thermal cycling and drift tests
were run on these sensors using this capability.

Calibration and performance tests on total heat
flux sensors have indicated that measurements can be
achieved fairly readily on combustor liners, but that
accurate measurements on airfoils are difficult to
achieve. Combustor liner measurements have been made
both at"a contractor facility and at NASA Lewis using
sensors whose calibration uncertainty is within £5 per-
cent of a nominal full scale heat flux of 1 MW/ml.
Figure 4 shows an instrumented combustor liner segment.
Figure 3 compares measured values of heat flux con-
ducted through a combustor liner and radiant flux inci-
dent on the liner at different combustor pressure
levels. The radiant heat flux was measured with a com-
mercial radiometer. The combustor liner in this test

was the type with louver lips and bleed holes to pro-
vide film cooling of the hot side surface. The data of
Fig. 5 indicate that there is significant convective
cooling of the hot side surface of the combustor.

Test results from sensors mounted in turbine air-
foils indicate that these sensors are sufficiently
sensitive to transverse gradients in heat flux and tem-
perature that applications in blades and vanes must be
carefully evaluated. The greater complexity of the
airfoils (e.g., high surface curvature and cooling pas-
sage structure) causes more severe gradients than were
encountered in combustor liners. Sensitivity to trans-
verse gradients is especially apparent in the Gardon
gage sensor because of its lack of symmetry.

DYNAMIC GAS TEMPERATURE MEASURING SYSTEM

Another important environmental parameter in the
hot section of a turbine engine is the gas temperature.
In general, most attention has been directed at the
time-average value of gas temperature rather than the
fluctuating component of gas temperature. [t is gener-
ally agreed that there may be significant temperature
fluctuation in the gas exiting a combustor due to
incomplete mixing of the combustion and dilution gas
streams. It is also agreed that thermal cycling of
the surfaces of turbine airfoils can result in spall-
ing of oxide films used for corrosion projection and
thus shorten the 1ife of the airfoils. Development of
a system to measure gas temperature fluctuations was
undertaken to aid in modeling combustor flow and in
studying the thermal cycling of airfoil surfaces. Com-
bustor modeling requirements set the frequency response
goal at 1000 Hz.

The approach used in this work was to devise a way
to determine in situ the compensation spectrum required
to correct for the limited frequency response of a
thermocouple probe located in the gas stream. Ffre-
quency compensation has often been used, especially
with hot wire anemometers, in the measurement of
dynamic flow phenomena. The problem with this tech-
nique when applied to a thermal element in a flow
stream is that the required compensation spectrum is a
function of both the thermal mass of the thermocouple
and the coefficient for heat transfer between the gas
and the thermocouple. This heat transfer coefficient
ijs a function of the gas flow conditions. €Each time
the flow conditions change, the compensation spectrum
must be redetermined. In some cases estimates of the
compensation spectrum may be sufficient; in this case
it was important to be able to make in situ determina-
tions of the compensation spectrum.

The system that was developed (Elmore et al., 1984;
Elmore et al., 1983; Elmore et al., 1986a and b; Stocks
and Elmore, 1986) uses a dual element thermocouple
probe such as shown in Fig. 6. Thermocouples are
formed with carefully butt welded junctions so that
there is no variation in diameter in the region of the
junction. These thermocouples are each supported
across a pair of support posts so that they are paral-
lel cylinders in cross flow and are in close enough
proximity (approx 1 mm) so that they are measuring the
same temperature. The thermocouple wires and the sup-
port posts are made from Pt-30Rh/Pt-6Rh. The thermo-
couple junctions are midway between the support posts.
The two thermocouples have different diameters, com-
monty 75 and 250 um. WNeither of these thermocouples
have the desired frequency response, but a comparison
of their dynamic signals can lead to the needed compen-
sation spectrum. The technique is based on the use of
the ratio of the Fourier coefficients of the dynamic
signals for frequencies in the range where the signals
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become attenuated. In the system which has been deve-
loped, the signals are recorded on magnetic tape and
processed in a general purpose digital computer at a
later time. The data reduction process takes approxi-
mately 5 min for each flow condition for which a new
ccmpersation spectrum must be calculated.

Elmore et al. (1986 a and b) describe experiments
to demonstrate the frequency response of the system.
Measurements were made in a specially designed test rig
and ir the exhaust of an atmospheric burner. Compari-
scns were made petween the dynamic gas temperature sys-
tem ard very fine wire resistance thermometers (6 and
i2 um wire giameters). At low frequencies (below
250 Hz) with reasonable temperature fluctuations agree-
ments within =23 percent were obtained. Poorer results
seve obtained at higher frequencies but here the tem-
cerature fluctuations were so small as to make the data
Jquestionable.

This system has heen used to measure fluctuating
temperature in both turbine engines and in combustor
test rigs. A sample of data from a turbine engine
test is shown “n Fig. 7. In this test the probe was
located between first-stage turbine vanes. For the
data shown in Fig. 7, the engine was operating at an
intermediate power level and the average gas tempera-
ture was 1200 K. Figure 7 shows four plots of fluctu-
ating temperature versus time. Figures 7(a) and (b
shown the uncompensated signals from the 75 and 250 um
thermocouples. Note that the temperature scales on
these plots have been adjusted so as to show the wave-
forms. Also note that the rms temperature fluctuation
is listed on each plot. Figure 7(c) shows the compen-
sated temperature fluctuation from the 75 um thermocou-
ple, and Fig. 7(d) show an expanded time segment of
the compensated signal. The rms value of the compen-
sated temperature fluctuation is 218 K and the peak-
to-peak fluctuation is approximately =500 K.

LASER ANEMOMETRY

The laser anemometer (LA) has become a valuable
tool in turbine engine research, providing data that
would be almost impossible to gather using conven-
tional instrumentation. However, the use of LA in tur-
bomachinery has proven to be one of its more difficult
applications. Turbomachinery components are typified
by small passages and highly accelerated, high-velocity
flows. This teads to the need for small seed particles
that will faithfully follow the flow. Unfortunately,
small particles are weak light scatterers, which result
in low signal levels. 1In addition, measurements in
small passages require great care in the design of the
optics to minimize the amount of detected surface-
scattered laser light (flare). All these considera-
tions must be included in the design of an LA to
obtain the maximum amount of accurate data in minimum
experimental run times.

HOST experiments where researchers planned to use
LA were studied to determine critical technology areas.
Research programs were then conducted in several of
these areas including optical design, seed generation,
signal processing, and data acquisition. An ambient
pressure, laboratory-type combustor was used to evalu-
ate optical systems and signal processors.

Modeling of Fringe-Type LA
The fringe-type LA was analyzed (Seasholtz et al.,

1984) using the Cramer-Rac lower bound for the vari-
ance of the estimate of the Doppler frequency as a
figure of merit. Mie scattering theory was used to
calculate the Doppler signal with both the amplitude
and phase of the scattered light taken into account.
The noise due to wall scatter (flare) was calculated

using the wall bi-directional reflectance distribution
function (BRDF) and the irradiance of the incident
beams. A procedure was developed to find the optimum
aperture stop shape for the probe volume located a
given distance from a wall. Figure 8 shows SNR as a
function of probe volume to wall distance for two opti-
cal systems with optimum aperture masks.

The BRDF was measured for a number of uncoated
materials, finishes, and surface coating. Data were
obtained for "as machined" surfaces, polished sur-
faces, glossy black coatings, and flat back coatings.
Based on these data, the best surface for LA applica-
tions appears to be a glossy black coating. Although
a black glossy surface has a relatively large specular
reflection, the diffusely reflected light, which is
usually of greatest concern in LA systems, is substan-
tially less than the diffusely reflected light from a
flat black coating.

Seeding
Particle characteristics necessary for hot section

LA are primarily the same as low temperature LA, with
the exception that the particles must retain those
characteristics at high temperatures. Based on a
survey of available materials, a particular grade of
aluminum oxide (nominal 1 pm diam) was selected. A
commercial, high-volume fluidized bed was chosen to
disperse the seed particles.

An experiment was also conducted to determine the
feasibility of using chemically formed seed for hot
flows. Titanium tetrachloride vapor was injected into
the flow where it reacted with the water vapor to form
titanium dioxide and hydrochloric acid (HCl1). The
titanium dioxide is a suitable high temperature seed
material; it was a sub-micron size, and it is produced
in large quantities. However, the HCI, if not neutral-
ized, can cause corrosion, which limits the applica-
tion of this seeding technigue.

Preprocessor for Fringe-Type LA

The quality of data from an LA is critically
dependent on a number of control settings of the sig-
nal processor. These typically include the optical
detection system gain (determined by the photomulti-
plier tube high voltage and amplifier gain) and the
electrical filters used to remove the low frequency
pedestal component and to reduce shot noise. A study
was made to quantify the effect of filters on measure-
ment accuracy (Oberle and Seasholtz, 1985). Several
common filter designs were examined. It was shown
that both the filter type and the cutoff frequencies
must be carefully selected to avoid filter-induced
errors in counter-type processors. It was shown that
these errors are particularly significant for probe
volumes containing a small number of fringes and for
highly turbulent flow.

Experiments in turbomachinery test facilities usu-
ally have high operational costs, so it is necessary
to acquire the desired data in a minimum time. Exten-
sive operator interaction with the instrumentation dur-
ing a test run is usually not desirable. To provide
for efficient data acquisition and correct processor
settings, a computer-controlled interface (called a
preprocessor) was designed, fabricated, and tested
(Oberle, 1987). The preprocessor (Fig. 9) amplifies
the signal from the photodetector, filters it using
both low- and high-pass filters, and then routes it to
the counterprocessor.

The chief virtue of the preprocessor is that it
provides direct computer control of the PMT high volt-
age, the rf gain (50 dB of amplification and a program-
mable attenuator are used to provide control over the
range -77 dB to +«50 dB in 1 dB steps), and selection
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of the low- and high-pass filters (8 low-pass and

8 high-pass). In addition, the preprocessor provides
computer control of the seed generator and allows com-
outer monitoring of the PMT dc current. With proper
software, the preprocessor will allow the researcher
t3 preprogram the various processor settings based on
<he expected flow conditions. It will also be possi-
ote to use "smart" adaptive software to select the
oroper settings based current measurement parameters
such as the frequency, turbulence intensity, and noise
lavel.

“our-Spot LA

The conventional fringe-type LA has a large accept-
ance angle (i.e., it can measure velocities having a
wide range of flow angles), but it has a relatively
large probe volume. This large probe volume limits
the closest measurements to about 1 mm from surfaces.
The conventional time-of-flight LA (aka two-spot or
transit LA) has a much smaller probe volume, which
allows it to measure much closer to surfaces. How-
ever, the two-spot LA has a very limited acceptance
angle, which greatly reduces its capabilities in highly
turbulent flows.

The need for an anemometer incorporating the large
acceptance angle of the fringe LA and the ability of
the two-spot LA to measure close to walls led to the
development of a new type of time-of-flight LA (Lading,
1983; Wernet and Edwards, 1986). The new Four-Spot LA,
shown in Fig. 10, incorporates two features. One is
the use of elliptical rather than circular spots to
give a large acceptance angle. (This use of two ellip-
tical spots is also called a two-dash or two-sheet
time-of-flight LA.) The other feature, which is
unique, is the use of four beams arranged to form two
pairs of orthogonally polarized, partially overlapping
spots. This allows the use of an optical method to
accurately determine the start and stop timing signals.
Previously, delay-and-subtract techniques were used to
generate the timing signals. The optical method,
unlike delay and subtract, is independent of the veloc-
ity. This is advantageous in highly turbulent flow or
in other flows with a wide range of velocities.

The Four-Spot LA was designed, fabricated, and suc-
cessfully tested. Measurements were obtained as close
as 75 um from a normal surface (Wernet, 1987). Compar-
ison measurements were also made using the four-spot
LA, a two-spot LA, and a fringe-type LA in the vicin-
ity of a single turbine vane mounted in the exhaust of
the open jet burner (Wernet and Oberle, 1987).

Windows and Correction Optics

In turbomachinery studies it is highly desirable to
obtain measurements without altering the flow being
studied. With optical techniques this means that the
window contour should match the internal flow passage
contour. One Lewis HOST facility was a 508 mm diam-
eter, single stage, axial flow turbine facility. Two
cylindrical windows were designed to allow measurements
within the stator and rotor passages. These windows,
however, act as cylindrical lenses that introduce aber-
rations into the LA optical system. If not corrected,
these aberrations can greatly degrade the measurements
or even prevent any measurements. A monochromatic cor-
rection optic (Fig. 11) was designed for this applica-
tion (Wernet and Seasholtz, 1987). The addition of the
correction optic restores the diffraction limited per-
formance of the optical system.

COMBUSTOR VIEWING SYSTEM

Another way to determine the response of a compo-
nent to the hot section environment is to monitor vis-

ual images of the component during operation. This is
not Tikely to produce quantitative data but, in some
cases, qualitative data are sufficient or even prefera-
ble. A case in point is the Combustor Viewing System
(Morey, 1984; Morey, 1985). This system was designed
to provide recorded images of the interior of a combus-
tor during operation; the objective was to produce a
visual record of some of the causes of premature hot
section failure.

The Combustor Viewing System consists of a water
cooled optical probe, a probe actuator, an optical in-
terface unit that couples the probe to cameras and to
an illumination source, and system controls. The probe
with its actuator is designed to mount directly on an
engine or a combustor. The probe is 12.7 mm in diam-
eter, small enough to fit into an igniter port. The
actuator provides a rotational motion of +180° and
radial insertion to a maximum depth of 7.6 cm. Two
probes were built to use with the system. The wide
field-of-view probe can be fitted with lenses for 90°
and 60° fields-of-view, with the viewing axis oriented
45° to the axis of the probe. The narrow field-of-view
probe has lenses for 35° and 13° fields-of-view that
are oriented 60° relative to the probe axis. Both
probes are water cooled and gas purged and are capable
of operating within the primary combustion zone of a
combustor.

Figures 12¢a) and (b) show cross section views of
the two probes. In each case an image conduit is used
to transfer the image through the length of the probe.
The image conduit is a fused bundle of fibers 3 mm in
diameter and consists of about 75 000 fibers 10 um in
diameter. Each of these fibers corresponds to a pic-
ture element. The image conduit is 33 cm long and is
coupled to a flexible fiber bundle which connects the
probe to the optical interface unit. Each probe is
also equipped with two 1 mm diameter plastic clad fused
quartz fibers used for illumination when required.

The optical interface unit contains cameras, fil-
ters, and an illumination source. Either film or
video cameras can be remotely selected and up to eight
filters can be inserted into the viewing path. The
illumination source is a mercury arc lamp which is
focused on the ends of the illumination fibers.

This system has been used in both combustor and
full scale engine tests. Although the original use for
the system was in combustor liner durability studies,
the system also has capability as a flowpath diagnos-
tic device. It has been used to examine light off and
blowout characteristics and appears to have considera-
ble potential for other time dependent phenomena and
for flame radiometry. Subsequent to the initial devel-
opment program, additional systems were built and put
into service in aircraft engine development work and
in testing turbine engines used to generate electrical
power.

HIGH TEMPERATURE STRAIN MEASURING SYSTEMS

The most ambitious instrumentation development
effort in this program is the development of high-tem-
perature strain measuring systems. The target goal for
this work is to measure strain (approx 2000 micro-
strain, maximum) at temperatures up to 1250 K with an
uncertainty of =10 percent. This requirement is for
relatively short term testing; a 50 hr sensor life is
considered sufficient. Spatial resolution of the order
of 3 mm is desired and where measurements are required
on blades or vanes, large temperature gradients are
anticipated. In general, the requirement is for
steady-state measurements as differentiated from
dynamic (fluctuating component only) measurements.
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The principal candidate for making such measure-
ments under similar but lower temperature conditions
(less than approx 700 K) is the resistance strain gage.
However, at the higher temperatures, strain measure-
ments become increasingly difficult and the commonly
used strain gages are marginal at best. As the re-
quired temperature range increases, the magnitude of
the correction for apparent strain becomes
substantially larger than the strain signal and the
uncertainty of the correction is excessive. To meet
the gocals listed above, the uncertainty of the
apparent strain correction must be less than =200
microstrain. This requirement transiates to a repeat-
ability of the resistance versus temperature for the
mounted strain gage to be well within =400 parts per
million (ppm), based on a gage factor of two.

We maage an extensive study of potentially useful
high-temperature static strain measurement technigues
(Hulse et al., '987a). As a result of this study, we
are pursuing the following to improve our high tempera-
ture strain measuring capability:

(1) developing improved high temperature strain

Jages

(2) learning how better to use available strain

gages

(3) developing optical strain measuring systems as

alternatives to strain gages
The following section will discuss these three areas of
work .

Development of Improved High Temperature Strain Gages

In attempting to develop improved high temperature
strain gages, we are emphasizing development of alloys
with very repeatable resistance versus temperature
characteristics (Hulse et al., 1985; Hulse et al.,
1987b). We tested a number of alloy compositions from
five alloy families. These alloy families are FeCrAl,
NiCrSi (Nicrosil), PtPdMo, PdCr, and PtW. 1In all cases
except for the thermocouple alloy Nicrosil, we looked
at a range of compositions. Alloy sample were cast into
rods and then machined into suitable test samples.
Measurements were made of resistance versus temperature
over a number of cycles in which cooling rates were
varied from 50 to 250 K/minute. Additional fests
included oxidation (weight gain method) and resistance
drift for up to 3 hr in air at 1250 K. The results of
these tests indicated that two alloys, one in the
FeCrAl family and one in the PdCr family, had the best
potential for high temperature strain gages
applications.

The FeCrAl alloy was designated as "Mod 3." The
fractional resistance change with temperature for this
alloy at temperatures up to 1250 K is compared with the
commercial Kanthal A-1 (also FeCrAl) alloy in Fig. 13.
In this case both alloys were annealed for 2 hr at
1150 K prior to testing. The resistance change of the
Mod 3 alloy is much less than that of the Kanthal A-1
alloy and shows comparatively little change for differ-
ent cooling rates. This alloy does, however, exhibit
different resistance versus temperature characteris-
tics, depending on previous thermal history. Figure 14
illustrates this effect for exposure to 1250 K air for
times ranging from 10 to 105 hr. Because of this
effect, work on this alloy has been de-emphasized in
favor of the PdCr alloy.

The PdCr alloy has a resistance versus temperature
curve which is characteristic of a solid solution
alloy with no phase or internal structure changes
being evident. The resistance is essentially Tinear
with temperature and not affected by changes in cool-
ing rate or previous thermal history. Cycle-to-cycle
repeatability of the fractional change in resistance
with temperature is excellent. Tests over four ther
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mal cycles showed an average (over the temperature
range) standard deviation of 130 ppm. The greatest
variation was at approximately 700 K with a standard
deviation of 245 ppm. The long term drift of cast sam-
ples of this alloy at 1100 and 1250 K in air and in
argon is shown in Fig. 15. It should be noted that
these data imply a repeatability in resistance measure-
ment to the order of 100 ppm; it is likely that some of
the fluctuation in these curves is attributable to the
measuring system rather than the resistance of the
alloy samples.

The repeatability of the PdCr alloy is the pro-
perty that we feel is essential for high-temperature
strain gage work. However, there are other properties
required for good strain gages and the PdCr alloy may
not be ideal considering these properties. The temper-
ature coefficient of resistance is high enough that
temperature compensation will be required; the added
complication and the larger gage size required for this
will have to be accommodated. Other potential problems
such as oxidation resistance of high surface-to-volume
ratio thin films and fine wires, gage factor changes
with temperature, and the elastic/plastic strain prop-
erties are still under investigation.

Work With Available Strain Gages

Learning how best to use available strain gages in
high-temperature applications requires that consider-
able experimental work be done to explore strain gage
characteristics and devise optimum procedures for spec-
ific applications. Such work is very time consuming,
especially when tests at many different temperatures
are required. Consequently, one of our objectives in
this work was to establish a computer controlled test-
ing capability at NASA Lewis so that testing could be
accomplished with minimal operator attention.

The automated strain gage test laboratory has the
capability to measure apparent strain and gage factor
over a range of temperatures from 300 to 1370 K. The
laboratory has two ovens (one of which contains a test
fixture for a constant strain beam), a computer con-
trolled actuator for deflecting the beam, strain gage
and temperature instrumentation, and a personal com-
puter for controlling the tests and collecting the
data. Communication between various parts of the sys-
tem is accomplished using both an IEEE-488 data bus and
an RS-232 serial interface. A very versatile control
program was developed that allow us to construct a
variety of test profiles by entering a series of tem-
peratures and command statements into a data set.
Figure 16 shows a block diagram of the system.

One approach to better utilization of available
strain gages is outlined by Stetson (1984). 1In this
work using Kanthal A-1 alloy, it was determined that
the apparent strain of the gage was strongly affected
by the rate at which the gage was cooled from the high-
est use temperature. Further, the apparent strain for
the next thermal cycle followed that established by the
cooling part of the previous cycle; a repeatable appar-
ent strain could be obtained if the cooling rate could
be reproduced during each thermal cycle. This implies
that an accurate apparent strain correction could be
obtained by matching the cooling rate during calibra-
tion to that which would be impressed on the strain
gage during use. It is necessary, of course, that the
cooling rates be controllable during use and that is
not always possible. But for the work of Stetson
(1984), the cooling rates could be matched and,
although it took considerable effort, the result was
usable static strain measurements at temperatures up
to 950 K.

Work based on controlled cooling rates has also
been undertaken at NASA Lewis. Hastelloy X plates 13




by 20 c¢cm were instrumented with Kanthal A-1 and
Chinese FeCRA1 700 °C (Wu et al., 1981) strain gages.
A plate holding fixture was made that permitted cool-
ing gas to flow over the plate uniformly so as to get
controlled cooling rates. The Kanthal A-1 gages were
mounted using a flame sprayed alumina and ceramic
cement process and the Chinese gages were mounted with
a Chinese ceramic cement using directions supplied with
the gages. The plates were also instrumented with 10
thermocouples so as to measure the temperature distri-
cution at the strain gages. Apparent strain measure-
ments were made over a temperature range from 300 to
950 K with cooling rates controlled at 0.1, 1.0, and
5.6 K/sec. Figure 17 shows the resulting resistance
versus temperature data. Plotted here are fractional
changes in resistance for one each of the Kanthal A-1
and Chinese gages for the three different cooling
rates. The data show the Kanthal gage to be strongly
gependent on cooling rate but repeatable in resistance
at the maximum temperature. The resistance of the
Chinese gage is independent of cooling rate at both
300 and 950 K, but at intermediate temperatures the
curves deviate depending on cooling rate. The maximum
deviations in these curves occur in the temperature
range from 650 to 800 K, roughly the same region for
which high drift rates have been reported for the
Chinese gages (Hobart, 1985).

Optical Strain Measurement

Optical systems may not provide exact alternatives
to resistance strain gages for all turbine engine
applications, but they appear to have high potential
for providing high temperature, noncontact, two-
dimensional strain measuring systems with virtually
untimited strain range. An optical technique that
requires no modification to the surface under test
uses laser speckle patterns. These patterns are formed
by constructive and destructive interference of laser
Tight reflected from a diffuse surface. The source of
the pattern is the irregularities in the surface; when
the surface is distorted, for example by strain in the
plane of the surface, the speckle pattern changes.
Precise measurements of changes in recorded speckle
patterns can provide information on the strain imposed
on the surface. A practical implementation of this
technique is a laser speckle photogrammetric system in
which speckle patterns are recorded on photographic
film (Stetson, 1983). Speckle pattern photographs
(called specklegrams) are made at different increments
of loading of the test sample and then pairs of speck-
legrams are examined in an automated interferometric
photocomparator. The system uses heterodyne tech-
niques to achieve accurate measurements to a fraction
of an interference fringe. No attempt will be made
here to describe this system in detail; it has been
thoroughly described in the open literature (Stetson,
1983).

The laser speckle photogrammetric system has
successfully measured high-temperature surface deforma-
tion. Stetson (1983) describes an experiment to meas-
ure the thermal expansion of an unrestrained plate of
Hastelloy X at temperatures up to 1150 K. The plate
was heated in a laboratory furnace to 1150 K and then
allowed to cool to 500 K over a period of several
hours. Specklegrams were recorded at roughly 200 K
intervals during the heating and cooling and suc-
ceeding specklegram pairs were used to determine the
thermal expansion of the plate. Measured thermal
expanison agreed with values calculated from the meas-
ured temperature and the thermal expansion coefficient
to within 3 percent.

We have attempted to use the laser speckle photo-
grammetric system in test cell environments. In one

attempt we recorded specklegrams of a combustor liner
in a high-temperature, high-pressure combustor test rig
(Stetson, 1984). The specklegrams were taken through

a viewing port in the pressure vessel of the test rig
as combustor pressure and temperature were varied. A
potential problem in this application is that the high-
pressure cooling air flowing over the exterior surface
of the combustor liner is in the optical viewing path,
and turbulence in the gas flow may cause sufficient
optical distortion to prevent correlation of succeed-
ing pairs of specklegrams. Examples of undistorted

and distorted specklegrams are shown in Figs. 18(a)

and (b). This effect proved to be a fundamental Timi-
tation for the measuring system in this application
when combustor pressure was higher than approximately

3 atm. We intend to explore further high temperature
applications of optical strain measuring systems.

THIN FILM SENSORS

One of the fundamental precepts of experimentation
is that the sensors used to get experimental data must
not perturb the subject of the experiment from its con-
dition prior to the introduction of the sensors. In
turbine engine testing there are many situations in
which this precept may be violated. A prime example fis
the measurement of turbine airfoil surface temperature.
Conventional technology involves laying sheathed ther-
mocouple wire into grooves cut into the surface of the
airfoil, then covering the installation and smoothing
the airfoil contour. Although the airfoil contour is
restored, the thermocouple disturbs the temperature
distribution, does not give a true measure of the out-
side surface temperature, and threatens the integrity
of the structure of thin walled blades and vanes.

The thin film thermocouple shown in Fig. 19
appears to be an ideal solution for blade and vane sur-
face temperature measurement (Grant and Przybyszewski,
1980; Grant et al., 1981; Grant et al., 1982). As seen
in the cross-sectional sketch of the sensor in Fig. 20,
the sensor has minimal intrusiveness. In this case the
blade or vane, coated with an MCrAlY anticorrosion
coating, is poltished and then oxidized to form an
adherent surface coating of aluminum oxide. Addi-
tional aluminum oxide is deposited over this film to
form an electrically insulating film of roughly 2 um
thickness. Films of thermocouple alloy (Pt and
Pt10%Rh) are sputter deposited through appropriate
masks so that the films overltap at one point to form
the thermocouple junction. The thermocouple films
extend to the root of the vane where connections to
conventional leadwires are made. Film-to-leadwire con-
nections are made by parallel-gap welding. The com-
plete installation of insulating film and thermocouple
alloy films has a thickness of less than 20 um. The
installation has not changed the contour or the
strength of the component and the greatest thermal
changes apparent are the different absorptance and
emittance of the thermocouple films compared to the
oxidized MCrAlY surface. The technology for thin film
thermocouples and turbine airfoils has been developed
to the extent that instrumented vanes and blades are
being used in turbine engine tests at temperatures up
to 1250 K.

Thin film sensor development work is going on both
at contractor facilities and at NASA Lewis. Figure 21
shows the thin film sensor laboratory at NASA Lewis.
The laboratory is housed in a clean room in which both
temperature and humidity are controlled. On the left
in the photograph are three vacuum sputtering machines
for deposition of both insulator and sensor films. In
the right-hand corner of the room is equipment for
photolithography of sensors; conventional photo-resist
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techniques are used. At the far right edge of the pho-

tograph is a welder for connecting leadwires to sensor
films.

CONCLUDING REMARKS

This paper has reviewed the state of development of

a number of advanced instrumentation projects applica-
ble to the hot sections of turbine engines. Most of
these projects are complete and the instrumentation is
in use. This is the case for the Combustor Viewing
System, the Dynamic Gas Temperature Measuring System,
total heat flux sensors, the laser anemometry projects
described here, and thin film thermocouplies. MWork in
the general area of thin film sensors is continuing in

order to further improve the technology and expand sen-

cor types and applications. The work to improve our
high-temperature strain measuring capability is still
in progress.
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FIGURE 3. - HEAT FLUX SENSORS INSTALLED IN TURBINE VANE .
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FIGURE 4. - COMBUSTOR SEGMENT INSTRU-
MENTED WITH HEAT FLUX SENSORS.

10



HEAT FLUX, MW/mM2

"
-
/
8f— P
/
/O/ O RADIOMETER
6 J/ O  CONDUCTED HEAT FLUX
/ SENSOR
/ -
/
2 é L —
/
o
. | | ]
10 15 20 25

COMBUSTOR PRESSURE. ATM

FIGURE 5, - COMPARISON OF HEAT FLUX CONDUCTED THROUGH THE
COMBUSTOR LINER AND INCIDENT RADIANT HEAT FLUX FOR VARI-
OUS LEVELS OF COMBUSTOR PRESSURE. RADIANT HEAT FLUX WAS
MEASURED WITH A COMMERCIAL RADIOMETER.

N



FIGURE 6. - DUAL ELEMENT
GAS TEMPERATURE.
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FIGURE 18(B). - SPECKLEGRAM OF COMBUSTOR LINER WITH DISTORTION FROM
TURBULENT GAS FLOW.
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