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1.0 INTRODUCTION

The objective of Phase I of this program is to survey, analyze, evaluate, and
recommend sensor concepts for the measurement of surface temperature, strain,
and heat flux on ceramic components for advanced propulsion systems. Such
sensor systems require unique properties and exceptional durability due to
both the need for compatibility with the nonmetallic materials expected to be
used in advanced propulsion systems and the need to operate in an extremely
hostile environment with regard to temperature, pressure, and cycling.
Considerable development work has been performed on sensor systems for
metallic components for both low- and high-temperature applications. However,
none of these applications combines the requirements for materials
compatibility, miniaturization, and survival in the hostile environment that
will be required to obtain accurate measurements on nonmetallic materials in
advanced propulsion system applications.

One of the most demanding areas of advanced propulsion systems is that of
hypersonic propulsion. Recently, interest in hypersonic aircraft has increased
dramatically. The possible applications are numerous, including: fast
response, high speed aircraft to protect the Naval surface fleet;
transatmospheric vehicles to significantly reduce long distance airline travel
time; and an advanced hypersonic transatmospheric spaceplane with operation
scenarios more similar to a current aircraft than a spacecraft. This renewed
interest in hypersonic technology has been enhanced by significant increases
in progress in the areas of propulsion, materials, and computational fluid
dynamics.

The requirement still exists, however, for further progress in many areas
including the propulsion system. No current propulsion system is optimum for
the full range of Mach numbers that will be required for a hypersonic vehicle.
Various combined systems, such as a turbo/ramjet for the Mach 0 to Mach 6
range combined with a hydrogen-fueled supersonic combustion ramjet (SCRAMJET)
for the Mach 6+ range, are being considered. While the exact nature of the
propulsion systems that will be used in hypersonic vehicles is still not
clear, certain requirements are obvious. Durable materials will be required
that are strong and yet significantly lighter than the materials currently in
use. At the same time, those new materials must have extended temperature
range capabilities relative to currently used materials.

Ceramics and other nonmetallics will, therefore, find wide use in hypersonic
vehicles both in the airframe and the propulsion system. These nonmetallic
materials will have a wide range of characteristics. Some will be coatings
(such as thermal barriers) on metal parts; some will be present in a
monolithic condition; and some will be composites.

Accurate measurement of parameters (e.g., temperature, strain, and heat flux)
is required to verify and improve the design models used for the refinement of
advanced propulsion systems. These same types of measurements will be required
to support the safe and cost-effective testing of experimental advanced
propulsion systems.



Development of the required sensor systems for nonmetallic components in
advanced applications presents some unique problems. The temperatures that the
sensors must endure are much higher (to 2200K) than those encountered in the
development of sensors for metal components. In addition, wide differences in
the ceramic materials properties relative to metallic components must be
considered. For sensors in contact with the ceramics, these material
differences will dictate changes in materials choice and construction
techniques. For optical sensors, the problem of optical access must be
considered, as well as the ceramic optical properties. In some instances, the
presence of a hot combusting gas stream also must be considered.



2.0 EVALUATION AND SELECTION OF SENSOR CONCEPTS

When this contract was initiated, a survey of measurement techniques was
conducted. The measurement techniques that were identified in that survey, as
well as those identified in-house, were evaluated for their applicability to
ceramic materials and for compatibility with the advanced propulsion system
environments. In addition, the techniques were reviewed in terms of the amount
of development that would be required to reduce them to practice and the
degree of risk associated with those development programs. The ten factors
addressed in the analysis of the instrumentation concepts are reviewed below,
and a brief discussion of each factor is presented.

Usable Temperature Range

The feasibility of attaining the target temperature goal of 2200K must be
considered. However, since it is unlikely that any one technique will yield
valid data for all materials at all temperatures, concepts should not be
rejected simply because they cannot cover the entire temperature range or
achieve the maximum desired temperature.
Accuracy
The target accuracy goals are:

0  +2% of Absolute Temperature

0 +10% Full-Scale Static Strain

0  +5% of Full-Scale Dynamic Strain

o  +5% of Full-Scale Heat Flux.
The minimum acceptable accuracies are:

o  +5% of Absolute Temperature

o  +15% of Full-Scale Static Strain

o  +10% of Full-Scale Dynamic Strain

0 +10% of Full-Scale Heat Flux.

The capabilities of the sensor systems to meet these accuracy goals or minimum
acceptable error 1imits must be considered. Sensor installation effects must
be carefully examined. The sensor must not unacceptably perturb the parameter
of interest by interactions with the component or the flow over the component
being measured. In addition, sensor calibration methods must be developed that
take into account installation effects and yield accurate calibration results
for the installed sensor.



Compatibility with Propulsion System Environment

For optical measurements, the possible presence of a combusting environment
must be considered. For direct contact strain measurements, vibration
frequency range of the dynamic strain measurement and fatigue 1ife of both
dynamic and static strain sensors must be compatible with the system component
operation limits. In addition, sensor design must consider that the
environment may include hot turbulent flow of particle-laden gases, and a high
centripetal acceleration field on rotating components (20,000 to 100,000 G).

Compatibility of Materials in Contact (i.e., Sensor/Substrate Compatibility)

If a sensor is mounted directly on or within the component, then matching of
temperature coefficients of thermal expansion, adherence to the ceramic
material, and electrical insulation from the material may be important
factors. Mechanical and chemical stability of the materials in contact
(including oxidation and other chemical reactions, formation of eutectics or
amalgams or other material phases) must be taken into consideration.

Life Expectancy

The sensor life must be sufficient to obtain the information required. The
sensor lifetime goal of 50% survival after 50 hours in the test environment
will be considered. In some extreme cases, short lifetime (even expendablie)
sensors may be required to obtain the desired data.

Size

The size of the sensing area must be considered. For example, ceramics in
general have Tower thermal conductivity than metals and, therefore, often have
larger thermal gradients. This must be considered in the design of thermal
measurement systems. Good strain spatial resolution is desirable on the order
of 3 mm x 3 mm on surfaces and 3 mm x 3 mm x 1 mm at interior locations near
fillets, holes, notches, edges, corners, and laminations. Strain mapping over
large areas (several centimeters) may also be desirable. The possibility of
non-one-dimensional heat flow must be considered in the choice of size for
heat flux instrumentation.

Cost

The cost of obtaining the measurements must be considered. This includes not
only the sensor cost, but also the cost of installing the sensors into the
propulsion system. The development costs which cannot be neglected are
considered separately and are not reflected as a component of the sensor cost.



Data Acquisition and Reduction Requirements

The cost and complexity of acquiring data under realistic test environments
must be considered. The data reduction requirement to process raw data into
meaningful engineering units must also be considered.

Fabricability

Means must be considered for obtaining measurements on both complex specimen
shapes (vanes, blades, disks, burner liner segments, case segments, thrust
reverser segments, etc.) as well as on simple specimens such as flat plates or
cylinders. The requirement for measurements at line-of-sight surface
locations, non-line-of-sight surface locations, and material interior
locations, on moving and stationary components must be considered.

Special Application Techniques

The feasibility of special or new application techniques must be considered
and critical issues affecting the success of these techniques defined.
Examples of new techniques are sputtering of cermet materials and ion
implantation.



3.0 MATERIALS

The ceramic structural materials (Table I) to be used for propulsion
components at operating temperatures above 1300K have electrical, optical,
chemical, and mechanical characteristics which are generally quite different
from the characteristics of the superalloy structural materials presently used
at temperatures below 1300K. An understanding of the material properties is
required in order to evaluate concepts for measurement of temperature, strain,
and heat flux on the surfaces or in the interior of components fabricated from
these ceramic materials.

3.1 THERMAL BARRIER COATINGS

Thermal barrier coatings are used to protect metallic components from high
temperature environments. They act as an insulating layer on cooled components
and, therefore, reduce the base metal operating temperatures. They also act to
reduce the effects of thermal transients. The use of these coatings can reduce
component cooling needs and allow operation to higher temperatures which can
result in increases to engine efficiency (ref. 1).

Tne most common thermal barrier materials currently used are:
0 Yttria stabilized zirconia
0 Zirconia stabilized magnesia.

The properties of different ceramic materials can vary significantly. The
thermal barrier coatings for nickel-base superalloys provide a mechanically
hard, electrically somewhat conductive and chemically inert surface, with a
thermal expansion coefficient matched to the nickel-base superalloys by means
of an interface layer. The optical properties of these materials are also
highly variable, Both the total and spectral emissivity of 7% yttria
stabilized zirconia, for example, have been found to vary with different
methods of preparation.

The maximum amount of yttria used to stabilize the zirconia appears to be
approximately 8%. The 8% yttria stabilized zirconia seems to be more durable
than compositions containing more yttria. This seems to be due to an oxidation
reaction with the bond coat. The Zr02 - 8% Y203 thermal barrier coating

has also proved to be superior in high heat flux situations (ref. 1).



TABLE 1.

Material

Directional?
Melting Temp.

Operating Tenp.
in Present Program

Maximum Temp.
in Present Program

Density, gn/am

30K
165K
190K
220K

30K
1650K
190K
] 220K

Resis-
tivity
oha am

30K
1650K
190K
E 220K

Bend 30K
Strength 165K
MPa 190K
Su 2200K

Strain

Failure 30K
avgn x 165K
10 1900K
K= Sw/E 220K

Thermal
Conductivity
W&

Thermal Shock Index
K (Su/L(e)(E)])

Thermal Mismatch
Index Relative

to MAR M200

K (Su/[(14-)(E)])

CERAMIC MATERIALS CHARACTERISTICS FOR THE "SENSORS FOR CERAMIC COMPONENTS IN ADVANCED PROPULSION SYSTEMS" PROGRAM

(The numbers 1 through 9 beside each entry are the reference source and
correspond to those listed in the box on the right-hand side of the table.)

r02/Y203  SI3M4 SiC SiC/LAS  SiC/Si3Nd  Carbon/ A1203 MgO r2 Sit2 Mullite Fosterite Zircon
{0/90 SiC) (Unidir.  Carbon A1203+5102 MgO+Si02  Zr(2+4Si02
CompglasTh SiC) T-300 Fiber
Quasi-Isotrop.
CVD Dens.
Isotropic Isotropic Isotropic Direct'nl Direct'nl Direct'nl  Isotropic Isotropic Isotropic Isotropic Isotropic Isotropic Isotropic
199K 2 2170K1 300K 1 217K 8 300K 8 370K 4 230K 1 307K 4 250K 17 198K 1 180K 6 18K 6 195K 6
165K 190K 190K 190K 1900K 2200
(2500F)  (3000F) (3000F)  (3000F) (3000F) (3500F)
215K 2400K 2400K 2400K 2400K Z700K
(3400F)  (3900F) (3900F)  (3900F) (3900F) (4400F)
58 321 331 3.28 3.3 8 3.2 4 40 1 3.6 4 581 221
10vs 1009 1 9 1008 10108 019 014 4 104 4 108 6 0146 044 V2 104 4
5 3 1 6 10° 6 10 6 1° 6
W 6 W 6 2 6 -—-——6
1 6 108 6 1 6 —6
108 3,11 5,01 38 5 8 1.0 5 69 1 13 6 10 1 0.5 1
References:
i 1. Parker, Proc Inst ME, v 199 A3
0 3O 1 20 9 210 ’ s
210 8 20 1 430 1 ](7)8 ; 20 7 n 7 101 N 2. Calculated from numbers in this table
3. Adv. in Cer., v 3, Am. Cer. Soc.
60 7 4. Handbook of Chemistry and Physics, CRC
5. Hitec
60 8 80 1 750 1 350 7 550 7 240 7 450 1 1607 60 1 90 1 6. Seaco
01 101 2007 7. UTRC
B. Estimated
W 7 9. Marks 8th ed., p. 6-176
200 8 2800 2 1700 2 4600 2 2300 2 300 2 1200 2 1000 2 2900 2 1200 2
2000 2
5000 2
2 & 3017 100 1 50 8 50 8 125 9 20 1 25 6 2 1 2 1
30 2 90 2 300 2 100 2 500 2 3400 2 200 2 W0z 300 2 220 2
700 2 5000 2
700 2 250 2 200 z 400 2 X0 2 260 2 200 2 1000 2 70 2 100 2
200 2 400 2z
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3.2 MONOLITHIC CERAMICS

Monolithic ceramics can be used in the manufacture of structural components.
Examples of applications of these components include turbine rotors and vanes
in the Automotive Gas Turbines (refs. 2 and 3). These ceramics have the
greatest potential for use in environments where high temperature resistance,
strength, stability, and resistance to thermal shock are necessary.

The materials considered include:

0 SiC

0 SigNg
0 A1703
0 Si0s.

SiC and Si3Ng are both used for their high strength at elevated
temperatures, resistance to thermal shock, and high resistance to corrosion
and erosion. Different fabrication methods produce different thermal and
mechanical properties for these materials. Alg03 and Si0p are too

brittle to be used for structural components, but are used extensively as
coatings.

The Si3Ng and SiC monolithic materials are all similar to each other in

that they depend upon the formation of a glassy silica coating to prevent
excessive oxidation. The silica (Si02) is produced by reactions of the type
Si3Ng+0x — Si02+NOy and SiC+02 — Si02+C0x which become important at
temperatures above 1300K. This glassy layer, in addition to being a poor
electrical insulator, becomes very soft at extremely high temperatures. Its
"softness" and ductility permit it to deform in step with the substrate and
transfer substrate strain to the exterior surface. If, however, the glassy
Tayer becomes so thick and has such a low viscosity that it provides a
mechanism for shear flow to occur within the glass, then measurement of strain
at the exterior surface could cause a serious underestimation of strain in the
substrate. Reaction of this silica glass to form a more refractory bond with
surface mounted sensor materials is desirable.

Monolithic ceramics can be very hard, making machining difficult and
expensive. These same materials are also brittle. Therefore, the reliability
of monolithic ceramic components has been suspect (refs. 3 and 4).



3.3 CERAMIC COMPOSITES

Ceramic composite materials are used to fabricate structural components,
offering higher temperature capability, high strength, and reduced weight in
comparison with metallic components.

The most common composite materials include:
o SiC/SizNg
0 SiC/SiC
0 Whisker reinforced SigNg.

Ceramic composites consist of a matrix material, for example a monolithic
ceramic, reinforced with ceramic fibers. These fibers act to diffuse fractures
and thereby increase the toughness of the matrix material. Ceramic composites
are stronger and harder than superalloys currently in use, have lTow thermal
expansion, and are resistant to erosion. They do, however, lose their strength
at elevated temperatures (ref. 3).

3.4 CARBON/CARBON COMPOSITES

Carbon/carbon composites are being investigated for various uses including
components suitable for use in cruise missile engines and other applications
exposed to extreme environments. The basic high temperature material is carbon
plus a coating for oxidation protection.

Components manufactured from carbon/carbon composites must be coated to
provide oxidation resistance. The characteristics of the coating, as well as
the substrate, must be considered during instrument development. For example,
optical pyrometer measurements would depend on the optical properties of the
coating.

The development of carbon/carbon composites suitable for use in cruise missile
engines is the subject of a major U. S. Air Force program currently being
managed by the Material Laboratory at United Technologies Research Center
(UTRC), ref. 5. The major program goal is 10 hours of useful life in air at
2200K. The life-limiting problem at high temperatures in air is the rapid -
reaction of carbon with metal to form carbides and with oxygen to form
volatile oxides such as COp. Thus far, UTRC has developed two types of
coatings which successfully resist oxidation. The first type consists of a
proprietary layer on the carbon/carbon and a top coating of Si3Ng. At high
temperatures, the silicon nitride oxidizes to form a protective coating of
Si02. This coating system works well at 2100K but not at 2150K, where
bubbles (carbon and nitrogen oxides) begin to form in the glass. The rate of
recession of the coating with time at high temperatures in a high speed gas
stream due to the evaporation of the silica is also a serious problem with
this system.

10



The second type of multilayer coating for carbon/carbon is useful up to 2200K.
It consists of an inner layer of a carbide which bonds well to the carbon.
Next is a layer of iridium (an oxygen diffusion barrier), and then a layer of
iridium aluminate. The aluminate reacts with air to form a final outer surface
layer of alumina. A variant of this coating replaces the aluminate with an
electron beam-physical vapor deposition (EB-PVD) coating of stabilized
zirconia. Both the alumina and the zirconia coatings have columnar
microstructures and, for all practical purposes, are 100% dense.

11



4.0 SENSORS FOR SURFACE TEMPERATURE MEASUREMENT

4.1 THIN FILMS
4.1.1 Thermocouples

Thin-film thermocouples have been developed for use on MCrAlY-coated
superalloy materials in jet engine applications (refs. 39, 41-42, 60-63, and
66). This thin-film form of thermocouplie is fabricated by sputtering suitable
layers of metals, and insulating materials if necessary, directly on the
material surface. In the typical form, the two legs of the thermocouple
circuit are formed of sputtered metal stripes of dissimilar metals overlapped
at one point to form a temperature measurement junction. The two stripes
extend as lead films to a point convenient for the attachment of lead wires by
resistance welding.

Figure 1 shows the 14 thin-film thermocouples installed on turbine vanes and
then operated to 1250K by NASA in combustor exit flow during the High Pressure
Facility test program in 1985 (ref. 39). The metal films and Tead wires are Pt
and Pt-10%Rh. The sputtered insulation layer under the thermocouples is

A1503. The vanes are nickel-base superalloy which have been NiCoCrAlY-

coated by vapor deposition. The NiCoCrAlY layer was oxidized to form a
starting layer of thermally grown Al203 before sputtering, to attain

adherence of the sputtered Al,03, which otherwise would spall and

delaminate at turbine vane temperatures. Figure 2 shows a schematic of a cross
section through the films (refs. 41, 42, and 63).

Three considerations determine the upper temperature 1imit of these sensors.
The first consideration is the melting points of the precious metals employed
(e.g., Pt 2043K, Pt-10%Rh 2103K, and Rh 2293K). Beyond these temperatures, the
development of new thermocouple materials would be required, perhaps of
ceramic or mixed ceramic-metal (cermet) compositions. For example, Searcy and
Meschi (ref. 40) identify the internal thermodynamic mechanisms affecting the
high-temperature electronic semiconductor properties of ceramics in contact
with other materials. Advancement would require a major research and
development program based on using such considerations to design atomic
structural modifications, and appears to be well beyond the scope of the
present program. The thin-film thermocouple based on the noble metal elements
remains feasible for consideration up to about 1900K. The second consideration
is the upper limit of reliable thermocouple behavior, including the effects of
erosion, corrosion, insulation shunting, and contamination. The third
consideration is the upper limit for mechanical adherence and durability.
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PRATT & WHITNEY THIN-FILM THERMOCOUPLES ON FOUR NASA-LEWIS
RESEARCH CENTER VANES: PRESSURE SURFACE

Figure 1 Thin-Film Thermocouples
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Figure 2  Schematic Cross Section through the Films
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The initial accuracy of Pt versus Pt-10%Rh thin-film sputtered thermocouples
on superalloy blades and vanes in combustor flow is found to be within the
Timits of ANSI standard for Pt versus Pt-10%Rh thermocouple wire over the
range tested to date: +1.1C or +0.75% of Celsius temperature, for 300K to
1250K (refs. 41 and 42). This accuracy is not measurably altered by 50 hours
exposure to high temperature combustor flow, except for an oxidation effect in
a particular part of the thermocouple system somewhere between the hot
junction and the cold junction (ice temperature or room temperature) where the
thermocouple leads pass through the temperature range in which rhodium
oxidizes readily: 600K to 950K. For long-term stability, this part of the
system must be fabricated of thick wire or films (ref. 42 concludes that 14um
Pt-10%Rh films produce satisfactory results) or protected from oxidation by
sheaths or coatings. The shift in calibration AT (Kelvin) due to this
oxidation of Rh in the PtRh leg is found empirically to be a function of three
parameters: PtRh film thickness a (um) in the critical region, oxygen part1a1
pressure p (atmospheres), and time t (hours) as follows:

= (40) (p0-6) (t0.33) / (a) (1)

The oxidation problem can be avoided by using a pure Pt versus pure Rh system,
but the extension wire of pure Rh is difficult to install reliably due to its
low strength.

Two other potential sources of major error are contamination and shunting
effects. :

Contamination effects are difficult to estimate. No calibration data above
1250K have been found for thin-film thermocouples. It is known that the
increased chemical activity of many atomic species above 1250K may result in
contamination of thin films of noble metals resulting in changes in
thermoelectric voltage with time at temperature. For example, a 10% shift in
calibration would occur if the Pt leg became contaminated with about 1%
concentration of Rh (or possibly other species such as Si).

The effect of electrical shunting due to insulation leakage is estimated as
follows. It is first observed that, to keep the effects within reason, the
insulation resistance should be at least 10 times the sensor resistance. The
geometry of thin-film stripes on insulation layers results in the following
constraint on insulation resistivity, ry:

ri/r =10 (L/a)2 (a/ay) (2)

where r is sensor resistivity, L is sensor length, a is sensor thickness, and
a1 is insulation thickness. The ratio L/a for thin-film thermocouples is
typically greater than 100, for reasonable isolation between point of
measurement and point of lead wire attachment. Then, even if the insulation
thickness is 10 times the sensor thickness, the insulation resistivity must be
about 104 times higher than the sensor resistivity. The data in Table I
suggest that this may be attainable up to about 1900K, but probably not to
2200K, based on Al903 as insulators.
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The thin-film gages are found to be essentially unaffected by the vibrations,
strains, erosion, and acceleration loadings (to 100,000 G) experienced in
engine hot section testing. Loss of several percent of the thin film thickness
due to erosion has no effect on thermocouple accuracy, for example, except
when insulation resistance is marginal. Environmental problems center on the
problem of materials in contact.

There are four major concerns about the materials in contact with the sensor.
First, does electrical insulation resistance decrease without limit as
temperature (T) increases, short-circuiting the thin-film thermocouples?
Second, does contamination of metal thermocouple elements occur at high T,
resulting in unacceptable calibration drift with time at temperature? Third,
is delamination a more serious problem due to any of three causes: increased
effects of temperature coefficient of expansion mismatch, increased thermal
shock due to impact of hotter particulate matter, or softening of the ceramic
surface? Finally, if thicker insulation or overcoat layers are required to
protect against erosion, corrosion, contamination or shunting, will these
heavy layers result in increased problems of delamination?

In tests at Pratt & Whitney, Pt versus Pt-10%Rh thin-film thermocouples on
samples of Tithium alumino-silicate (LAS) glass/SiC fiber composite ceramic
survived furnace cycles to 1400K in air. At UCLA, Pt-10%Rh/Pt thin-film
thermocouples on Si3Ng substrates were tested successfully to 1300K in air
(ref. 43). Tests of this kind must be carried out on several candidate ceramic
materials and must be extended to the upper 1limit of the thermocouple
materials (1900K). Accuracy must be determined quantitatively over this entire
range by comparison with heavy wire thermocouples (in isothermal furnace
testing) and pyrometers (where surface emittance has been established).

Failure is defined for an individual sensor as increase in the uncertainty of
the measurement beyond acceptable limits, due either to catastrophic failure
or gradual deterioration. Failure of less than 50% of thin-film thermocouples
installed has been achieved for 50 to 150 hours in engine tests and combustor
rig tests, in which surface peak temperatures were 1250K and average on the
order of 1100K. Gradual failure modes include: calibration shifts due to
contamination; increase in leakage to ground (secondary junctions); and the
special oxidation effects described earlier. Catastrophic failure modes
include: delamination (failure of adherence) of the sensors or the lead wires;
or open circuit due to 100% erosion; or open or intermittent circuit due to
failure of lead wires or connections.

The total thickness of a cross-section through the film instaliation of figure
2 above the MCrAlY surface is about 10 pum, at the point of temperature
measurement. This thickness does not include the 120 pm NiCoCrAlY undercoating
which is required on the superalloy components but will probably not be needed
on ceramic components. This is an order of magnitude less than the buildup (or
groove depth) required for reliable wire thermocouple installation. The result
is negligible aerodynamic disturbance, negligible mechanical damping, local
stress concentration or stiffening, and negligible temperature redistribution
in the component. It is expected that surface grooving will not be permitted
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on ceramic components because of the risk of local crack initiation. The
thin-film thermocouple applied externally meets the desired noninterference
requirements. The size of the thermocouple junction (overlapped leg area) can
be as small as 0.1 mm x 0.1 mm, but 1.5 mm x 1.5 mm is recommended to allow
for possible loss of material through erosion or impact. At the point where
lead wires are attached to the films, thickness buildup is typically 150 um
above the surface including lead wire and a protective overcoat of cement. A
Tocation well away from the point of measurement should be selected.

Standard commercial thermocouple data acquisition equipment and data reduction
procedures are used with the thin-film thermocouples. The equipment can be
recalibrated at any time during a test by substituting reference input
voltages for thermocouple voltages. The sensors and lead wires cannot be
readily recalibrated. To do so requires imposing a known temperature gradient
on each portion of the thermocouple leadwork (and not simply a known
temperature at the measuring point). This is not usually possible in tests of
aircraft engines or hypersonic vehicle structures, and is a fundamental
difficulty in using either conventional wire thermocouples or thin-film
thermocouples. The thermocouple sensors and lead wires must, therefore, be
conservatively designed for high stability, incorporating oversized conductors
and protection from the chemical contaminations that might result in
calibration drifts. The thin-film thermocouples are readily used in rotating
systems through slip rings or radio telemetry.

Fabrication of thin-film thermocouples is complicated. Minimum involvement
requires masking of the part and sputtering of patterns of two dissimilar
thermocouple materials overlapping at selected locations to form junctions.
Attachment of lead wires of thermocouple materials to the films is then
necessary. Finally, the lead wires must be bonded to the components to be
tested and routed to a data acquisition system.

The sputtering processes are carried out in a vacuum chamber in which atomic
cleanliness must be preserved. Adherence and proper composition of films is
not achieved if a few atomic layers of moisture, organics, or other
contaminants remain on the surface. The ceramic components on which thin-film
thermocouples are to be fabricated must therefore be cleanable and then stable
when baked to 673K in hard vacuum (10-7 torr). The components must fit in
available vacuum sputtering chambers (dimensions less than 30 cm are typical).
The specialized nature of sputtering equipment makes difficult the transfer of
the thin-film technology from one facility to another.

The critical concerns in extending the thin-film sputtered thermocouple
technique to ceramic components at higher temperatures center on the problems
discussed previously. These concerns may result in a necessity for development
of improved protective layers under or over the thin-film sensors to provide
barriers to contamination or improve local mechanical stability of the ceramic
surface.
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4.1.2 Resistance Thermometers

A thin-film resistance temperature sensor can be fabricated by sputtering a
suitable layer of a material whose electrical resistance is highly sensitive
to temperature (such as any pure metal), and insulating materials if
necessary, directly on the ceramic component surface. The sensing element can
consist of a single line or grid of platinum or conductive ceramic or cermet.
A pattern such as that shown schematically in figure 3 would provide a small
sensor and wide low-resistance lead films extending to a point convenient for
the attachment of lead wires by resistance welding.

LEAD FILM

INSULATION LAYER

TEMPERATURE
SENSOR FILM

CERAMIC

Figure 3  Thin-Film Resistance Thermometer
The fabrication technology employed is basically the same as that employed in
fabricating thin-film thermocouples, discussed previously.
Three considerations affect the estimate of upper temperature limit:

1. The melting point of the sensor element material (e.g., platinum at
2043K)

2. The upper limit of reliable resistance behavior, including the
electrical effects of erosion, corrosion, insulation shunting and
sensor contamination

3. The upper limit for mechanical adherence and deterioration as the
temperature is raised.

The second and third problems are more severe for the resistance thermometer

than for the thin-film thermocouple discussed earlier because of the direct
dependence of sensor electrical resistance on oxidation, erosion, shunting,
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and contamination. This will require more effective barrier layers to be added
over, and perhaps under, the sensor. If these barrier layers are thicker and
heavier than in the thin-film thermocouple case, then the layers will promote
larger thermally-induced mechanical stresses if the thermal expansion
mismatches are not changed.

The platinum resistance thermometer is considered equal to, or superior to,
the best reference grade thermocouples in accuracy of temperature measurement
for temperatures up to 1100K (better than 1%). At higher temperatures, it may
be possible to provide enough protection against erosion, corrosion, shunting,
and contamination to attain useful accuracy. A major development program would
be required.

In estimating the effect of contamination, for example, it can be noted that
the influence coefficient relating percent change in resistance to change in
metal alloy composition is typically on the order of 10 (10% resistance change
for 1% contamination).

The effect of shunting due to insulation leakage is estimated as follows. It
is first observed that the insulation resistance should be at least 10 times
the sensor resistance. The equation defining the constraint on insulation
resistivity as a function of sensor film dimensions, sensor film resistivity,
and film thicknesses was discussed previously. The sensor length-to-thickness
ratio L/a must be typically greater than 100 for reasonable resistance in the
sensor. As stated in Section 4.1.1, even if the insulation thickness is 10
times the sensor thickness, the insulation resistivity must be about 10

times higher than the sensor resistivity. The data in Table I suggest that
this requirement may be attainable up to about 1900K, but probably not to
2200K, based on Al203 as insulators.

In the previous discussion, it was noted that thin-film thermocouple gages
have been found essentially unaffected by the vibrations, strains, erosion,
and acceleration loadings (to 100,000 G) experienced in engine hot section
testing. For thin-film resistance thermometers, the environment is a greater
concern. More effective protective layers will be required to prevent erosion,
corrosion, shunting, and contamination. If these layers are heavy, then the
1ikelihood of delamination is increased when subjected to temperature shock,
mechanical shock, vibration, and acceleration loadings.

The concerns about materials in contact with the sensor, which were identified
for the thin-film thermocouple systems, are even more serious potential
problems for thin-film resistance thermometers. In particular, the materials
in contact will play a decisive role in erosion and contamination, discussed
above. The resistance thermometer sensor must be protected by coatings over
and under the sensor which provide good insulation and barriers to diffusion
of atomic species which could alter the composition and electrical resistivity
of the sensor by reaction, amalgamation, or alloying, or formation of new
material phases.
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The useful life of thin-film resistance thermometers is likely to be shorter
than the useful 1ife of thin-film thermocouples, for the reasons outlined in
the two preceding sections. Attainment of 50 hours average time before failure
may be achievable., Attainment of this goal will hinge on development of
coatings to provide protection against erosion, shunting, and contamination.

The total thickness of a cross-section through the thin-film resistance
thermometer installation is expected to be on the order of 50 um, including
undercoat, sensor, and overcoat. This is thicker than the thin-film
thermocouple installations described earlier, because of the additional
protective coatings required over and under the sensor.

The thin-film resistance thermometer applied externally, therefore, meets the
desired noninterference requirements. The size of the temperature sensing
region can be as small as 0.1 mm x 0.7 mm, but 3 mm x 3 mm is recommended to
allow for use of a grid of thicker films to reduce surface-to-volume ratio
and, thereby, reduce susceptibility to contamination and erosion. At the point
where lead wires are attached to the films, thickness buildup will be
typically 150 pm above the surface. A location well away from the point of
measurement should be selected.

Standard commercial resistance Wheatstone bridge data acquisition equipment
and data reduction procedures are used with the thin-film resistance
thermometers. The equipment can be recalibrated at any time during a test by
applying shunt resistors or test voltages. The sensors and lead wires cannot
be readily recalibrated. To do so requires returning to a precisely known
previous operating condition of the test engine or vehicle. This is not
usually possible in tests of aircraft engines or hypersonic vehicle
structures, and is a fundamental difficulty in using conventional or thin-film
thermocouples, or conventional or thin-film resistance thermometers. The
sensors and lead wires must therefore be conservatively designed for high
stability, incorporating oversized conductors and protection from the chemical
contaminations that might result in calibration drifts. The thin-film
resistance thermometers are readily used in rotating systems, through slip
rings or radio telemetry.

Fabrication of thin-film resistance thermometers is complicated, involving as
a minimum the masking and sputtering of patterns of conductive material to
form sensors, and then attachment of lead wires to the films. Finally, the
lead wires must be bonded to the components to be tested and routed to a data
acquisition system.

Thin-film deposition processes, with higher energy of arrival at the surface
than the sputtering process, could be employed (such as ion implantation or
jon milling), but each would require a major development program. Low-energy
methods, such as evaporation or firing of painted suspensions, do not provide
the required durability at high temperatures.

As discussed in Section 4.1.1, the sputtering processes are carried out in a

vacuum chamber in which atomic cleanliness must be preserved. The critical
concerns in extending the thin-film sputtered resistance thermometer technique
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to ceramic components at higher temperatures center on the problems discussed
in the previous sections. These concerns may result in a necessity for
development of improved protective layers under or over the thin-film sensors
to provide barriers to contamination or improve local mechanical stability of
the ceramic surface.

4.1.3 Insulating Layer or Substrate Resistance

A common problem with thin film sensors for both temperature and strain is the
change in the resistance of the insulation layer with temperature. There have
been attempts to compensate for these changes, such as recommendations to use
strain gages of lower resistance to minimize these effects. It may be possible
to select an insulating layer that exhibits large shifts in resistance with
temperature and to use that change as the basis for a temperature measurement
technique. Electrical connections would be attached to both sides of the
insulating layer, and the electrical resistance of the layer would be measured
as shown in figure 4. This resistance could be calibrated as a function of the
temperature of the layer. In the case of electrically conductive substrates,
the substrate would be used as one electrical connection and the other
connection would be formed by sputtering a lead onto the insulating layer. In
the case of an electrically insulating substrate, a Tead would be sputtered on
the substrate, the insulating layer applied and the other lead sputtered onto
the insulating layer.

OHMS

INSULATING
LAYER

Figure 4 Resistance of Insulating Layer
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A variation of this concept is shown in figure 5. In this sensor, two
thin-film leads are sputtered directly onto the ceramic. The ceramic itself
then serves as the sensing element with the resistance between the two leads
being monitored. In principle, by varying lead spacing and by using
high-frequency AC excitation, the user would have some control over the depth
of the temperature measurement. Close lead spacing and high sensing frequency
would yield a surface temperature measurement. Wider lead spacing or lower
sensing frequency would increase the depth into the ceramic over which the
temperature is averaged. The accuracy of this method is probably limited by
the variability in the high-temperature electrical properties of the ceramic
materials. For example, the resistivity of alumina at elevated temperatures is
readily degraded by small impurity levels. The values reported in the
literature vary by a factor of ten. The values are affected by the structure,
porosity, method of preparation, surrounding metals, surrounding atmosphere,
and insulator purity (ref. 162). This consideration, along with the
uncertainty in the precision of dimensional control in the lead spacing, may
permit use of this technique only in the unusual case where in-situ
temperature calibration of the sensor is possible after installation.

The thin-film techniques appear to be adaptable to ceramic materials. The
current practices of resistance welding thermocouples to the surface and
embedding lead wires in the surface will not transfer directly to the ceramic
materials. Sputtering offers a method of bonding the sensors to the surface.
Many of the nonmetallic materials are not electrically conductive, and the
thermoelements and leads can be sputtered directly onto the surface.

CERAMIC

OHMS

Figure 5 Substrate Resistance
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Tne sputtered sensors are temperature 1imited both by the bond failures
resulting from thermal expansion mismatches and the melting points of the
metallic elements. However, the thin-film sensors will be useful for
low-temperature testing. The sputtering technique may also prove useful in
providing lead wires for other sensor installations.

4.2 ACOUSTIC WAVE TEMPERATURE SENSOR

One possible noncontact temperature measurement technique is a laser
ultrasonic thermometer that has been investigated by Rockwell for the NASA
Marshall Space Flight Center (ref. 44). This technique is shown schematically
in figure 6. In this technique, a pulsed laser would be used to generate an
ultrasonic pulse in the ceramic. The phase variation induced in a separate
probe laser beam by the acoustic wave would be used to detect the pulse as
well as reflections of the initial pulse. Since the speed of sound in the
ceramic will vary with temperature, the average ceramic temperature could be
determined by the delay in the reflected pulse from the opposite surface of
the ceramic. If the speed of the surface acoustic wave across the ceramic was
measured, the ceramic surface temperature could be determined. This sensor
type was not chosen for development under this contract for several reasons.
This sensor exists only as a conceptual design. Since it has not been
demonstrated, it has a very high risk. The need to introduce two Tasers with
high spatial definition as well as detection optics into the propulsion system
environment poses formidable challenges. Since these systems have not been
built, the feasibility of their use in the harsh acoustic and vibrational
environment of advanced propulsion systems cannot be determined.

PULSED PROBE
LASER LASER DETECTOR
SURFACE

ACOUSTIC

— WAVE

TRANSMITTED
ACOUSTIC
WAVE

Figure 6 Acoustic Wave Sensor
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4.3 PEAK TEMPERATURE MEASUREMENT TECHNIQUES

An additional family of temperature measurement techniques does not measure
temperature in real time but does allow post test determination of the maximum
temperature reached by the part. One such technique is the use of temperature
indicating paints which change color when certain temperatures are attained.
Paints are available that span the temperature range of 310K to 1625K. Some
paints have several color changes occurring at different temperatures, so
relatively detailed thermal profiles can be obtained. The main advantage of
this technique is that a large amount of semi-quantitative data can be
obtained at very low cost without need for lead wires, optical access, etc.
Limited testing has shown the paints to be compatible with the ceramic
materials of interest to this contract.

A slight variation on the color-change paints is the use of materials with
calibrated known melting points. Such materials are available in several
forms, including lacquers and crayons. When these materials are applied to a
surface, they have a dull opaque appearance. If the melting point of the paint
is exceeded, it will liquify. When the surface is cooled, the paint will
resolidify. The appearance of the resolidified material is distinctly
different from the original paint. It is glossy, fused looking, and may be
transparent. These phase change materials are available covering the
temperature range of 310K to 1650K.

While both types of paints will, undoubtedly, continue to find wide use on
ceramics in the development of advanced propulsion systems, they are not
recommended for further development under this contract. The paints do not
give real time information, which can be a major drawback. The paints only
indicate the maximum temperature reached by each portion of the part. They do
not give information related to when the temperature was reached nor what the
gradients in the part were during transients.

Another method that has been used to obtain the profiles of maximum
temperatures reached on metallic components is the use of radioactive gases
such as Kr-85 (ref. 45). Krypton has been the noble gas used for most studies.
Kr-85 has a 10.6 year half-life, is a beta emitter, and is chemically inert.
In this technique, the krypton gas is forcibly diffused into the component of
interest at elevated temperatures and pressures. The krypton atoms become
captive in the lattice structure of the base material and will not be
liberated unless the lattice cells are spatially changed such as by heating.
The kryponated parts are then installed in the propulsion system and the test
program of interest performed. Following the test program, the kryptonated
parts are returned to the laboratory and examined to determine the maximum
temperature reached by the part. This is usually done by a scheme called the
residual counting method, the results of which are shown schematically in
figure 7.
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Figure 7 Kr-85 Residual Counting Method

If a kryptonated part is heated in an inert atmosphere to temperatures that
are lower than the maximum temperature seen by the part during test, there
will be 1ittle activity loss. If the part is heated to temperatures higher
than it had previously seen, significant activity loss would occur as
previously untapped krypton atoms with higher binding energy are liberated. To
determine the maximum temperature reached, a kryptonated test piece is heated
progressively in steps from a temperature substantially below its previous
maximum to a level above that maximum temperature. The residual activity is
measured after each heating. A plot of residual activity versus heating
temperature will yield a curve with two distinct slopes. The breakpoint in
that curve will be the previous maximum temperature to which the part was
heated. If several locations on the part were monitored, maximum temperature
profiles could be obtained. Spatial resolution on the order of 0.3 cm should
be possible.

This technique is not recommended for further development under this contract.
It has the same disadvantages as the paints in that no real time data is
obtained, and only the maximum temperature seen can be retrieved after the
test. Also, the requirement for stepwise heating makes the data reduction
process time-consuming and costly.
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4.4 EDDY CURRENT PROBES

Since the electrical conductivity of ceramics varies as a function of their
temperature, eddy current probes could be used as temperature measuring
devices. This technique is shown schematically in figure 8. The use of eddy
current probes is based on the fact that the energy transfer between a probe
generating an electric field and an adjacent material depends on the
electrical conductivity of the material. By measuring the energy transfer, the
electrical conductivity of the material and, therefore, the temperature of the
material could be determined. In principle, by adjusting the frequency of the
electric field, the depth of the field penetration into the ceramic and,
therefore, the depth of the averaged temperature measurement could be altered.

This sensor type is not recommended for additional development under this
contract. Unless the eddy current probe was relatively close to the object
being measured, the temperature would be averaged over a relatively large
surface area. If the probe was moved close to the object, it would introduce
perturbations in the convection and radiation boundary conditions of the
object being measured. There also are several other factors that could alter
the energy coupling in addition to temperature effects. Probe to surface
spacing, surface microcracks, etc., could all adversely affect the accuracy of
this technique.

RF

POWER

Figure 8 Eddy Current Probe
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4.5 NEUTRON DIFFRACTION

Diffraction of a monochromatic beam of neutrons could be used to measure
crystalline plane spacing, as shown in figure 9. When an incident neutron beam
strikes a specimen, it is diffracted at an angle that depends on the distance
between the planes of atoms in the crystal lattice. That angle could be
measured with a neutron spectrometer, and the plane spacing could be
calculated. Since this spacing will vary as the ceramic expands with
increasing temperature, this could be used for temperature determination.
Using a calibrated neutron source and precise targeting of the beam, the
volume of the specimen could be probed. Plane spacing resolution of a fraction
of an angstrom is, in principle, possible.

There are several disadvantages to this technique, such as the variation in
plane spacing due to factors other than temperature (e.g., strain). The main
factor, however, that eliminates this technique from serious consideration is
the need for an intense monochromatic neutron source (such as a nuclear
reactor) in very close proximity to the component being tested.

NEUTRON
SOURCE

R

CERAMIC

O\

RECORDING SYSTEM

LATTICE SPACING CHANGES WITH TEMPERATURE
WHICH CHANGES DIFFRACTION ANGLE 0

Figure 9 Neutron Diffraction
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4.6 PYROMETRY

Radiation pyrometry provides a means for surface temperature measurement
without perturbing either surface or surrounding medium. Selection of a
particular pyrometer measurement system is based on the radiative properties
of the surface, the medium in the optical path, required frequency response,
and calibration to achieve the desired measurement accuracy.

Al11 substances at a temperature above absolute zero emit radiant energy as
shown in figure 10. Substances undergoing radiative energy interchange have
the ability to emit, absorb, and transmit energy at various levels. The
relationship between the radiant properties of transmission, absorption, and
emission at given conditions is characteristic to each substance. The radiant
properties are referenced to an ideal surface called a "black body." This
surface is opaque and absorbs all incident energy. The expression for the
emissive radiant flux from a black body was determined from first principles
by Max Planck (ref. 46) and is given by:

RIEW

where: P(A,T) = monochromatic black body intensity of emission (W/m2p)

P(A,T) = (3)

A = wavelength (microns)

1 = constant 3.743 x 108 W micron4/m2

Co = constant 1.439 x 104 micron K ‘
T = temperature of surface (Kelvin).

Planck's equation indicates that the radiant flux increases with increase in
temperature at all wavelengths. A pyrometer works on this principle. Real
surfaces, however, emit only a portion of the energy radiated by a black body
at the same temperature. For a real surface, the amount of energy radiated is
given by:

E(A,T) = €(A,T) P(A,T) (4)

where: E(A,T) = actual intensity of emission (W/mZy)

€(A,T)
P(x,T)

surface emittance 0 < €(A,T) < 1

Planck's function defined above.
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In an optical pyrometer, the thermal radiation from a defined surface area is
collected by an optical system and transferred to a detector. The detector
produces an electrical signal proportional to the radiant power over a
wavelength interval determined by the detector and associated optics.
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Figure 10 Radiant Energy Emission

4.6.1 Single-Color Pyrometry

If the emittance of a surface can be measured with reasonable accuracy,
single-color pyrometry can often be used to obtain relatively accurate
temperature data. In this technique, the amount of energy emitted by the
surface in some spectral band is measured. The measurement is then corrected
in the signal processor for the known emittance of the sample. The corrected
energy can then be compared to the known black body energy curve to determine
sample temperature.

Commercial units are available to measure temperatures to above 3000K.
Pyrometry is a noncontact method and there is no upper temperature limit. The
higher the temperature, the more energy there is to measure. If necessary, due
to detector saturation, the energy can be reduced by the use of suitable
filters.

The accuracy of single-color pyrometry is strongly dependent on the
environmental conditions of the test. In the laboratory, the accuracy is
generally within 2K. Under realistic engine test conditions, this would be
greater than 50K due to reflected energy considerations.
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Single-color pyrometers are not particularly well suited for all propulsion
system applications. The environment found in propulsion systems contains
large amounts of reflected energy. Single-color instruments cannot
discriminate between energy originating in the combustor fireball and
reflected from the target from energy emitted from the object of interest. For
the single-color method to work with acceptable accuracy, the amount of
reflected energy may have to be reduced. As with any optical technique,
optical access into the area of interest would be required.

This is a noncontact method and the measurements are done optically. Hence,
there is no problem with compatibility with the ceramic materials.

The 1ife expectancy of this system is that of the pyrometer itself. These are
commercial instruments that have good reliability. Periodic cleaning of the
optics may be required to maintain acceptable accuracy.

The probes presently in use at Pratt & Whitney consist of a 1.6 cm diameter
water-cooled jacket protruding into a vane cluster. Work is being done to
reduce the size of the probe. Target spot sizes can be as small as 0.1 cm,
depending on detector and lens systems and the required lower temperature
Timit and speed requirements of the pyrometer.

Pyrometer units typically come with a direct temperature readout. If further
data analysis is required, computers and storage devices can be connected to
these units.

Single-color pyrometers are available commercially. The design and fabrication
of parts necessary to mount the detectors on engines and an optical access to
view the components of interest would be necessary.

4,.6.2 Emittance Measurements
4.6.2.1 Emittance Compensating Pyrometer

In conventional single-color pyrometer systems, the temperature is estimated
directly from the measured energy. This requires that the surface emittance
must be measured or estimated. One method used to determine emittance of
surfaces to be measured in some commercial pyrometry systems is shown in
figure 11 (refs. 37 and 38). As in conventional single-color pyrometry, the
amount of energy emitted by the target in some spectral range is measured. In
these emittance compensating units, a Tight source with known output in the
spectral range of the pyrometer is also reflected off the target. The amount
of reflected energy is then measured by the pyrometer. Since for opaque
materials, the emittance and absorptance at each wavelength are the same, an
estimate of surface emittance can be determined. The emitted energy
measurement is then corrected for this estimated emittance. If the surface is
perfectly diffuse (a Lambertian surface), this technique works well for
relatively cool surfaces. For surfaces where the emittance varies with angle,
such as many ceramics, or surfaces so hot that the light source reflected
component is small compared to the amount of surface emitted energy, this
technique can lead to significant errors.
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Figure 11  Emittance Compensating Pyrometer

4.6.2.2 Direct Emittance Measurements

At Pratt & Whitney, emittance measurements of various surfaces at high
temperature have been made using a Thermogage Emissometer. Figure 12 shows a
schematic of that device, while the device itself is shown in figure 13. The
test specimen is mounted on the end of a graphite rod. The rod is then pulled
into a black body cavity and heated. Depending on the purpose of the test, a
broad spectrum or narrow spectral range radiometer is used to make emissivity
measurements. The radiometer is connected to a digital storage oscilloscope so
that the resulting trace can be captured. While the test specimen is at
equilibrium in the black body, the radiometer is positioned to look into the
cavity at the specimen. A trace is triggered. The radiometer is then shuttered
for a second (to obtain a zero energy baseline). The radiometer is unshuttered
and the black body energy is measured; then the specimen is propelled out to
the end of the black body tube and the energy from the specimen is measured.
The movement is fast enough that the change in specimen temperature is
negligible. This produces a trace similar to figure 14. The emissivity of the
specimen equals the ratio of the energy emitted by the specimen at the end of
the tube to the energy emitted by the specimen inside the black body.
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Figure 14 Emissometer Scope Trace

Emissivity measurements have been made on several ceramics. Results show that
Zr02/Y203 ceramics have emissivities that vary widely depending on
manufacturing processes, application methods, and material content. SiC and
SigNg exhibit high emittances across the spectrum. Compglas® composites

have also been tested, and results show high emittances in the 5 to 14 micron
range. Figures 15 through 17 show emittance data obtained for Si3Ng, SiC,

and Zr02/Y»03 respectively.

It can be seen that for all these materials the emittance is quite high and
stable at long wavelengths (approximately 10 microns). This is typical of most
ceramics of interest. A single-color pyrometer with spectral sensitivity at
this Tong wavelength would appear to be a good candidate for obtaining
accurate temperature measurements on ceramics.
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4.6.3 Ratio Pyrometers

In some pyrometers, such as shown in figure 18, a ratio technique is used in
an attempt to eliminate the error caused by emittance uncertainty. For a ratio
pyrometer, data are taken in two different spectral bands, and the ratio of
the energy in the two bands is calculated. If the emittance of the surface is
the same in both wavelength bands (referred to as a grey body), the ratio is a
function only of temperature independent of emittance. This technique works
quite well on oxidized metals. Testing at Pratt & Whitney has shown that the
emittance of most ceramics varies considerably with wavelength. In those
cases, attempts to use ratio pyrometry can lead to large errors.

4.6.4 Dual Spectral Area Pyrometry

Conventional pyrometer measurement systems may have limited application in the
critical hot section of gas turbine engines due to the presence of reflected
energy from the combustor fireball. Unlike the spectral 1ine radiation from
CO2 and Hp0, this is broadband black body radiation present at all
wavelengths. It, therefore, cannot be avoided by choice of detector spectral
‘band. For some hypersonic applications (such as the hydrogen-fueled SCRAMJET)
that do not use hydrocarbon fuels, this problem may not exist.
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Figure 18 Ratio Pyrometer

For those applications where hydrocarbon fuels are used, the capability of
correcting for reflected combustor radiation must be considered in order to
obtain pyrometry temperature measurement with acceptable accuracy. Spectral
radiation measurements on test engines at Pratt & Whitney indicate that, for
oxidized metallic first turbine airfoils, as much as 60% of the radiant energy
collected by the pyrometer between 0.35 and 1.15 microns originates in the
combustor and reflects from the turbine blade. At this level of reflected
energy for a surface at 1250K, the error in the indicated pyrometer
temperature is approximately 100K.

The Dual Spectral Area Pyrometry (DSAP) technique (refs. 47-49) was developed
at Pratt & Whitney specifically for aircraft engine diagnostics. The
implementation of that technique has matured to the point where it has become
routine instrumentation on all development engines. An advanced version of
this system measures reflection-corrected temperature with 200 KHz frequency
response providing instantaneous temperature as a function of position on
rotating turbine blades. Engine control pyrometers under test for the PW5000
advanced fighter engine employ the DSAP technique with an advanced algorithm
which significantly reduces complexity, size, and weight of pyrometer hardware.

The DSAP reflection compensation is based on the fact that two pyrometers
sensitive to different wavelengths will not be equally affected by reflected
energy from an external high-temperature radiation source. The spectral ranges
of the two pyrometers are selected such that the measured temperature

. difference between them is indicative of the existence of a reflected
component. If the two measurements agree, there is reasonable certainty that
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there is no significant reflection error present. If the indicated
temperatures do not agree and certain assumptions are made concerning the
radiative characteristics of the external source and of the reflecting
properties of the surface being measured, then the difference between the two
signals can be used to estimate the magnitude of the reflected component. True
surface temperature can, thereby, be determined.

In the Dual Spectral Area Pyrometer, two simultaneous equations are solved
assuming a known or measured temperature of the reflection source. Below 50%
reflected energy, the corrected surface temperature is relatively insensitive
to an error in the reflection source temperature. A change of +275K in the
reflection source temperature results in only approximately a +12K change in
the calculated surface temperature. As the reflected energy component
increases above approximately 50% of the pyrometer signal, errors resulting
from uncertainty in the reflection source temperature increase rapidly as was
. shown by various trade studies conducted on the DSAP (ref. 49).

4.6.5 Advanced Dual Spectral Area Pyrometry

Pratt & Whitney has been investigating a number of approaches for extending
the capability of the Dual Spectral Area Pyrometry system to handle larger
amounts of reflected energy. Improvements over the current system appear
feasible, but the practical use of advanced techniques will have to be
demonstrated. The Advanced Dual Spectral Area Pyrometer (ADSAP) system will be
capable of working with approximately 70% to 75% reflected energy by making
provisions to input the temperature of the reflection source. If acceptable
accuracy is to be obtained, however, it will be required that a method be
developed to accurately measure the reflection source temperature. It also
will be necessary to demonstrate that the reflection source temperature is
constant at a steady-state engine operating point.

As with most noncontact optical pyrometer systems, there is no inherent upper
temperature range to the ADSAP unit. As surfaces become hotter, the
signal -to-noise ratio actually improves and accuracy improves.

The ADSAP should be able to produce a typical accuracy of approximately +12K
as long as an adequate method is developed to account for the temperature of
large reflected energy sources.

Optical access to view the area of interest is necessary for any pyrometer
system. This may include probes protruding into the gas path as in the case of
systems for scanning the first turbine blades. In those cases, fiber optics
are often used. The spectral transmission characteristics of available filters
must be considered in determining possible wavelengths for pyrometer
operation. In other cases, nonintrusive probes with line of sight to the
target from outside the high speed gas stream may be used.
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Since this is a noncontact method with the measurements done optically, there
is little probiem with material compatibility. Also since this is a passive
noncontact technique, the life expectancy of the instrument is long and
indefinite, governed only by accumulation of dirt on the system optics which
is dependent on the details of each specific installation.

The optical resolution (spot size) of these pyrometry systems is governed only
by the system signal-to-noise ratio. Sufficient photons must be collected to
compensate for thermal noise in the detector. The spot size is, therefore,
limited only by pyrometer lens size, lens to surface spacing, and required
system speed. For the reasonably high temperatures of interest for application
of these systems to ceramic, spot sizes on the order of 0.15 cm should be
possible.

These pyrometer units contain a direct temperature readout. In cases where
data need to be recorded for further processing, the pyrometer can be
connected to computers or recording equipment.

4.6.6 Active Pyrometry

A temperature measurement technique known as Active Pyrometry is being
developed at the United Technologies Research Laboratory. In this technique,
the component surface temperature is modulated at a known frequency with an
external energy source such as a laser. Synchronous detection at the
modulating frequency is used to measure the energy fluctuations at the surface
in two or more spectral bands. The ratio of the energy fluctuations in
different spectral bands is a function only of the temperature and optical
characteristics of the surface. The reflected radiation component acts as a
steady-state bias and does not affect the ratio of the energy fluctuations.
Hence, it is possible this method could make direct temperature measurements
of engine components in the presence of a large reflected radiation component.
The basic scheme is illustrated in figure 19.

Using Wein's approximation to Planck's law, the spectral radiant intensity per
unit area collected from a hot body at wavelength A and temperature T is given
by:

2
E(A,T) = Ge(r) 21rgzg Exp (ﬁ%%) (5)

wavelength

speed of light

Boltzmann constant

Planck's constant

surface emittance at wavelength A

geometric factor related to collection efficiencies.
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If power is measured in a narrow wavelength band AX and the temperature is
changed by some small amount AT, the change in energy radiated from the
surface will be given by:

_d E(A,T)
ap = SEetl AT AR
(6)
AP = G €(A) 3% e\KAT/ At A
2T

If data is obtained in two different spectral ranges, the ratio of the power
in the two spectral ranges is given by:

27 C3n2 (-hC )
apy  Ge(a) AP T2 e\ KM aTan ;
- 7)
&7, > 32 (lzhf T)
G € Az) Ag T2 2 ATAAZ
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and simplifying

6 _hC ( 1.1 )
AP e(Ay) /2 AX KT \ A A
1. M ( 2) 1, 1 A2 (8)

The important point to note here is that the power ratio is independent of
both the magnitude of the temperature modulation and the geometric factor G.

After choosing Ay, A2, AA}, AA2 and determining the emissivity ratio
[e(A7) / e(rp)], the temperature can be calculated from the ratio of the

power variations as:
1 1
7\2 A-l
6

APy €(n,) /A7) AA
] 2 ] 2
i ',y () o) !

In order to verify the active pyrometry concept, a very simple experiment was
undertaken at the United Technologies Research Center. Two sample types were
used. One was a section of a superalloy turbine vane, and the other was an
A1703 ceramic. These were heated to about 1300K by an electrical heater.

-The temperature of the surface was modulated slightly at a low frequency by
means of a chopped COz laser. The radiation from the surface was collected

in two spectral regions. One region was the entire response curve of a silicon
detector. The measurement in the second region used the same detector, but
wavelengths longer than about 1 micron were blocked by a dielectric reflector.
The signals from the detector were synchronously detected, and the ratio of
the powers in the two regions was calculated. The results obtained are shown
in figures 20 and 21. This experiment demonstrated that the thermal emission
of a hot object can be modulated by an external radiation source and that the
ratio of the modulated emission in two different spectral regions provides a
monotonic indication of the temperature. No attempt was made to optimize the
spectral regions used in the measurement.

Active pyrometry appears to be a viable technique for temperature measurements
on ceramics in the presence of background radiation. If the intensity of the
background radiation is constant, extremely good discrimination should be
achievable. In a realistic situation, the background radiation will fluctuate
and power density of these fluctuations in the electrical bandwidth of the
detection system will lead to an error. The severity of this problem can be
“minimized by using a narrow bandwidth system (i.e., a long integration time on
the synchronous detectors) and by choosing the modulation frequency in a
region where the fluctuations of the background are small. In the experiment
described above, no attempt was made to simulate a fluctuating background
since the spectrum of the fluctuations would be very specific to the
particular application of the technique. Since active pyrometry makes use of a
narrowband electrical detection system, it is most suited for steady-state
temperature measurements. In the case of transient measurements, the
background discrimination would be severely degraded.
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A more advanced form of active optical pyrometry has also been proposed. In
this version, the dependence on the emissivity ratio is eliminated. This
version requires the availability of radiation sources at two different
optical wavelengths that are capable of modulating the surface temperature.
The first source is used to modulate the temperature of the component, and the
modulated thermal emission is detected at the wavelength of the second source.
The process is then reversed; the second source is used to modulate the
temperature, and the modulated thermal radiation is detected at the wavelength
of the first source. It may be shown that the ratio of the two detected powers
is independent of the emissivity of the surface. It is also independent of any
wavelength dependent transmission of the medium lying between the object to be
sensed and the source and detector combination. The feasibility and
practicality of this approach remains to be demonstrated.

This is a noncontact technique and should be usable to the melting point of
the material. Since it is noncontact, materials compatibility is also no
problem.

The accuracy is estimated to be +25K under realistic test conditions. Better
accuracy is attainable in the laboratory.

Active pyrometry is compatible with propulsion system environments. In its
basic version, active optical pyrometry requires a means to modulate the
temperature of the component and a means to collect and analyze the radiation
coming from the surface. A laser is convenient to use but not the only way to
modulate the temperature. The power required is of the order of a few watts
(dependent on the thermal properties of the component). Potential laser
sources include CO2, Nd:YAG, argon ion, copper or other metal vapor, and
excimer lasers. The laser radiation can be transported to the sensing probe by
optical fibers. The collection and analysis of the radiation is fairly
straightforward. United Technologies Corporation has built numerous imaging
and nonimaging optical probes for NASA, EPRI and for internal use. These have
been operated successfully on a variety of combustors and full-scale engines,
and would be appropriate for an active pyrometer.

The Tife expectancy is that of the laser and the detection system and should
be hundreds of hours. Spot sizes as small as 0.15 cm can be achieved.

A detector system is required to collect the radiation from the surface of
interest. Data processing equipment could include storage devices and a
computer for data reduction.

Probes and hardware to mount the optical system to view the areas of interest
will be necessary. Optical access to the target is required. The energy to
modulate the surface temperature must be transmitted through a fiber optic.
There may be problems in getting enough energy through the fiber.
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4.6.7 Synchronous Detection Pyrometry

In some cases, it may be possible to use the active pyrometry technique
without the complexity of the active modulating source. This would be possible
if there were already present periodic variations in the ceramic surface
temperature (e.g., those resulting from such sources as a periodic variation
in the convective neat transfer coefficient or other engine related causes).
As long as the frequency band of those variations did not include significant
amounts of variation in the reflected radiant heat load on the ceramic, the
active pyrometry technique should be capable of utilizing those naturally
occurring variations. Except for the elimination of the need for the laser
source, all other characteristics of these systems would be the same as the
active pyrometer discussed previously.

4.7 THERMOGRAPHIC PHOSPHORS

This temperature measurement technique involves the application of a
fluorescent coating to the surface to be measured and then exciting the
phosphor with a laser (fig. 22). The intensity, spectral content, and decay
time of the resulting fluorescence are temperature dependent (fig. 23). Two
different detection methods have been demonstrated to make temperature
measurements. The first method requires that the spectral variation of the
fluorescence be analyzed. The thermographic phosphors show unique variations
in emission line intensities as a function of temperature {(refs. 50 and 51).
The second method requires that the decay rate of one emission 1ine be
measured after the phosphors have been excited (refs. 52-56). These decay
rates are a function of temperature.

uv

LASER DETECTOR

¢ DECAY TIME
¢ SPECTRAL CONTENT

PHOSPHOR

Figure 22 Thermographic Phosphors Concept
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A test series was recently conducted in a Pratt & Whitney burner rig facility
in cooperation with the Department of Energy (figs. 24 and 25). The decay rate
method of temperature measurement was used. Pieces of turbine blades and vanes
were coated with a NiCoCrAlY coating and then had thermographic phosphors
applied by plasma spraying. The test pieces were mounted in front of an
atmospheric burner rig and rotated. This test was conducted to demonstrate the
possibility of temperature measurement in an environment similar to gas
turbine engines. The two phosphors chosen, Y203:Eu and YVOgq:Eu, had

previously been tested in the same facility to determine adherence and erosion
characteristics in a hot combustion gas stream. Both had survived test
conditions of 1600K gas temperatures at 0.3 Mach. Data were taken up to
temperatures of 1200K. At higher temperatures, problems were encountered
because the large amounts of flame present produced an unacceptable
signal-to-noise ratio. This was the result of the low power excitation laser
used. The problem could have been overcome had a larger laser been available.
Measurements were also taken with an optical pyrometer to verify the results
obtained with the phosphors. Preliminary results showed good agreement between
the two measurement techniques.

Figure 24 Burner Rig Test - Equipment Setup
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Figure 25 Burner Rig Test - Specimen in Flame

Lab tests have been conducted using thermographic phosphors, primarily
Y903:Eu, up to 1500K. It is known that Yp03:Eu fluoresces to 2700K,

its melting point. Other phosphors are being developed for higher temperature
work. The use of a sufficiently powerful laser will overcome the problem of
incandescence from the surface of the target drowning out the fluorescence
from the phosphors. With the proper selection of phosphors, the technique
should be good to the melting point of the materials. The technique is
potentially quite accurate. Laboratory testing has demonstrated an accuracy of
1% of reading at elevated temperatures. Similar accuracy should be obtainable
in the engine environment.

Thermographic phosphors are compatible with propulsion system environments.
Optical access to excite the phosphor and receive fluorescence is the biggest
obstacle to be overcome. The optical system must have a clear line of sight to
the target phosphor area. In some applications, fiber optics may be necessary
to carry the laser pulse to the phosphor and the fluorescence to the detector.
If the target area rotates, a speed pickup would be required so that laser and
detector triggering could be accomplished. Burner rig trials on phosphor
coatings show that they stand up well to the combustion environment. However,
there may be erosion of the coatings in extreme environments.
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The phosphors include rare-earth doped refractory oxides and oxysulfides
including Y03:Eu. These materials should be compatible with ceramic
surfaces and existing thermal barrier coatings.

Life expectancies of the thermographic phosphors will depend mostly on erosion
of the phosphor or overcoating with carbon. Lab testing conducted in burner
rigs with a gas temperature of 1700K at a Mach number of 0.3 indicate good
fluorescence after 8 hours.

The target size required is a function of the luminescence of the environment
as well as how much Taser power is available and how strong the fluorescence
is. Spot sizes as small as 0.15 cm have been used in experiments.

The most expensive item needed for this procedure is a fairly powerful
nitrogen laser. This would cost approximately $20,000. Total cost for
implementing a thermographic phosphor measurement system would be
approximately $40,000 to $50,000 including optics, monochrometer and photo
multiplier tube, recording system, digitizer and analysis system. The cost of
the phosphors and the application of coatings to hardware should be
negligible. It may be possible to integrate the phosphor into the thermal
barrier coatings, eliminating the need for a separate coating operation.

Data are acquired through the use of a detector system that is input to some
kind of storage/recorder system. This may include a transient recorder,
digitizer, strip chart (for spectral measurements), or a high-speed storage
~oscilloscope. An analysis system is also needed. This could be included in the
recording system. A Tektronix 7854 programmable oscilloscope or a separate
external computer could be used. Data reduction is accomplished using pre-test
calibration data.

Special techniques are required for successful applications of the phosphors
to the surfaces. At this point, successful bondings of the phosphors to metals
and thermal barrier coatings have been achieved. Further development may be
required to apply the phosphors to some ceramics.

4.8 TWIN CORE FIBER OPTIC SENSOR

The twin core fiber temperature sensor (refs. 57-59) is a technique developed
by the United Technologies Research Center. This technique is shown
schematically in figure 26. In this sensor, light is conducted in a single
fiber with coupled, single-mode twin cores. The optical characteristics of the
fiber are configured to limit propagation to two fundamental modes: a
symmetric twin-core mode and an asymmetric counterpart. The propagation
constants for the two modes are slightly different leading to periodic
interference along the device length. This results in complete switching of
optical power, alternately, from one core to the other and back again:
crosstalk. The length of the crosstalk period is the beat length. External
disturbances can result in changes in both the sensor length and the crosstalk
beat length. This will yield a net phase shift between the two modes at the
output of the sensor. By appropriate choice of thermo-optic properties of the
fiber, this principle can be used to produce a temperature sensor.
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Figure 26 Twin Core Fiber Optic Sensor

A more detailed description of this sensor type is provided in Section 5.3.
For reasons discussed in that section, it was felt that this sensor was more
appropriate for development for strain measurement. That was partially because
this technique has been demonstrated to only approximately 1000K, while other
techniques for temperature measurement on ceramics have been demonstrated to
significantly higher temperatures.

4.9 RECOMMENDATIONS FOR TEMPERATURE SENSORS

The three temperature measurement techniques recommended for further
development are thin films, pyrometry and thermographic phosphors.

The thin film temperature sensors recommended are thin film noble metal
thermocoupies of Pt versus Pt-10%Rh (ANSI Type S) sputtered directly on the
surface of ceramic components This approach is limited to use on
nonconductive ceramic materials, and to use at temperatures up to 2040K
(melting point of platinum).

In arriving at this selection, the following alternative thin film temperature
sensor approaches that were discussed above have been ruled out as being less
promising on ceramics at high temperatures for the reasons reviewed here.

Thin film resistance thermometers (RT) of sputtered pure metals or dilute
alloys are expected to be less accurate than thin film thermocouples (TC)
because of greater sensitivity to impurities arising from diffusion or
chemical reaction with materials in contact at high temperature. For example,
1% rhodium added to pure platinum increases the resistivity by 15%, but 1%
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rhodium added to both legs of a Type S thermocouple changes thermocouple emf
by Tess than 4%. Similar relationships would be expected for absorption of Si,
Mg, or other atomic species present at the ceramic surfaces. The thin film RT
has another drawback relative to a thin film TC, in that any resistance drift
or temperature sensitivity of resistance in lead films or lead wires
introduces a further uncertainty in the RT measurement.

If the thin film RT is fabricated of a concentrated alloy, then the increase
in resistivity that results (order of ten times higher) suppresses lead wire
problems. Accuracy is still expected to be poor because this high resistivity
now produces great sensitivity to electrical shunting in insulation layers at
the ceramic surface.

A thin film RT based on the changes with temperature of properties of the
ceramic material itself is expected to be least accurate of all, particularly
in the region near the surface of the ceramic component where the ceramic
material is subject to erosion and chemical reactions with the environment.
Deep within a ceramic component, the approach offers interesting
possibilities, but exploitation would require fabrication of sensor leads or
films as an integral part of the interior of the ceramic component. This
possibility is judged to be beyond the scope of the present program because it
would require study of the effect of sensor leads on the ceramic forming
process, the interior integrity, and the directional properties of the
component.

A thin film TC based on conductive ceramics or cermets sputtered or deposited
on the nonconductive surface of ceramic components is another approach judged
to be beyond the scope of the present program. No promising candidate ceramic
thermocouple materials were found in the Titerature search. A fundamental
materials development program would be required.

The thin film temperature sensor recommended is,:therefore, the thin-film Pt
versus Pt-10%Rh TC, sputtered directly on the surface of the ceramic
components. Pt is selected because it is the Teast reactive of all metals even
though it is known to form silicides at high temperatures. Rh is selected
because it is the most stable alloy with Pt, forming a continuous solid
solution at all concentrations and temperatures. This thin film TC system has
been used successfully to 1250K on superalloy metal components in engines,
1imited by the melting point of the engine components. Qualitative tests to
1350K on LAS-glass ceramic components show that adhesion and integrity of the
thin film system remains good.

The intent of the proposed program is to determine to what upper limit of
temperature this existing technique can be extended. The practical upper limit
is expected to lie somewhere between 1250K and 2043K. This upper Timit must be
determined by methodical trial and error with deposition of sputtered films on
selected ceramics and exposure to incrementally increased temperatures in an
experimental arrangement permitting quantitative measurement of repeatability.
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The pyrometry area includes the investigation of single wavelength pyrometry,
dual spectral area pyrometry, and active pyrometry. Spectral emittance
determinations have shown that pyrometers in the 8 to 14 micron range are
appropriate for the ceramic materials because of the high and stable emittance
of the ceramics in that spectral range. Due to the high temperatures
anticipated in advanced propulsion systems, it is anticipated that there may
be large amounts of reflected radiation present, either from the combustion
heat source or from other hot surfaces. If the reflected energy is less than
75% of the signal, it may be possible to use a variation of the dual spectral
area pyrometry technique. Higher levels of reflected energy may be made
tractable with an implementation of the active pyrometry techniques.

The thermographic phosphors (Laser Induced Fluorescence) technique appears to
be well suited for application on ceramic materials. The phosphors themselves
are ceramics and there should be minimal compatibility problems. The phosphors
exhibit fluorescence up to their melting point and, hence, the technique, in
principle, is not temperature limited. In addition, the technique appears
usable even when there are large amounts of reflected radiation and background
radiation present. The technique has been demonstrated capable of producing
temperature measurements in realistic engine environments. The development
work required centers around selecting the optimum phosphor, bonding the
phosphors to the surface, and simplifying data acquisition procedures.
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5.0 SENSORS FOR STRAIN MEASUREMENT

5.1 SURFACE MOUNTED GAGES
5.1.1 Conventional Wire Form Strain Gage

Small resistive wire strain gages are used routinely (ref. 90) in aircraft
engine testing and airframe testing, for measurement of dynamic strain
(isothermal short-duration strain variations) reliably up to 1250K, and static
strain (nonisothermal strain variations) up to about 700K. Figure 27 shows a
typical design. The sensing system consists of:

Component surface

Insulating layer

Strain sensing element and temperature compensating element
Connection to leads

Lead installation on component surface

Overcoats and bonding coats

Data acquisition system.
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Figure 27 High-Temperature Resistance Wire Strain Gage
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The difference in useable temperature range for dynamic and static strain
applications stems from the different requirements on stability of the metal
alloys used in the gages, discussed more fully below, after some comments on
the other properties needed in the gage alloy.

Tne gage alloy must have fairly low tcr (temperature coefficient of
resistance), ruling out any pure metals including refractory noble metals such
as platinum. Yet, the alloy must have a high melting point and high stability
in an oxidizing atmosphere. The only suitable alloys that have been found are
the NiCr, FeCrAl, and PdCr families. These alloys form self-protecting surface
oxides, and have tcr values low enough to be useful. The melting points are in
the 1700K to 1800K range. These alloys cannot be expected to have useful
stability much above 1250K. ‘

To extend the use of strain gages to ceramic surfaces at higher temperatures
will require developing radically new types of resistance materials, not
presently available commercially in wire or foil form. Examples of such
materials are the conductive-ceramic strain gage materials being studied under
NASA grant at Northwestern University (ref. 91). It is not reasonable to
expect that resistance gages can be developed which will meet all goals on all
materials at all temperatures of the present program. There is reason to
expect that resistance gages can be developed for application on the surface
of each of the ceramic material types of Table I, at temperatures up to a
maximum between 1600K and 1900K. Beyond 1900K, new constraints appear because
of the decreasing electrical insulation resistance achievable with presently
known insulation materials (Table I).

High accuracy is difficult to achieve at high temperatures in the resistance
strain gage system. The measure of strain is the fractional change in gage
resistance, AR/R, due to the mechanical strain, AL/L, in the electrical
resistance of a fine-wire grid element attached to the engine component. The
measurement system has been analyzed in many references, such as Perry and
Lissner (ref. 92).

For accuracy in this method, there are three requirements: good strain
transfer from the component surface to the strain gage element; good stability
and repeatability of gage resistance, R; and an accurate knowledge of the gage
factor, G.
The gage factor is related to the other properties of the gage material:

G = (AR/R) / (e) =1 + 2K + (ap/P) / (e) (10)

In this equation, p is resistivity, ¥ is Poisson's ratio, and e is AL/L
(strain). G is found to be about 2 for typical strain gage alloys.
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Accuracy can be severely degraded by oxidation, contamination, or insulation
leakage to ground, because the strains to be measured are small, typically
0.2%. The measurement is accomplished by inserting the strain gage in a
conventional Wheatstone bridge circuit. The bridge is balanced initially.
Changes in the output voltage from the bridge due to resistance change in the
gage are then recorded.

If only rapid vibrational dynamic strains are of interest, during a period in
which temperature is relatively constant ("dynamic strain"), the bridge output
can be AC coupled to a fast recorder and the DC Tevel ignored. In this case,
gradual drift in the gage resistance of several percent is acceptable, since
the only effect is a slight alteration in bridge sensitivity. Dynamic strain
accuracy of 10% to 15% has been obtained up to 1250K in this way.

If the entire strain history is required, including gradual changes in the
strain during periods in which temperature may vary widely ("static strain”),
then the direct bridge output must be recorded and any gradual drift in the
strain gage resistance not due to strain must be kept very small, typically
0.02%. It is for this reason that static strain measurements have not been
successful so far at temperatures above about 700K with small wire strain
gages. The resistance stability of the NiCr and FeCrAl alloys in fine-wire
form deteriorates rapidly at about this temperature due to reversible
metallurgical phase changes characterized by temperature-dependent relaxation
times. The PdCr alloys are metallurgically stable but, due to a much higher
tcr, require self temperature compensation to cope with the large local
temperature gradients that become significant at the higher temperatures.
Demonstration of temperature compensation techniques is in progress (ref. 94),
but is not yet available. '

The effects of contamination (change in the sensor resistivity due to alloying
or chemical reaction) and oxidation (change in resistance due to loss of
material) are serious for both the wire strain gages and for the thin-film
sensors discussed previously, because of the large surface-to-volume ratio of
films and fine wires. For example, the surface-to-volume ratio S/V for wire of
diameter D, and for thin films of thickness T and width W are given by the
following equations:

Wire - : S/V =4/D

Film - (a) all surfaces : S/V =2/T + 2/W

Film - (b) top and edges only: S/V = 1/T + 2/W

A few examples are tabulated below.

Wire D pm 25 20
Film T pm 25 10 5
Film W - um 25 250 250
Wire S/V um”! 0.16 0.20
Film S/V (a)  pm”) 0.16 0.208  0.408
Film S/V (b)  pm™! 0.12 0.108  0.208

Note that a 20 pum wire has S/V comparable to a 5 pm x 250 pm film.
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The effect of decrease in insulation resistance at higher temperatures
(shunting the gage) is more serious for strain gages than for thermocouples or
resistance temperature sensors. This happens because the strain gages must be
fabricated of low-tcr alloys, which are all intrinsically high-resistivity
alloys. It has been shown above (in the discussion on surface-mounted
temperature sensors) that insulation resistivity on the order of 104 times

the resistivity of the sensor is required. The strain gage alloys have
typically ten times higher resistivity than the thermocouple or temperature
sensor alloys. This constraint alone probably limits the use of resistance
strain gages to temperatures below 1900K.

The strain transfer to a strain gage may be affected by the softening of
surface layers at high temperatures on ceramics. The error will be greatest
for thick gage installations and stiff gage elements. ‘

The conventional wire-form resistance strain gages are susceptible to several
failure modes when exposed to the vibrations, strains, erosion, and
acceleration loadings (to 100,000 G) experienced in engine hot section testing.

To provide a combination of reliable bonding to the surface and good
electrical insulation, the only attachment technique successful to 1250K on
superalloy blades, vanes, and structures. uses a powder flame-sprayed precoat
of a NiCrAl alloy (Metco 443) followed by a flame-sprayed insulation layer of
aluminum oxide (Rokide H) under the gage and lead wires, and flame-sprayed
layers of aluminum oxide over the installation. The overcoat also provides
protection from oxidation and erosion.

To avoid delamination in service, the installation must be performed with
meticulous care by highly trained technicians, with particular attention to
keeping all flame-sprayed layers uniform and thin. If the total buildup
exceeds about 0.4 mm, then delamination in service is likely.

Lead wire attachment is generally by tweezer welding. The leads are oriented
along low-stress directions where possible (at 45 or 90 degrees to the strain
gage) for best fatigue life. In rotating systems, the lead wire path is made
convoluted or wavy to increase frictional retention, and leads are routed
along inside surfaces rather than outside wherever possible. Unsupported jumps
across radial openings are avoided.

To extend this technology to ceramic surfaces at temperatures far above 1250K,
major alterations in design will be required. The ceramic surfaces are
characterized by relatively soft, multiphase, and reactive oxides, nitrides,
and carbides (as described in Section 3.2) rather than the single-phase hard
inert alumina found on superalloy surfaces at 1250K. Development of attachment
methods will require experimentation with high-temperature glassy ceramics
which are compatible with this surface to achieve bonding, insulation, and
protection from attack by oxidation, chemical reactions, alloying,
amalgamation, and erosion. .
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The useful 1ife of conventional wire-form strain gages at the elevated
temperatures contemplated in this program is 1ikely to be shorter than the
life in present engine testing to 1250K, for the reasons outlined in the two
preceding sections. Attainment of 50 hours average time before failure at
1900K may be possible. Failure is defined as an increase in the uncertainty of
the measurement beyond acceptable limits, due either to a catastrophic event
or gradual deterioration. Attainment of this goal will hinge on development of
new gage element resistive materials and new coatings to provide protection
against erosion, shunting, and contamination. Each of these required advances
is a major challenge that is likely to require large-scale development effort
by specialist teams over several years.

The total thickness of a cross-section through conventional wire-form strain
gages is on the order of 0.4 mm, including undercoats, sensor, and overcoats.
This is only marginally acceptable on small thin-walled structural components,
and may result in significant perturbation of the strain to be measured. In
addition, the thickness implies significant stiffness which may result in poor
strain transfer on soft surfaces. These consequences of size would require
investigation in a development program.

The size of the strain sensing region can be as small as 3 mm x 3 mm,
marginally meeting the area goals of the program. Development of significantly
smaller wire-form strain gages is not likely, since the smaller wire diameter
required would result in poorer durability and reliability.

For data acquisition and data reduction, standard strain gage translator
equipment is commercially available. The equipment utilizes resistance
Wheatstone bridge circuits and closely regulated power supplies. The equipment
can be recalibrated at any time during a test by applying shunt resistors or
test voltages.

The sensors and lead wires cannot be readily recalibrated. To do so requires
returning to a precisely-known previous operating condition of the test engine
or vehicle. This is not usually possible in tests of aircraft engines or
advanced vehicle structures, and is a fundamental difficulty in using
conventional or thin-film resistance strain gages. The strain gage sensors and
lead wires must, therefore, be conservatively designed for high stability,
incorporating oversized conductors and protection from the chemical
contaminations (see Sections 4.1.1 and 4.1.2) that might result in calibration
drifts.

Fabrication and installation of high-temperature surface-mounted resistance
strain gages is complicated, involving elaborate surface preparation,
meticulous care in forming gages without over-stressing, and attachment to the
surface by a series of operations to provide adherence, insulation, and
protection. Finally, the lead wires must be attached to the strain gage,
bonded to the components to be tested and routed to a data acquisition system.
The resistance strain gages are readily used in rotating systems, through slip
rings or radio telemetry. ’
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At present, the gage alloys and insulation materials required for the
high-temperature applications on ceramic components do not exist. Entirely new
materials and installation processes will be required.

The critical concerns in extending the conventional wire-form resistance
strain gage technique to ceramic components at higher temperatures center on
the materials problems. This includes the requirement for a stable resistance
element material for use at temperatures above 1250K and the need for new
high-temperature insulative bonding and protective layer materials under and
over the gages.

5.1.2 Thin-Film Strain Gage

A thin-film resistance strain gage can be fabricated by sputtering suitable
layers of a strain gage alloy and insulating and protective materials directly
on the ceramic component surface. The sensing element can consist of a single
line or grid of metal or conductive ceramic or cermet. A pattern such as that
shown schematically in figure 28 provides a small sensor and lead films
extending to a point convenient for the attachment of lead wires by resistance
welding. The sensing system is, in principal, the same as that described for
the conventional wire-form strain gages (Section 5.1.1):

Component surface

Insulating layer

Strain sensing element and temperature compensating element
Connection to leads

Lead installation on component surface

Overcoats and bonding coats

Data acquisition system.

OO0 O0OO0O0O0OO0

At temperatures to 700K, thin-film strain gages have been used successfully in
gas turbine engines and component rig dynamic strain testing (refs. 94 and
95). Active development is being pursued to extend use in both dynamic and
static strain testing on superalloy components of engines and aircraft
structures to 1250K (ref. 96).
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Figure 28  Schematic of Thin-Film Strain Gage
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The thin-film approach permits applying whole new classes of materials. The
sensor material need not be workable in wire form. For example, thin films of
cermets or conductive ceramics, such as those under development in the NASA
program at Northwestern University (ref. 91), can be produced in desired
strain-gage patterns by sputtering directly on components to be tested.

A drawback in the use of thin films is the increased susceptibi]1ty to
oxidation and contamination by materials in contact. This is due to the large
surface-to-volume ratijo.

The material properties required for dynamic and static resistance strain gage
sensors and insulation layers at high temperatures were discussed in Section
5.1.1. For the fundamental reasons given there, it is not reasonable to expect
that thin-film resistance gages can be developed which will meet all goals on
all materials at all temperatures of the present program. There is reason to
expect that resistance gages can be developed for application on the surface
of each of the ceramic material types of Table I, at temperatures up to a
maximum between 1600K and 1900K.

5.1.3 Capacitance Strain Gage

Displacements due to mechanical strain can be sensed and measured using the
change in electrical capacitance of a suitably constructed system. If the
value of the capacitance itself is measured, then a system which acts to
change the effective plate area of the capacitor will provide a relation
Tinear in displacement. If the capacitive reactance is measured, then a system
which acts to change the distance between plates will provide a relation
linear in displacement. Figure 29 shows four concepts analyzed at UTRC under a
previous program (ref. 97); concepts A, B, and C are of the second kind and
concept D is of the first kind.

Another system of the first kind (figure 30) was developed at the Boeing
Aerospace Company with NASA contract support (ref. 98). This system is
commercially available from HITEC Corporation. Thermal strain compensation is
provided by a compensating 1ink which supports two excitation plates, ideally
made of the same material as the part being tested. The system is described in
detail by Harting (ref. 99).

The system as configured uses one sensing plate and two excitation plates
which form the two arms of an AC Wheatstone bridge excited at high frequency.
Using the two elements in a half-bridge connection cancels many small effects
which would otherwise be difficult to account for in the strain output.

According to the manufacturer, this system requires recalibration after each

use and may be questionably reusable. Since it is an expensive unit, this
requirement detracts from its otherwise attractive features.
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A system of the second kind (reactance) is also manufactured by HITEC
Corporation (ref. 100). The system (figure 31) uses refined electronics to
sense extremely small changes in reactance. Although the reactance is
inversely proportional to the dielectric constant of the gas medium between
the plates, at elevated temperatures, up to the maximum temperature of this
program (2200K), this will be a minor nonlinearity. At room temperature,
however, the problem can be more severe, since humidity in the atmosphere can
have a significant effect on the value of displacement readout using
capacitive reactance sensors. The devices, as manufactured, are provided with
guard-ring circuitry which eliminates the changing effects of fringing
electric fields as the displacement changes, and extends the measurable linear
displacement.

The strain measurement systems described above are presently limited to 1100K,
but could be considered for measurements up to about 2000K, near the melting
point of precious metals. Applying these gages at the higher temperatures
would require modifications in construction materials, the method for
attachment to the surface, and the method for attachment of the sensing plates
to suitably shielded lead wires, and provision of thermal shielding to
minimize the effects of temperature gradients. The attachment methods for
ceramic surfaces, discussed in the section on resistance strain sensors, are
generally applicable to the capacitance sensors and could provide a starting
point for further development of capacitance gages. The use of air as the
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dielectric in the capacitive gage is feasible up to the maximum temperature,
2200K, of this program, since spontaneous ionization of common gasses does not
occur until temperatures well above 2200K. Also, the dielectric breakdown
voltage in air at 2200K, while much lower than at room temperature, is still
reasonable. The presence of gas ions at the combustor exit due to the
combustion process could have a negative effect on the applicability of these
sensors to the turbine engine environment.

For these reasons, the capacitive gages are not recommended for development.
The units that have been developed are quite large and have a relatively long
gage length. Since the gages stand well off the surface, they will perturb the
aerodynamic boundary layer. This could introduce unacceptable thermal and
strain perturbations in the component being measured in advanced propulsion
systems. Development of suitable attachment techniques to bond these
capacitive gages to the ceramic components could also prove difficult.
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CAPACITANCE GAP

SIDE VIEW
SPOT WELDS OR CERAMIC

CEMENT BONDS
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Figure 31 Capacitance Reactive Gage
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5.1.4 Acoustic Guided Wave Strain Sensor

The sensing of physical variables, such as pressure and temperature using
acoustic wave phenomena, has been successfully demonstrated in prior work at
the United Technologies Research Center (ref. 101). The Surface Acoustic Wave
(SAW) pressure sensor, for example, relies on the SAW velocity change produced
when a pressure differential is applied across a thin diaphragm. Since a SAW
delay line is fabricated directly on the diaphragm, the resulting change in
SAW phase delay provides a precise indication of the applied pressure.

The approach considered for strain sensing is similar to that of the SAW
pressure sensor. A strain-induced change in acoustic propagation velocity, or
time delay, would be utilized as a measure of component strain. However, the
harsh surface environment for the present application prohibits the use of an
acoustic wave which propagates at an exposed surface. Surface contaminants
would not only produce a time varying change in SAW time delay greater than
the strain-induced effect, but would also tend to attenuate the SAW. In order
to avoid effects caused by surface contaminants, another form of acoustic wave
would be utilized; one which would propagate within the interior of the film
coating.

One such wave is the Stonely Wave which propagates at the interface between
two semi-infinite media (refs. 102-105), as shown in figure 32(a). These waves
have been found to exist, however, for only a few combinations of materials
which satisfy certain density and stiffness requirements. Another form of
acoustic guided wave, which has been termed a Modified Stonely Wave, may also
exist for a wider range of materials if a three-layer media is considered, as
shown in figure 32(b). The existence of this wave would require that the
central layer have an acoustic velocity lower than that of the adjoining
layers. While the existence of either of the above acoustic guided wave types
may be satisfied by materials appropriate to the present application, proof of
existence has yet to be achieved.

In addition to the above restrictions, related to acoustic guided wave
propagation, the constituent materials forming a composite coating would have
to satisfy the following additional requirements:

1. Temperature stability to highest temperature of interest

2. Correct piezoelectric polycrystalline film orientation to medium one

3. Resistance to surface attack by airstream contaminants

4. Smooth surface quality allowing the photolithographic fabrication of
interdigital transducer electrodes at the interface.
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The thickness of mediums one and two of figure 32(a) must exceed the acoustic
wavelength in order to avoid surface contaminant effects for medium one and
shorting out of the transducers by the underlying metal base for medium two.
Medium film thicknesses are determined by the resolution achievable in
fabricating the interdigital transducer electrodes.

The material combination which would have the highest probability for
satisfying the above requirements over a portion of the desired temperature
range is the aluminum nitride (medium one)/aluminum oxide (medium two) system.
The melting temperature of aluminum nitride (AIN) is about 2470K.
Piezoelectric AIN films, 2 microns thick, have been previously sputter
deposited at UTRC in single-crystal form on single-crystal Al,03

substrates for SAW device applications (ref. 106).
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The intermediate layer, medium three, in the Modified Stonely Wave system
(fig. 32(b)) would be either Si02 or a metal with a slower wave velocity.
These systems might be formed using the same techniques as described above;
nowever, the technology for such a system has not yet been developed. This
acoustic guided wave system, as well as a stress sensor based upon this
Modified Stonely Wave (fig. 33), remain unproven concepts.
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Figure 33 Modified Stonely Wave System

This technique is not recommended for further development. The techniques are
immature and often unproven and much additional basic technology needs to be
developed. Until the basic technology has been demonstrated in the laboratory,
the risks of trying to develop sensors for the engine environment would be
very high.



5.2 SUPERLATTICE STRAIN GAGE

Superlattices are layered crystal-structure "sandwiches" (heterostructure)
that are made of two or more materials. Superlattice strain gages would be
superlattice devices of the form A-B-A-B-A..., where A and B are the two
crystalline materials (ref. 107). The layer thicknesses are of atomic
dimensions. Those of interest here are in the range 20-2004 thick, with a
total heterostructure-device thickness on the order of 1-10 pm. In the usual
heterostructure device, which is grown with relatively thick layers, the
different lattice constants (atomic spacings) of the different materials cause
various atomic dislocations (including vacancies and interstitials) at the
interfaces between layers (fig. 34(a)). The dislocations arrange themselves
during crystal growth so as to minimize the total internal energy of the
crystal. The principal difference in superlattices is that, with the extremely
thin layers, the devices do not exhibit dislocations at the layer interfaces.
Instead, the lattice constants in the two materials adjust themselves so that
they are nearly the same (fig. 34(b)), because this minimizes the total
internal energy for the thin-layer case. The stretching and compression of the
lattice in the alternating layers causes electric fields to exist in the
layers by virtue of the piezoelectric effect. These fields have opposite
polarities. Growing a crystal in the (111) direction results in
perpendicularly polarized electric fields within the layers (Figure 34(b)).
Because the fields in the alternating layers point in opposite directions,
they tend to cancel so that the net external field is of the order of

103V/cm. On the other hand, the internal electric fields are quite strong

(of the order 109V/cm).
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The optical properties of materials are nonlinear. The first term in the
power-series expansion describing the nonlinearity goes as the square of the
electric field. The built-in fields, therefore, have a profound effect on the
optical properties. Any externally applied strain will add vectorially to the
built-in strain. Because of this, it will add to the built-in electric field
and will also affect the optical properties. Therefore, one can measure strain
by attaching an appropriately designed and fabricated superlattice device to
the surface to be measured, interrogating it with a modulated 1ight beam, and
observing the change in optical properties. Among the many optical properties
that can be used are the reflectivity, birefringence, and photoluminescence.
These gages, in principle, offer accuracy of approximately 1% at 5000
microstrain, sensitivity to about 50 microstrain and dynamic range on the
order of 104 microstrain.

While these devices have not been demonstrated, the superlattice strain sensor
concept offers the possibility of being a technique that would provide
measurement capabilities beyond those currently existing. The sensor would be
fabricated using epitaxial deposition techniques and this would require a
large development program. Once the first sensor has been developed, the
installation of the sensors would be comparable with the installation of a
sputtered sensor. Data acquisition, although not a trivial problem, appears to
be feasible under realistic test conditions.

A great deal of technology development will be required. Since these gages
have not yet been built, a long (and costly) development program in the
laboratory will be required for their development. This must occur before the
problem of a transition to the propulsion system environment needs to be
considered. This technique was considered to be too high risk to be
recommended for further development.

5.3 TWIN CORE FIBER OPTIC SENSOR

The twin core fiber sensor, discussed briefly in Section 4.8, is a technique
"~ developed by the United Technologies Research Center (refs. 57-59). This
technique, as recommended for strain measurement, is shown schematically in
figure 35. In this sensor, light of two different wavelengths is conducted in
a single fiber with coupled, single-mode twin cores. The optical
characteristics of the fiber are configured to 1imit propagation to two
fundamental modes at each wavelength: a symmetric twin-core mode and an
asymmetric counterpart. The propagation constants for the two modes are
slightly different leading to periodic interference along the device length.
This results in complete switching of optical power, alternately, from one
core to the other and back again: crosstalk. The length of the crosstalk
period is the beat length. External disturbances can result in changes in both
the sensor length and the crosstalk beat length. This will yield a net phase
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shift between the two modes at the output of the sensor. The phase shift of
the modes at the sensor output is a function of wavelength (A), strain (e€),
and temperature T,

60 = A(T,A)T + B(T,A)e (11)

where the coefficients A and B contain the device sensitivity to temperature
and wavelength. A combines the effect of thermo-optic and stress-optic changes
induced by temperature change. B contains the photoelastic changes induced by
mechanical strain. A and B coefficients for a typical device are shown in
figure 36 (ref. 59). It can be seen that, to a good approximation, the two
coefficients are uncoupled. That is, they vary differently with wavelength.
Therefore, if the device is operated simultaneously at two wavelengths, the
two resulting phase shifts correspond to two equations with strain and
temperature as the two unknowns.

Sensors of this type have been built and tested at the United Technologies
Research Center (UTRC). They have been demonstrated both in the laboratory and
on actual engine hardware (disk) in a static test rig. This technique has been
demonstrated to 925K and the fibers currently in use have been shown to
survive to 1150K. UTRC also has a program in place to develop fibers that can
be used to much higher temperatures.

The transition of any such technique from the laboratory to the real engine
environment requires that several practical issues be addressed. Those include
preservation of sensor strength and durability in the harsh environment,
connection of input and output coupling fibers, attachment of the sensor to
the ceramic, and development of the supporting instrumentation. These issues
are currently being addressed under various programs at UTRC. Special coatings
are being investigated to preserve fiber strength by protection of the silica
surface. A process that has already been demonstrated is one in which an
aluminum coating is applied directly in the sensor fabrication line. With this
process, the surface is hermetically sealed by the metal buffer prior to any
other interaction with the surface. This process will be extended in the near
future to metals with higher melting points.

Input and output coupling fibers are attached to the twin core fiber in order
to isolate the gauge length. For the input side, a single-mode single-core
fiber transmits power from remotely located lasers to the sensor. At the
output end, additional fibers are used to collect light from the two cores and
deliver the signal to detector circuitry. Since the function of these output
fibers is simply to collect light, multimode fiber may be used. Finally,
composite multi-wavelength transmitter/receiving systems suitable for use in
realistic rotating systems have been demonstrated at UTRC.
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A major advantage of the twin core fiber technique is that the sensor can be
embedded directly in composites. Since the load in these composites is carried
mostly by the fibers, the strain in those fibers could be measured directly.
This technique has been demonstrated at UTRC for low-temperature polymeric
matrix materials.

While these sensors may not cover the complete temperature range of interest,
they have many very desirable features and offer the possibility of
significantly extending the temperature range of strain measurements on and in
ceramics.

5.4 NONINTERFERENCE STRESS MEASUREMENT SYSTEM

The noninterference stress measurement system (NSMS) is a noncontact method
for measuring blade tip vibratory displacement in rotating turbomachines
(refs. 108-110). The measured tip displacement can be used to infer blade
stresses using pretest computer modeling (NASTRAN), laboratory calibration of
blade stresses versus tip deflection using forced-shaker excitation, or
calibration on the rig/engine versus strain gages early in the test program.

The measurement method involves detecting the passage of individual blades
using a focused 1ight beam, synchronizing each blade signal with an external
reference, and determining the angular differential between actual and
expected blade position. No slip ring or telemetry systems are necessary using
this technique. A once-per-revolution signal is required to provide angular
reference and synchronization..Since tip sensing is used, the sensors are
installed from the outside of the propulsion system, and sensor maintenance
can be performed throughout a test program.

The noninterference stress measurement system was not considered a viable
candidate for this application for three reasons. First, the method is
restricted to rotating blades in its current applications, and is not easily
transformed to other applications. Second, the first application of ceramics
to rotors will be in small, high speed, hot section components. Because of the
small rotor size and rigid ceramic airfoils, the tip deflection could be quite
small making the accuracy of this technique questionable. Third, the
conversion of blade deflection to strain requires a detailed knowledge of both
the stress characteristics of the material and the geometry of the blade. The
stress characteristics of the new ceramic and composite materials are not
known, and a substantial amount of materials testing at high temperatures is
required to produce these data. Hence, at this time the noninterference stress
measurement system is not appropriate for additional development for materials
testing. The technique may be applicable to the testing of ceramic rotors when
there is more knowledge of the stress characteristics of the materials.
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5.5 X-RAY SENSITIVE PHOSPHORS

The same ceramic materials that produce fluorescence when excited with
ultraviolet radiation will also fluoresce when excited with X-rays. This
property has been proposed by Dr. Eric Jordan of the University of Connecticut
as the basis for strain measurements. Two small spots of the material are
bonded to the specimen some distance apart as shown in figure 37. The distance
between the spots is precisely determined by exciting the phosphors with an
extremely narrow beam from an X-ray source. The amount of movement of the
X-ray source beam required to move the excitation between the two spots on the
specimen is then measured. The tension or compression of the part is measured
by the change in the distance between the spots as measured by the X-ray
source positioning. This technique offers advantages over other optical
extension techniques in that the X-rays are not affected by thermal distortion
or interference from the hot gases.

This approach has technical merit but has not as yet had any feasibility
demonstration tests. The major concerns are the need for a highly collimated
X-ray source to excite the phosphors and what level of fluorescence is
produced. This also appears to be a technique that is better suited to
Taboratory testing and strength of materials work than engine test work
because of the need for X-ray beam steering as well as the shielding required
for X-ray sources. '

NARROW BEAM SCANNING DETECTOR
X-RAY SOURCE -

Figure 37 X-Ray Sensitive Phosphors

68



5.6 X-RAY ABSORPTION STRAIN MEASUREMENT

If the X-ray absorption characteristics of the ceramic materials (or applied
coatings) are favorable, the X-ray absorption can be used during either
steady-state or transient engine operation. X-rays, much 1ike conventional
medical X-rays, are taken of an operating engine. Image analysis techniques
are then used to obtain the distortion of engine components due to engine
operating loads.

This technique has been used at Pratt & Whitney to investigate internal
clearance, rotor motion, etc., in running engines with metallic components. It
is not felt that this technique should be pursued. For the relatively small
ceramic components that are often of interest, the strain measurement accuracy
of this technique is questionable. In addition, the requirement for a large
powerful X-ray source and the associated facility required would make this
technique extremely costly for widespread use.

5.7 NEUTRON RADIOGRAPHY

As mentioned in Section 4.5, diffraction of a monochromatic beam of neutrons
could be used to measure crystalline plane spacing. When an incident neutron
beam strikes a specimen, it is diffracted at an angle that depends on the
distance between the planes of atoms in the crystal lattice, as shown
schematically in figure 38. The plane spacing can be calculated from the
diffraction angle. Since this spacing will vary as the ceramic changes
dimensions as it is strained, this measurement could be used for strain
determination. Using a calibrated neutron source and precise targeting of the
beam, the volume of the specimen could be probed. Plane spacing resolution of
a fraction of an Angstrom is, in principlie, possible.
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Figure 38 Neutron Radiography
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A disadvantage to this technique is the variation in plane spacing due to
factors other than strain, sucn as temperature. The main factor that
eliminates this technique from serious consideration is the need for an
intense monochromatic neutron source, such as a nuclear reactor, in very close
proximity to the test.

5.8 MOIRE' INTERFEROMETRY

This technique, shown schematically in figure 39, involves marking the surface
of the sample under study with a fine grid of crossed lines, typically from 10
lines/mm to 40 lines/mm. The grid pattern is photographed with a camera and
separate recordings are made for each applied load. The resulting photographs
are superimposed for readout in an optical system which generates moire'
fringes from the recorded patterns. The basic equation for the relationship
between the moire' fringes and strain is:

€= g/m (12)

where ¢ is strain, g is the grid spacing, and m is the spacing of the moire'
fringe spacing.

DETECTOR
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Figure 39 Moire' Interferometry
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Moire' interferometry has been applied to strain measurements at temperatures
up to 1650K (refs. 111-114). For this reason, it may be considered as a
potential technique for strain sensing for ceramic components at high
temperatures.

Temperature limitations depend upon the durability of the grid that is bonded
to the surface of the object under study, and rejection of the incandescence
of the hot object. The most recently reported experiments have used a nickel
mesh that is cemented to the surface under study with refractory cement.
Nickel melts at 1740K. However, it can be removed and the remaining dots of
refractory cement can be used as targets themselves. Refractory cements exist
that can withstand very high temperatures. Object incandescence can be
eliminated by illumination with a sufficiently bright light source. Flash
exposure could be used to achieve intense illumination of the object for a
short time interval. This allows suppression of incandescence by reducing the
open time of the camera shutter as well as the required lens opening. Shutters
can reduce exposure times to the order of one millisecond in cameras suitable
for photographing moire' patterns and would require careful synchronization to
the flash illumination. Focal-plane shutters are not generally applicable with
short flash exposures. The use of shorter flash illumination, such as that
obtainable from a pulsed laser, would not reduce incandescent irradiation
unless the shutter open time was equally reduced. The use of laser
illumination, however, would permit the use of narrow-band interference
filters which could greatly reduce the effects of incandescence.

The strain resolution of moire' interferometry is generally low, is obtained
at the expense of large gage lengths, and depends upon the fineness of the
moire' grid. For example, with a grid of 40 lines/mm, a 25 mm gage length is
required to obtain a strain resolution of 1000 microstrain. Work has been done
on multiplying the sensitivity of moire' by observing high-order diffraction
from high-quality photographic gratings (ref. 115), but it has not been
established whether this could be done with gratings photographed on objects
at high temperatures. On the other hand, moire' interferometry is well suited
to measurement of very large strains, as high as 10% or greater. Although
heterodyne readout techniques have been applied to moire' interferometry for
measurement of inhomogeneities in transparent media, and have measured phase
changes as small as 1 degree (ref. 116), this technology has not been applied
to strain measurement.

Moire' interferometry faces a number of problems with respect to applications
in the environment of a propulsion system. The first is optical access both
for illumination and observation of the part under study. The second problem
is that the surface of the part under study must be in focus. For example, the
depth over which a pattern of 40 Tines/mm may be imaged with acceptable
contrast is in the order of 1 mm. This means that the surface under study must
not depart by more than 1 mm from a flat surface in order for all points to be
in focus. Also, moire' grids photographed with conventional camera lenses will
exhibit enlargement if the object moves toward the camera which can generate
unacceptable apparent strains. Such effects can be removed only through the
use of bulky telecentric lens systems. Finally, the high resolution
photography required for moire' interferometry is subject to degradation by
vibration and turbulent high-pressure gas flow.

n



The work reported with moire' interferometry at high temperatures does not
indicate any incompatibility between inert cements and the ceramic surfaces.

The 1ife expectancy of a moire' grid will be determined primarily by
contamination due to dirt and loss of the grid due to abrasion. In the absence
of such problems, the 1ife expectancy of a moire' is essentially infinite.

A moire' grid is required at every point on the object where strain is to be
measured. Small sections of grid can be attached at a number of locations if a
continuous strain map is not required. If a telecentric lens system is
required to eliminate apparent strains, the lens diameter must exceed the
diameter of the area to be measured, often by more than a factor of two. A
typical telecentric lens to evaluate an area 65 mm in diameter is 1 meter long
and 150 mm in diameter.

The cost of implementing moire' interferometry is difficult to estimate. The
cost for grid attachment is on the order of strain gage attachment.
Telecentric lenses, if required, can cost in the order of $10,000. High
resolution photographic plates cost approximately $5 each. A transport
mechanism for photographic plates can cost in excess of $5,000. Flash lamps
cost in excess of $3,000, and a pulsed laser suitable for moire'
interferometry can cost from $13,000 to $20,000.

For moire' interferometry, data are acquired photographically. Facilities for
handling and processing photographic plates are required. Data reduction is
accomplished by overlay of the recorded photographs and measurement of fringe
patterns. If large amounts of data are to be processed from such photographs,
methods for automatic fringe processing are required. In this respect, the use
of a heterodyne readout would be efficient.

The major special problem for moire' interferometry, in common with other
optical techniques, is the need for optical access for illumination and
observation of the object under study. No work has been reported with the use
of fiber optic bundles for moire' interferometry. It is possible, however,
that applications could be developed. Inexpensive nonimaging bundles could be
used for illumination. However, for the observation link, relatively expensive
imaging fiber optic bundles would be required. This approach would reduce the
size and cost of the individual telecentric lens required for each bundle.

Moire' interferometry is not recommended for further development. The need to
attach fine grids to the components wherever strain is to be measured, the
large gage length, and the sensitivity of the technique to small surface
motion make this technique questionable for use in the propulsion system
environment.



5.9 HOLOGRAM INTERFEROMETRY

" The primary technique involves recording double-exposure holograms between
successive loads on an object (ref. 117). Fringes will be observed in the
hologram reconstructions that are a measure of the change of deformation of
the object for each incremental load increase. Strains and rotations of the
object both generate fringes on the object surface that appear as though the
object surface were intersected by three-dimensional fringe laminae. These
laminae may be defined by a fringe vector, Kf, normal to the laminae with a
magnitude inversely proportional to the interlamina spacing. These are related
by a strain and rotation matrix, [f], to the vector, K, defined at any object
point as the difference between the observation and illumination propagation
vectors. The basic equation is:

Ke = K [f] (13)

If data from three or more observations or illuminations are available, a
matrix of equations may be formed which may be solved for [f].

[f1 = [KTKI-1 [KTK¢] (14)

where a superscript T indicates the matrix transpose and a superscript -1
indicates the matrix inverse.

Holography is not considered a viable technology for high-temperature strain
measurement. The sensitivity of holographic interferograms to object
displacements is very high, and relatively small bulk displacements are
sufficient to eliminate fringes altogether. Pulsed laser holography is
commonly used in hostile environments; however, this generates one
interferogram that displays the differential motion of the object over a short
time interval. It is not possible to obtain the multiple holographic
recordings with differing illuminations, as required for strain analysis,
because these would require long time intervals.

5.10 LASER SPECKLE TECHNIQUES
5.10.1 Speckle Correlation Methods

These methods make use of interference effects between speckled fields that
occur when diffuse object surfaces reflect laser light (ref. 118). The speckle
patterns formed by such interference will show a cyclic correlation each time
the relative phase of the two beams changes by one cycle. In the simplest form
of this method, shown schematically in figure 40, an object is observed along
jts surface normal and illuminated by two mutually coherent laser beams that
make equal and opposite angles to the observation direction. Data are recorded
either as double-exposure photographs, taken between incremental loadings, or
concomitantly by observing interference between the field coming from the
object and a photograph recorded at some initial loading condition. Surface
strain generates a cyclic phase change between the two image fields. When
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these two fields interfere to create a single resultant image field, the phase
changes cause a corresponding cyclic correlation and decorrelation of the
image field when compared to a previous field. These correlation cycles can be
converted to fringes whose spatial frequency is proportional to strain. The
basic equation relating fringe spacing to strain is:

€= A/ 2 xf sine (15)
where € is strain, A is the wavelength of 1light, xf is the fringe spacing,

and © is the angle between the surface normal and either of the two
illumination beams.
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Figure 40 Speckle Correlation

5.10.2 Speckle Photography Methods

These methods make use of the fact that the laser speckles that appear in the
image of a diffusely reflecting object move as if attached to the object,
provided that the object is in focus. In the simplest form of the technique
(fig. 41), double-exposure photographs are recorded between increments of
object Toad. The subsequent speckle displacements are measured by means of
fringes that appear in a halo of light diffracted away from the
zero-diffraction order when a small region of the photograph is illuminated by
a narrow converging beam of light. These fringes are analogous to those that
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would be obtained from two point sources separated by the speckle

displacement. The equation that relates speckle displacement, h, to fringe
spacing, df, is:

h = AR / df (16)
where A is the wavelength of light, and R is the distance from the speckle
photograph (specklegram) to the plane at which the halo of light is observed.

Strain is measured by subtracting the displacements corresponding to nearby
Tocations on the photograph, and may be expressed as:

€= (h-ho)/L = AR/L(1/d¢y-1/dg) (17)

where L is the separation between the two locations where displacements are
measured.

LASER 1 DOUBLE EXPOSURE LASER 2
CAMERA

Figure 41  Speckle Photography

At present, only one laser speckle technique has been used for
high-temperature strain measurement and that is heterodyne speckle
photogrammetry (refs. 119-121), figure 42. In this technique, single-exposure
photographs are recorded of the object under study using pulsed laser
illumination.

The speckle patterns that result from imaging the object with laser light act

as a random moire' pattern which can be compared from one photograph to
another. A heterodyne photocomparator is used to make high precision
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measurements of the differential speckle displacement between photographs of
the object. Provided that the surface is in focus and observed at normal
incidence, the changes in speckle displacement can be directly related to
strain on the object surface. Defocus of the object surface and oblique
observation can cause certain rotations of the object to appear as apparent
strains; however, these can generally be controlled. Other laser speckle
methods, such as speckle correlation and double-exposure speckle photography,
are not suited to the hostile environment of a propulsion system because they
are not tolerant of object displacements.
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Figure 42 Interferometric Comparator for Heterodyne Readout of Specklegram
Halos

The only temperature restriction required by speckle photogrammetry is that
the object surface remain sufficiently unchanged so that photographs recorded
at different times will possess the same laser speckle patterns. This requires
that the object surface must form a stable oxide layer that is sufficiently
durable to resist further oxidation. Also, the object surface must not change
its microstructure by melting, diffusion, or plastic deformation. These
requirements are consistent, however, with requirements on the engineering
durability for high-temperature ceramics, except for the formation of
compounds 1ike Si02 on the surface of some ceramics.

Heterodyne speckle photogrammetry has a theoretical resolution of 10
microstrain and virtually an unlimited strain range. In practice,
scintillation noise limits resolution to the order of 100 microstrain, and the
range has been demonstrated for greater than 1.5% strain.
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Heterodyne speckle photogrammetry has been attempted on an operating combustor
(ref. 119) and on a thermal cyclic fatigue rig (ref. 120). In both cases,
difficulties were found that made it impossible to apply the technique. On the
operating combustor, the turbulence of high-pressure gas blurred the speckles
and created random patterns of apparent strain. In the cyclic fatique rig,
buckling of the thin sample under study caused decorrelation of the speckles.
Practical results are being obtained using this technique in a spin rig on a
rotating turbine disk (ref. 121). A complete strain history of a section of
the disk has been obtained for temperatures up to 950K and at rotation speeds
up to 13,200 rpm. Laboratory demonstrations have been conducted up to 1144K.
Problems of object incandescence can be eliminated by the use of color filters
and short exposures to the object irradiation.

The compatibility of materials in contact with the ceramic is inapplicable
since the method is noncontacting. There is no limitation on the life of this
method.

This method, 1ike moire' interferometry, is sensitive to axial displacements
of the object unless telecentric lenses are used. Telecentric lenses exceed
the diameter of the area investigated by a factor of two or more. A typical
telecentric lens to evaluate an area 65 mm in diameter is 1 meter long and 150
mm in diameter. ’

Photographic plates for recording laser specklegrams cost about $5 each.
Surface preparation for the sample consists of, at most, roughening the
surface by grit blasting. Photographic plate transports cost over $5,000; and
a pulsed laser suitable for speckle photography of stationary objects costs
between $13,000 and $20,000, whereas a Q-switched ruby laser for rotating
objects can cost up to $80,000. A heterodyne photocomparator for data analysis
will cost in excess of $100,000.

Data are acquired photographically, and facilities for handling and processing
photographic plates are required. Data reduction is accomplished by a
heterodyne interferometric photocomparator which is under computer control.
Data are available through the computer output ports. Accurate temperature
information and data on thermal expansion are required in order to extract
mechanical strain from the part under study. This is because photogrammetry
measured total expansion of the object including thermal expansion in addition
to mechanical strain.

Optical access is required for both illumination and observation of the part
under study. Techniques utilizing fiber optic bundles have been conceived but
have not been tested. As with moire' interferometry, relatively costly imaging
bundles are required for transmission of observed data to a photographic plate.

While additional development will be required to transition this technique to
full-scale propulsion systems, development of heterodyne speckle
photogrammetry is recommended. It can be used on both rotating and stationary
parts, is noncontact, and has no theoretical upper temperature limit.
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5.11 MECHANICAL EXTENSOMETERS

Extensometers can provide several important advantages as a technique to
accomplish many of the strain measuring goals of this program. Commercial
models are already used routinely at the United Technologies Research Center
(UTRC) to make strain measurements in air up to 1500K. The preferred types
(MTS Corporation, Minneapolis, Minnesota; ref. 122) consist of water-cooled
strain gaged flexures located in a relatively cool area. These flexures are
rigidly connected to pointed ceramic rods which are spring-loaded against the
sample of interest (fig. 43).

WATER COOLING!

Figure 43 MTS Extensometer

The advantages of extensometer systems are high accuracy {within a few
microstrain) and high-temperature capability (limited only by the rod
material). Measurements up to 1800K are planned in one program described below.

The disadvantages center on the large size of the device, ruling out
measurements on rotating components. Typically, a gage length of at least 6 mm
is required in strain measurement, and room is needed for the two rods
extending normal to the measurement surface (not permissible in small flow
passages). '
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One important use of an extensometer in this work would be as a standard of
accuracy. In any strain measurement development program, a reliable measure of
the correct strain is needed in order to evaluate other strain-measuring
systems. The commercial extensometer system mentioned above has a typical
measurement accuracy in the range of +5 microstrain. The extensometers are
often used in closed-loop hydraulic testing machine programs for machine
control during both static and dynamic (fatigue) testing at high temperatures.

The use of these commercial extensometers is usually Timited to 1500K, only
because of the temperature 1imit of the special furnaces made for use with
these extensometers. There is no fundamental reason why the single crystal
sapphire rods cannot be used to much higher temperatures. The use of a small
piece of a precious metal foil (Ir or Pt-Rh) between the sapphire points and a
ceramic sample could be used to reduce or eliminate the possibility of
chemical reactions at extremely high temperatures.

In development work at UTRC, systems of this type have been modified to
involve four ceramic rods in a clamping type extensometer and used to measure
axial tensile strains of ceramic composites up to approximately 1700K. When
used in this manner, no side forces are involved which might cause
misalignment in a loading system, which includes pivots. In another UTRC
development program, this type of extensometer is being modified to measure
the fatigue properties of Zr0 gas turbine seal materials up to 1800K in
air. In this application, single-crystal sapphire measurement rods are spring
loaded inside SiC end loading blocks in the axial direction. In another effort
at UTRC (ref. 123), a variation of this type of commercial extensometer is
being developed to measure the structural response of hypersonic aircraft
components up to 1150K in air.

Due to the size and physical contact required, this technique is not
recommended for development for use on ceramics in advanced propulsion
systems. It should definitely be considered for the Materials Lab testing that
will be required for the development of these advanced ceramic materials.

5.12 LASER EXTENSOMETRY
5.12.1 Light Beam Scanning (Zygo Corporation)

A system of extensometry has been developed by Zygo Corporation that utilizes
a scanning light beam from a laser source (ref. 124). The beam is swept
through an angle by a rotating mirror, and special optics have been designed
to bring the beam to focus and convert the angular scan to a linear scan with
no angular deviation to the beam. If a tensile specimen is designed to have
shoulders that occlude the 1ight beam, the time during which the beam is not
occluded is a measure of the length of the beam. The change in length of the
beam divided by the beam length is the average strain for the section measured.
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5.12.2 Reflections from Indentations (W. N. Sharpe)

_This technique measures the disp]acements of fringes formed in the reflections
obtained by illuminating small pyramidal indentations made in the sample under
test (refs. 125-127), figure 44. The sample is illuminated normally and the
fringes are observed from equal and opposite angles. Strain generates equal
and opposite motion of the fringes, whereas surface tilt generates motions in
the same direction. The equation relating fringe motions to strain is:

€= (cy1-c2)a/ 2dy sin® (18)
where: € is strain

c] and cp are the displacements (in cycles) of the two fringe
patterns

A is the wavelength of light
dy is the separation of the two indentations, and

© is the angle between the surface normal and the reflections.
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Figure 44 Reflections from Indentations (W. N. Sharpe)
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5.12.3 Hetkrodyne Optical Strain Sensor (UTRC)

Tnis technique is similar to the previous one except that two neighboring
spots on the object are illuminated from along the surface normal (fig. 45).
The combined speckle patterns from these spots are observed from equal and
opposite angles to the surface normal through Fourier transform lenses (refs.
130 and 131). The patterns observed for an initial condition of the object are
recorded as transparencies and relocated for use as pseudo moire' masks. A
doppler shift is introduced between the illuminations for the two spots which
results in a sinusoidal modulation of the light transmitted through the
transparencies. Strain is measured by measuring the differential phase shift
between these two signals. The equation relating strain to the measured phase
shift is:

€ = (ph1-ph2) A/ 4w dsine (19)
where: € is strain
phy and pho are the changes in phase of the two signals
A is the wavelength, and

© is the angle between the illumination and the observation
directions.
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Figure 45 Heterodyne Optical Strain Sensor
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5.12.4 Far-Field Speckle Displacements (I. Yamaguchi)

This technique is similar to that of W. N. Sharpe except that no marks are
made on the surface and the measurements are made of motion of the speckle
patterns created in the 1ight scattered by the sample (refs. 128 and 129),
figure 46. I1lumination may be either along the surface normal with
observation along equal and opposite angles to the illumination, or
observation may be along the surface normal with illumination coming
alternately from either of the equal and opposite angles. A similar equation
relates strain to speckle displacements as for the previous method:

€= (A1-A2) / 2L, sin® (20)
where: € is strain
A1 and Az are speckle displacements
Lo is the distance from the object to the plane of measurement, and

© is the angle between the surface normal and the directions of the

illuminations.
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Figure 46 Far-Field Speckle Displacement
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5.12.5 Heterodyne Laser Extensometry (Optra, Inc.)

Optra, Inc. (ref. 132) has developed a displacement sensing system which .
illuminates the object with doppler shifted 1ight beams from two directions
that make equal and opposite angles to the surface normal and observe the
scattered light from along the surface normal. The observed light field is a
set of speckles, all of which are modulated at the frequency of the doppler
shift, but with random phases and amplitudes. No recording is used to
establish an initial reference as in the UTRC system. Rather, the residual
modulation of the sum of the speckles illuminating the detector is measured.
The phase change of this signal is related to position change of the object
surface to within an error tolerance which is determined by the statistics of
the speckles. A pair of such displacement sensors may be used to measure
strain by measuring the difference between displacements at nearby locations.

Although most of the techniques of laser extensometry have been utilized for
high-temperature strain measurement (refs. 124-133), none are suitable for use
on ceramic components in propulsion system environments. Laser extensometry
systems are all subject to errors due to noise from vibration, and from large
bulk displacements of the part under study. Introducing these systems into the
propulsion system would also be very difficult. These systems are generally
applicable to laboratory test measurements. '

5.13 RECOMMENDATIONS FOR STRAIN SENSORS

The two techniques recommended for further development for strain gage work on
ceramic materials are variations of the optical speckle technique and the
twin-core fiber optic strain sensor. These techniques appear capable of being
developed to the point where they can produce valid strain measurements and
also are amenable to the harsh environmental conditions associated with the
advanced propulsion systems.

The speckle techniques are noncontact and are well suited to the
high-temperature applications of the ceramics. The technique has been shown to
be capable of the required accuracy. One area requiring further development is
an investigation of the ceramic surface properties at high temperatures. If
the surface becomes glassy and flows, the speckle pattern may be associated
with movement unrelated to strain. If the glassy layer becomes transparent, it
then indicates that the movement measured by the speckle is internal to the
component and it complicates the interpretation of the measurement. Another
development area is the minimization of the optical distortion caused by the
hot gases.

The twin-core fiber optic strain sensor offers the opportunity to directly
measure the strain in the fibers of a composite material. In advanced
composites, the load is carried by the fibers which are only weakly bonded to
the low strength matrix materials. This allows microcracks to propagate
through the low strength matrix without damaging the load carrying f1§ers. The
twin-core fiber optic sensor could be embedded into the composite during
fabrication. The strain on the sensor would then directly measure the strain
seen by the load bearing fibers. The fiber optic sensors have been ]
demonstrated in surface applications as well as in low-temperature composite
materials. They have been shown to have sufficient resolution and accuracy.
Development is required to increase the temperature capabilities of the fiber
optic sensors.
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6.0 SENSORS FOR HEAT FLUX MEASUREMENT

Ceramic components for advanced propulsion systems are required because the
high temperatures in those systems provide an environment in which superalloy
components cannot be adequately cooled without unacceptable system performance
penalties. It is anticipated that the ceramic components will require much
less cooling and in many cases will be uncooled. The heat flux into the
components becomes smaller as the cooling is decreased, and the measurement of
the heat flux becomes more difficult. For uncooled hardware, the heat flux
into the component is only that required to balance the losses, and the
measurement yields little useful information for improving hardware design,
except for transient data.

For heat flux measurements on uncooled ceramic components, transient
techniques would, in general, be more appropriate than steady-state techniques
because of very low heat flux at steady state. To get sufficient output at
very low heat flux (which implies very small temperature gradients across a
thermal barrier) the steady-state sensors would have to be made either very
large in area or very thick. Both these alternatives are opposite to the
directions required to obtain the data needed to design advanced propulsion
systems. '

6.1 TRANSIENT TECHNIQUES FOR HEAT FLUX MEASUREMENTS
6.1.1 Slug Calorimeter Measurements

A slug calorimeter, shown schematically in figure 47, is a mass of known size
and physical properties that is embedded in the surface of the ceramic
component. The slugs are, generally, thermally isolated from the component,
but in the case of the monolithic ceramic components, the thermal conductivity
of the ceramic is low enough to produce inherent thermal isolation. The sensor
is fabricated by installing a slug of material with known mass, dimensions and
specific heat into a hole or well in the component. For lower temperature
applications, it is common to use a metal, such as copper, for the slug. In
this instance, it would be more appropriate to use a higher temperature
material such as platinum or another ceramic for the slug that has a
significantly higher thermal conductivity than the ceramic component of
interest. The temperature of the slug would be measured during engine
transient operation either optically with pyrometry or thermographic phosphors
or directly with a thermocouple or resistance thermometer. The heat flux is
then calculated according to the equation:

%=me— (21)

where: m = mass of the slug

Cp = specific heat of the slug
dT = temperature rise
dt = change of time.
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Figure 47 Schematic of Slug Calorimeter

6.1.2 One-Dimensional Transient Sensor

Another type of transient sensor is the one-dimensional transient heat flux
sensor, This is a sensor that can be embedded in the wall of a component. The
sensor is thermally isolated from the component.

A thermocouple or resistance thermometer is applied to the front face of the
sensor surface and tracks the time-temperature history. Considering this
sensor as an insulated rod, the heat flux can then be calculated using the
one-dimensional conduction equation as the heat flux to the sensor is changed.

Figure 48 shows a typical one-dimensional transient heat flux sensor design
that could be used on a metal component. For a ceramic component that is an
electrical insulator, this design can be greatly simplified. The ceramic
itself can be used as the sensor body and all that is required is a thin-film
thermocouple or resistance thermometer on the ceramic surface. Figure 49 shows
such a simplified sensor. For applications in areas where the temperature will
exceed the useful range of available thermocouple or resistance thermometer
materials, the time/temperature history of the hot side of a ceramic
one-dimensional transient heat flux sensor could be recorded by optical
pyrometry or other optical noncontact means.
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Figure 49 Schematic of One-Dimensional Transient Sensor for Ceramic Component
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A variation of this one-dimensional technique, shown schematically in figure
50, has been used extensively (refs. 198 and 199) for testing of turbines in a
shock tube facility. The gages consist of a thin film (approximately 1000A) of
platinum painted on a pyrex substrate. A coating of magnesium fluoride is
deposited over the gage to protect the platinum element against abrasion.
These sensors are then mounted in the component of interest. The thin film of
platinum, with a resistance of approximately 100 ohms, is used as a resistance
thermometer. The response time of this sensor is extremely fast (about 10-8
seconds). These are, therefore, effectively surface temperature sensors with
no time lag. For test times on the order of a few tens of milliseconds in a
sihock tube, the pyrex may be considered a semi-infinite heat sink. The heat
flux may be determined from the one-dimensional transient conduction equation.
High-temperature versions of these sensors have been produced using silica
rather than pyrex for the substrate (ref. 150).
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Figure 50 Variation of One-Dimensional Technique

The major problem with the use of transient sensors for turbine engine testing
is to create a transient condition within the engine that is sufficiently fast
to produce valid heat flux data while at the same time sufficiently slow for
the engine to be at steady-state conditions. This, coupled with the fact that
heat flux measurements from uncooled hardware are of limited engineering
value, has led us to eliminate transient techniques from the 1ist of
measurement techniques to be considered further.
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6.2 DYNAMIC STEADY-STATE SENSOR

An interesting extension of the one-dimensional transient sensor involves
measurement of the dynamic temperature variation under “steady-state"
operating conditions (refs. 40 and 151). In this application, the periodic
temperature variation of the hot side free stream gas is determined using
fine-wire thermocouples or, for higher temperature gas streams, advanced
techniques such as the optical fiber thermometer developed by the National
Bureau of Standards (NBS). The hot side temperature of the component, such as
a turbine vane, is also measured by either a thin-film thermocouple,
resistance thermometer, or by noncontact optical neans.

The heat transfer coefficient can be determined by a comparison of the
relative amplitude of the periodic temperature variation in the free stream
gas temperature and the surface temperature fluctuation. It can be shown that
the relative amplitude of the two temperature oscillations is given by:

ITs/Tgl =17V 1 + 28+ 2p2 (22)
where: g = (1/h) v (F)(Cp)(P)(K)
Ts = amplitude of component surface temperature oscillation
fﬁ = amplitude of free stream gas temperature fluctuation
h = surface heat transfer coefficient
F = frequency of the periodic wave

Cp, P, K = material properties.
For all conditions of interest for advanced propulsion systems: B>£>1.

Therefore:

ITs/Tgl ~ 1/ /28
(23)

ITs/Tgl =~ h 7/ V27 (F)(Cp)(p)(K)

Therefore, for a solid with known material properties in any frequency band,
the ratio of the magnitude of the surface thermal wave to the gas stream
thermal wave is linearly related to the heat transfer coefficient. The heat
transfer coefficient can, thus, be directly calculated from the relative wave
ampli tudes.
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The useful part of the gas temperature wave is that containing components
which: .

1. Contain sufficient power to induce measurable surface temperature
fluctuations

2. Are of wavelengths sufficiently long that the heat transfer
coefficient at each temperature can be considered steady and equal to
the time averaged heat transfer coefficient

3.  Have thermal wavelengths AT = 27 (K)(F)/(p)(Cp) in the solid small
enough for the solid to be considered semi-infinite and to give
adequate spatial resolution but large enough for the thermal wave to
be unaffected by minute irregularities in the solid.

These considerations will 1imit the frequency band of interest to a.range of
roughly 10 Hz to a few hundred Hz. Since most ceramics have relatively low
density and thermal conductivity, it can be seen from the equation for the
relative temperature amplitudes that the magnitude of the surface wave for
ceramics will be larger than for most metals which would increase the accuracy
of the heat flux measurement.

This technique was not recommended for additional development primarily due to
the problems involved in measuring the fluctuating gas temperature in the
advanced propulsion system environment.

6.3 STEADY-STATE SENSORS

Steady-state sensors are generally those sensors whose operation is based on
steady-state heat conduction through a thermal barrier. One-dimensional
steady-state sensors determine the heat flux by measuring the temperature
differential across a material of known thermal conductivity. There have been
a wide variety of configurations that have been used in the construction of
these sensors (refs. 152-155) providing flexibility in design with regard to
size, geometry, and materials. The thermal barrier may be placed on one
surface of the test section, or the wall of the test section may be used as
the thermal barrier. In the case of ceramic thermal barrier on metallic
substrates, the substrate may be used as the thermal barrier. There are
several possible configurations of one-dimensional steady-state heat flux
sensors for use in ceramics that are discussed below.

If the distance between the two temperature measurements is AX, the heat flux
through the sensor per unit area, (Q/A), can be related to the measured
temperature difference AT using the relationship:

Q0/A = (K /AX) AT : (24)

where K is the thermal conductivity of the thermal barrier material.
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6.3.1 Surface Mounted Sensors
6.3.1.1 Thin-Film Surface Heat Flux Sensor

A steady-state heat flux sensor, such as that shown in figure 51, could be
fabricated by sputtering a thin-film temperature sensor on the surface of the
ceramic component, sputtering a thermal barrier of electrically and thermally
insulating material over the temperature sensor, and then sputtering a second
temperature sensor on top of the insulating material. The temperature sensors
could be either thin-film thermocouples or resistance thermometers, and could
be fabricated from either metallic or semiconductor thermoelectric elements.
The thermal barrier layer would be a ceramic material with the thickness being
determined by the thermal conductivity of the material and the design heat
flux range of the sensor. The operation of the sensor is based on the heat
conduction equation. As heat flows across the thermal barrier, a temperature
difference is created across the barrier. The temperature. drop across the
barrier can be related to the heat flow across the barrier by appropriate
calibration techniques. The design of the sensor provides for an adequate
electrical output by either increasing the thickness of the thermal barrier,
using a barrier material with a lower thermal conductivity or connecting
multiple thermocouple junctions in series to form a thermopile. Sensors of
this type, often with a kapton barrier, have found wide use in Tow-temperature
applications (refs. 156 and 157) and have been very successful. The
fabrication of high-temperature sensors on ceramic materials is dependent on
advances in the state-of-the-art in sputtering on the new materials. If the
fabrication techniques can be developed, the major problem area may turn out
to be adherence of the relatively thick thermal barrier to the surface. At the
extreme temperatures, the differences in the coefficients of thermal expansion
may create shear problems at the interface.

THERMAL J
BARRIER -

Figure 51  Thin-Film Surface Heat Flux Sensor
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The usable temperature range of these sensors is material dependent and with
metallic thermoelectric elements should be capable of 1900K. Higher
temperatures may be possible if semiconductor thermal elements, such as
silicon carbide or boron nitride, are used.

Similar sensors, using wire thermocoupies on metallic components, have
demonstrated that an accuracy of +5% of full-scale heat flux is obtainable
with appropriate high-temperature calibration techniques under laboratory test
conditions. When installed into a propulsion system component, both the
installation and the environment will have a profound effect on the accuracy
of the sensor. Non-one-directional heat flow through the thermal barrier,
arising either from steep lateral temperature gradients or from severe
curvature of the component surface, can degrade the accuracy.

The thermal expansion of the thermal barrier will cause the distance between
the temperature sensors to increase with temperature. At the extreme
temperatures anticipated for the ceramic components, the distance changes may
be large enough to require analytical correction of the calibration )
procedures. Likewise, the thermoelectric output and thermal conductivities of
the materials change with temperature and this effect must be accounted for.

The surface mounted sensors are compatible with the propulsion system
environment and produce a minimum perturbation of the airstream due to
possible design of very thin sensors.

The 1ife expectancy of these sensors is dependent on the durability of the
temperature sensors. Bond failure between the thermal barrier and the
substrate may be a 1limiting factor if proper care is not exercised in
selecting the thermal barrier material.

The sensor can be made small in the size of the sensing area, but the bafrier
must extend far enough away from the sensing area to prevent shunting the heat
flow around the sensing area.

The data acquisition and reduction requirements are the same as those for
thermocouples or resistance temperature sensors. The output of the two
temperature sensors can be measured differentially for thermocouples or in a
bridge circuit for resistance thermometers to produce millivolt output
directly proportional to heat flux. A measurement of the bulk temperature of
the sensor is required to account for changes in thermal conductivity and
thermoelectric output with temperature.

~ The fabricability of the sensors is identical to the installation of thin-film
sensors. There are no special application techniques required.
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6.3.1.2 Thermographic Phosphor Surface Sensor

A second variation of the thin-film surface heat flux sensor is to measure
temperature on either side of the thermal barrier with thermographic
phosophors or laser induced fluorescence as shown in figure 52. This would
require the use of two different thermographic phosphors, one on the hot side
or top of the thermal barrier and a second underneath or on the cold side of
the barrier. The barrier material would have to be transparent to both the
ultraviolet energy used to excite the phosphors and to the fluorescent
radiation from the phosphors under the barrier. A single ultraviolet source
could be used to excite both phosphors. The two phosphors would fluoresce at
different wavelengths and, hence, the signals could easily be discriminated.
The temperature difference across the barrier can be related to the heat flow
through the barrier by appropriate calibration techniques. The feasibility of
this technique is dependent on the identification of a thermal barrier
material that has the required optical properties. If a suitable thermal
barrier material is found, it is anticipated that the major problem area will
be bonding the thermal barrier to the ceramic component surface. At the
extreme temperatures anticipated for the ceramic components, small differences
in the coefficient of thermal expansion may cause bond failures.

The ultimate feasibility of a thermal phosphor surface heat flux sensor is
dependent on the results of further development work on thermographic
phosphors aimed at high temperature applications as well as the identification
of thermal barriers with suitable optical properties.
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Figure 52  Thermographic Phosphor Surface Sensor
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6.3.1.3 Pyrometry Surface Sensor

A variation of the above surface sensor would be to mount a thermal barrier on’
the surface and then read the top and bottom temperatures of the thermal
barrier with pyrometers. This is possible if we select two pyrometers that
operate at different spectral ranges and have a thermal barrier material that
is transparent to one pyrometer and opaque to the other. This is shown
schematically in figure 53. The pyrometer to which the barrier is opaque will
provide the hot side temperature, and the other pyrometer looking through the
transparent barrier will read the cold side or component surface temperature.
The temperature difference across the barrier can be related to heat flow
through the barrier through an appropriate calibration. The feasibility of
this approach depends first, and foremost, on the identification of a thermal
barrier material that has the desired optical properties. If a material can be
identified, there are still three potential problem areas for this technique.
If there is reflected energy present, the pyrometer readings will be biased
high. Suitable techniques may be developed to correct for this radiation but
that greatly increases the complexity of this technique. A second concern
would be contamination (dirt) that accumulated on the sensor. This would tend
to decrease the transparency of the barrier and decrease the accuracy of the
pyrometer reading the cold side of the barrier. The third area of concern is
the bonding of the thermal barrier material to the ceramic component. At the
extreme temperatures of the ceramic components, the differences in the
coefficients of thermal expansion may cause bond failures.

The feasibility of using pyrometry in this heat flux measurement technique is
highly dependent on the outcome of any pyrometry development efforts that
might occur under the development of temperature measurement techniques under
the current contract.
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Figure 53 Pyrometry Surface Sensor
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6.3.2 Component Used as a Thermal Barrier
6.3.2.1 One-Dimensional Steady-State Sensor

The heat flux through a cooled ceramic component can be determined by using
the component material as a thermal barrier and measuring the temperature
difference across the component created by the heat flow (fig. 54). It often
is not possible to provide optical access to both sides of the component, so
optical temperature measurement techniques have limited application.
Therefore, surface sensors, such as thermocouples or resistance temperature
sensors, must be applied to the surface. Sputtering techniques appear
promising for the installation of those temperature sensors. In the case of
composite materials, it may be possible to embed thin film or thin foil
temperature sensors into the material during fabrication. The temperature
difference across the component can be related to the heat flow through the
component by suitable calibration techniques.
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Figure 54 Component Used as a Thermal Barrier

The usable temperature range of this technique is restricted by the
temperature 1imit of the temperature sensors. The technique may utilize
ceramic thermoeiements to increase the temperature capability above noble
metal thermoelement limits.

The sensor can be calibrated under laboratory conditions to +5% of full-scale
heat flux. Under realistic test conditions, the accuracy will be dependent on
the component geometry and the lateral thermal gradients in the component.
Since the ceramic components have lower thermal conductivities than metallic
components, we can expect the amount of non-one-directional heat flow to
increase accordingly.
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This technique provides good compatibility both with the propulsion system
environment and the ceramic materials.

The Tife expectancy is determined by the durability of the thermoelements. The
maximum test temperature has a significant effect on sensor lifetime. The
hotter the test environment, the shorter the lifetime of the sensor.

The sputtered temperature sensors can be made small and the thermal
conductivity is lTow so that the surface temperatures are very localized.

The data acquisition and reduction requirements are equivalent to those for a
thermocouple or resistance temperature sensor. The sensor can be connected to
read differentially to produce a millivolt signal that can be calibrated in
terms of heat flux. The bulk temperature of the sensor is required to account
for changes in thermal and thermoelectric properties.

Fabricability of these sensors is complicated by the requirement to attach a
temperature sensor on the inside surface of the component. This can cause
difficulties related to the routing of lead wires. In addition, special
fabrication procedures may be required for components such as blades and vanes
where the components may have to be made in two halves and joined after
instrumentation.

There are no special application techniques required beyond the application of
thin-film sensors on the ceramic materials and the routing of leads.

6.3.2.2 Gardon Gauge Sensor

The Gardon gauge sensor (ref. 158), shown schematically in figure 55, uses the
radial temperature differential generated in a circular thin section of the
material as a result of the heat flux through the surface to determine heat
flux.

For the ideal case, the heat flux to the gauge may be calculated using the
relationship:

Q/A = (8KAX/R2)AT (25)
where: Q/A = heat flux per unit area
K = thermal conductivity of foil
AX = foil thickness
R = foil radius
AT = differential temperature from center to edge of foil.
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Figure 55 Gardon Gauge Sensor

In real components, this idealized case is never realized and individual
sensor calibrations are required. Adapting this type of sensor to ceramic
components will present several problems. The Gardon gauge cavity must be
formed without initiating cracks. In addition, installation of the
differential temperature thermocouple is more difficult for ceramic components
than for superalloy components. For metallic components, a section of the
component wall can be used as the foil in the Gardon gauge, and the
temperature difference is obtained from thermocouple leads which are

resistance welded directly to the wall.

The analysis of this sensor type revealed that on nonmetallics the temperature
sensors required internal to the gauge could not be easily fabricated and the
sensor could not be miniaturized sufficiently for use on engine components.
"Considerable development work has been done on these sensors for engine
applications (refs. 152-155) (combustor liners, turbine blades, and vanes) but
the change of materials renders those efforts inapplicable to the ceramic
materials of interest in this program.
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6.3.3 Temperature Drop Across Metallic Substrate

For ceramic thermal barrier materials installed on metallic substrates, it may
be possible to use existing heat flux sensor designs (refs. 150-154) to obtain
the desired data. Figure 56 shows the cross section of one such sensor
installation. During steady-state operation with one-dimensional heat flow,
all of the heat flux through the ceramic thermal barrier must also pass
through the metallic substrate. Therefore, the heat flux through the ceramic
may be determined by measuring the heat flux through the metal. If the sensors
were installed in the metal prior to application of the thermal barrier
coating, it would be possible to use standard embedded wire thermocouples for
this type of sensor. In many cases, it would even be advisable to complete the
calibration of this type of sensor prior to application of the ceramic.
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Figure 56 Temperature Drop Across Metal Substrate

Since sensors of this type are based on existing technology, they should have
very low risk. Accuracy of +5% of full-scale heat flux has been demonstrated
for this type of sensor.

The temperature 1imit of this type of sensor is that of the thermocouples.
This is not really a problem since the metallic substrate will be limited to
about 1450K, and thermocouples are available with higher temperature limits.

While this type of sensor is not applicable to all ceramic installations, it

should work well for such components as thermal barrier coated combustor
liners and outer air seals.

97



6.4 MISCELLANEOUS SENSOR TYPES

In addition to the above broad sensor classes, several other techniques have
been used to determine heat flux or heat transfer coefficients. For example,
I2R heaters consist of a number of resistively heated strips, each of which
is monitored by two thermocouples at known distances along the strip. The
strips are heated until a uniform temperature is reached. The environmental
conditions are then changed and the strips are adjusted until the same uniform
temperature is regained. The power needed to regain uniformity represents the
difference in heat transfer from the strips between the two conditions and is
calculated from the voltage drop across the thermocouple leads and current
through the strips. While this technique has worked well in relatively low
temperature applications, it is doubtful that it can readily be extended to
high temperature applications.

Mach-Zender or differential interferometers may be used to determine
temperature distributions in thermal boundary layers. This information,
combined with the known gas properties and measured surface temperature,
allows calculation of the convective heat transfer coefficient.

Radiometers may be used to determine radiant heat loads in applications where
it is desired to identify the relative radiant and convective heat load
contribution. Radiometers developed for use on metallic components should be
suitable for use on ceramics. Consideration must be given, however, to the
higher heat loads, ambient temperatures, and gas velocities that will be
encountered in the current application.

6.5 RECOMMENDATIONS FOR HEAT FLUX SENSORS

The measurement of heat flux on uncooled hardware is of little interest in
engineering terms and consequently the transient techniques are not
recommended for further development.

The two techniques recommended for further development are a surface mounted
sensor and measurement of the temperature drop across the component or
substrate. The specific form of the surface mounted sensor, i.e., whether it
utilizes thin films, pyrometry, or thermographic phosphors for temperature
measurement, should be governed by the progress made in developing these
techniques in Phase II of this contract. The major development task will be to
jdentify suitable thermal. barrier materials and to develop techniques to bond
them to the surface.

Using the ceramic component as a thermal barrier provides a technique that
would be readily applicable to components where there is access to both the
hot and cold sides. In the case of composite materials, it may be possible to
install the temperature sensors during fabrication of the component. For
ceramic airfoils the major development requirement will be two-piece
fabrication methods to permit installation of the temperature sensors on the
inside or cold surface.

For thermal barrier coatings on metallic substrates, the technique of
measuring the heat flux through the substrate should be pursued.
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7.0 SUMMARY

The purpose of this contract effort is to overcome the deficiencies in the
current generation of instrumentation in meeting the requirements of future
applications. Ceramic and other nonmetallic materials are being introduced
into propulsion systems much more rapidly than had been predicted a few years
ago, and the instrumentation development required to work with the new
materials has not been able to keep pace. The new requirements call for
radically different measurement techniques rather than extensions or
improvements of the existing techniques. This is a result of three different
factors.

A major advantage of the ceramic materials is that they can operate at
temperatures substantially above metallic components. This requires that any
sensor applied to the hardware must be able to withstand the extreme
temperatures. This causes severe restrictions and tends to favor noncontact
techniques over contact techniques. Optical techniques are hampered by thermal
distortions caused by the hot gases surrounding the hardware. The temperature
levels anticipated pose a formidable challenge to the instrumentation
designers. This survey also has indicated that there is a need for high
temperature strength of materials data.

The second factor is the environment anticipated in advanced propulsion
systems. Along with the high temperatures and high pressures, high levels of
radiant heating and correspondingly high levels of reflected energy can be
expected. The radiant heat load increases with both temperature and pressure.
New combustor designs have shorter lengths, moving the flame closer to the
turbine components, and wide chord vanes are more open than the smaller narrow
chord vanes.

The physical and optical properties of the ceramic materials themselves are
the third major factor. The emittance of the surface governs the extent to
which radiation pyrometry is applicable. Materials that become transparent at
high temperature are particularly troublesome. The composite materials are
often covered with an oxidation prevention layer on the surface. At high
temperatures, these layers become glassy and tend to flow. This makes the ,
measurement of strain by dimensional changes on the surface very questionable.
In some components, the strength is in the fibers and the fibers have a
lubricant on their surface so that they move freely within the matrix. In this
instance, it is difficult to define exactly what is the parameter to be
measured to determine the strain in the material.

Methods for the measurement of temperature, strain, and heat flux have been
identified that appear to have the potential of providing information on the
new materials in the environment of the advanced propulsion systems. Further
development is required on all the recommended techniques to exploit their
potential.
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For temperature measurement, both pyrometry and thermographic phosphors have
the potential to make measurements up to and beyond the melting point of the
ceramic materials. The thin-film techniques are Timited in temperature
capability, but offer advantages in the installation of temperature sensors
for lower temperature test programs.

Optical strain measurement techniques are recommended in that they offer the
possibility of being useful at very high temperature levels, but the effects
of gradients must be surmounted. For composite materials, the twin-core fiber
optic strain sensor offers the prospect of being built into the composite
material.

Techniques for the measurement of heat flux are recommended for development
based on both a surface mounted sensor and the measurement of the temperature
differential across a portion of a ceramic component or metallic substrate.
The details of these techniques will be dependent on the results of the
investigation into temperature measurement methods.
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