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SECTION |
SUMMARY

The objective of this contract was to develop a gas temperature measurement system with
compensated frequency response of 1 kHz and capability to operate in the exhaust of a gas
turbine engine combustor. A review of available technologies which could attain this objective
was done. The most promising method was identified as a two-wire thermocouple, with a
compensation method based on the responses of the two different diameter thermocouples to
the fluctuating gas temperature field. In a detailed design of the probe, transient conduction
effects were identified as significant. A compensation scheme was derived to include the effects
of gas convection and wire conduction. The two-wire thermocouple concept was tested in a
laboratory burner exhaust to temperatures of about 3000°F and in a gas turbine engine to
combustor exhaust temperatures of about 2400°F. Uncompensated waveforms and compensa-
tion spectra are also presented.
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SECTION 1l
INTRODUCTION

The objective of this contract was to develop a gas temperature measurement system with
compensated frequency response of 1 kHz and capabiliiy to operate in the exhaust of a gas
turbine combustor. This contract was accomplished in five technical tasks:

Task 1: Study and Selection of Methods

Task 2: Analysis of Methods and Selection of the Most Promising Method
Task 4: System Design and Test Plan Formulation

Task 5: Fabrication and Tests

Task 6: Analysis of Results.

In Task 1, several methods were identified through literature searches using NASA
RECON, Lockheed Dialog and Defense Technical Information Center Systems. References to
methods are listed in Appendix A. Methods were evaluated against criteria for geometry,
temperature, frequency response, pressure, flow conditions, gas composition, sensor life,
accuracy, spatial resolution, and vibration. Each method was rated either satisfactory or
unsatisfactory. Results of the evaluation are shown in Table II. Two concepts, both bare wire
thermocouples, were identified in this evaluation for further study.

The two concepts identified for Task 2, analysis of methods and selection of the most
promising method, were a single-wire pulse heated thermocouple and a dual wire passive
thermocouple. Both concepts use unique data analysis methods to measure the convective heat
transfer coefficient, h,, in-situ, to derive a compensation spectrum. Both concepts were analyzed
for mechanical, thermal and data acquisition/reduction system characteristics to determine
which concept would be chosen for detailed design and test. In the mechanical analysis, concepts
are very similar, and the same design satisfies structural requirements. It was discovered in the
thermal analysis that the effects of the transient heat conduction were significant in the range of
wire length-to-diameter ratios required by the mechanical analysis. A compensation method
would therefore necessarily include the effects of transient heat conduction. In the data
acquisition/reduction system analysis, several problems in pulse heating the single wire
thermocouple were identified, including switching from pulsing to recording circuits, zero
stability, measurement accuracy, and number of data records required. The two-wire technique
did not involve these difficulties and was selected for detailed design and testing.

 In Task 4, System Design and Test Plan Formulation, detailed mechanical design of
probes was done and a test plan which addressed environmental criteria was formulated. In
addition, an analysis method which compensates measured waveforms and includes the effects
of transient conduction was computerized and checked out.

The design of the two-wire probe which was used in the subscale combustor tests is shown
in Figure 7. The probe was designed to operate in aerodynamic loads encountered in an
atmospheric pressure, Mach = 0.25, high temperature combustion stream. Vibratory load design
cirteria of 500g’s were imposed. The thermocouple elements are beadless junctions fabricated
using a proprietary Pratt & Whitney Aircraft (P&WA) method. Use of a beadless junction
simplifies analysis considerably, since the thermocouple is then a cylinder in crossflow.

The design of the probe used in the gas turbine engine tests is shown in Figures 5 and 6.
“he probe is designed to operate at aerodynamic loads encountered in a 20-atmosphere
ssure, Mach = 0.3, high temperature combustion stream. Vibratory load design criteria of

's were imposed. This probe also uses beadless junction thermocouples.



A summary of the test plan is shown in Table IV. The test plan addresses all of the
environmental factors specified by NASA. .

The data analysis method is described in detail in Task 4. This method was computer
coded and implemented on a Hewlett-Packard 5451C Fourier Analyzer System. The key feature
of the method is determination of the gas heat transfer coefficient (h ) from measured
thermocouple response. Compensation for thermal lag and conduction effects may then be done
numerically. The computer model uses a finite-element breakup of the thermocouple v.ire,
support posts and ceramic body and is shown in Figure 11.

In Task 5, Fabrication and Tests, two-wire probes were built and tested. The probe design
in Figure 7 was fabricated for test in a laboratory subscale combustor. The probe as built is
shown in Figure 16. Figure 18 is a photographic record of the 76 um (0.003 in.) and 250 ym (0.010
in.) diameter thermocouple junctions. These photographs verify that the junctions are indeed
beadless. Figure 41 is a photograph of the subscale combustor probe in the high-temperature
exhaust of the laboratory combustor. Approximately two hours of test time were accumulated
on this probe at temperatures ranging from about 1050K (~1900°F) to 1650K (~3000°F).
Erosion effects were not significant on this probe.

Figure 17 is a photograph of the probe built for testing in the gas turbine engine. This
probe used beadless thermocouple junctions similar to those shown in Figure 18. The probe was
installed and tested in a gas turbine engine. After approximately one hour of testing, the 76 um
element signal became intermittent, and post-test inspection of the probe revealed the 76 um
element to be missing. The intermittent nature of the signal suggests that the element failed at
test point No. 6, at a temperature of ~1225K (~1750°F). Since the structural design criteria
exceed any loads present in the engine, and from the durability of the subscale combustor probe,
the most likely failure mechanism has been determined to be particulate bombardment in the
engine, especially during engine transients.

In Task 6, subscale combustor data and gas turbine engine data were compensated.
Figure 47 is a plot of waveforms observed from 76 um (3 mil) and 250 um (10 mil) thermocouples
in the highest temperature subscale combustor test point. Figure 15 is a plot of the 76 um
compensation spectrum derived using the data analysis method from Task 4. Figure 51 is the
compensated waveform for a 100 millisecond portion of waveform. Frequency response for an
instantaneous spectrum was demonstrated to be in excess of 1 kHz, and for an averaged
spectrum, in excess of 1.2 kHz.

Figure 59 is a time waveform of the 76 um output in the gas turbine engine test at
temperature of ~1225K(~1745°F). Figure 65 is the compensation spectrum for the 76 um
thermocouple derived using the data analysis method from Task 4. Figure 67 is a 50 millisecond
record of the compensated 76 um waveform.

Overall accuracy of the compensation technique was studied by fabricating electrical
circuit analogs to the finite element model of Figure 26. One such model is shown in Figure 27,
Input and output waveforms could be compared in the computer to calculate directly the
compensation spectrum. The data analysis method was also used to calculate a compensation
spectrum. Comparisons between the two compensation methods yielded a key portion of the
total method uncertainty. Uncertainties due to signal to noise ratio and thermocouple wire
diamaters were propagated to give a total error. Table XI is the error stackup for the ensemble
averaged frequency spectra of various types of temperature waveforms. From Table XI, where
the most representative waveforms for actual combustors are 15K peak-to-peak/ V/ Hz from 0
to 1 kHz, the error in the 0-200 Hz bandwidth is 6.1 %, which exceeds the contract goal of 5%. In
the 200-1000 Hz bandwidth, the error is 7.6 %, which is less than the contract goal of 10 percent.
Table XII is the error stackup for the same waveforms presented as the compensated

instantaneous time waveforms. For the 15K peak-peak/ V Hz waveform, the error in the 0-200
Hz bandwidth is 7.4 % and in the 200-1000 Hz bandwidth the error is 12.9%.




SECTION 1l
TECHNICAL EFFORTS

A. TASK 1 — STUDY AND SELECTION OF METHODS
1. Summary

A study of methods for measuring rapidly varying gas temperature in a gas turbine
combustor environment was completed. Principal results of this study were (1) a literature
search of temperature measuring methods, (2) conceptual ideas that lend themselves to
development of a prototype instrument, and (3) consultation with recognized authorities in the
field of temperature measurement. All methods accumulated in this task were evaluated against
criteria set forth in NASA RFP 3-355995, Exhibit B, and are listed in Table I. Two methods
were found acceptable using these criteria. The first method found acceptable, a single wire
pulse-heated thermocouple concept, was specified in the request for proposal (RFP). A second
method, a dual wire passive thermocouple which had been attempted by P&WA, was also found
acceptable. These two methods were selected for further study in Task 2.

TABLE 1. — SENSOR ENVIRONMENTAL GUIDELINES

Geometry: Annular combustor, 2cm < H < 8 cm

Temperature: T ~ 1400K (2060°F); T' ~ 500K (900°F)

Frequency response: 1 kHz

Pressure: 101 X 10°N/MX(10 ATM) < P < 2.02 X 10°N/M%(20 ATM)
Flow: v ~ 150 m/s; vV ~ 50 m/s

Gas composition: Fuel (nominal jet A) and air

Sensor life: 5 hr minimum

Accuracy: Temperatm:e uncertainty < 5% for f < 200 Hz
Temperature uncertainty 10% for 200 Hz < f < 1 kHz

Spatial resolution: D =< 0.5 cm

Vibration: 10g

2. Concept Identification

Literature surveys were conducted and consisted of searches using the NASA RECON,
Lockheed Dialog, Defense Technical Information Center (DTIC), and United Technologies
Research Center (UTRC) Library. From the several hundred title abstract listings obtained,
copies of 92 references were received. Additional references and concepts were also obtained and
. reviewed through consultation with P&WA instrumentation specialists at the Government
Products Division (GPD) and Commercial Products Division (CPD). Copies of these references
were made and are listed in Appendix A. In a few cases the references were in Russian and were
translated.

3. Evaluation/Screening

The final list of candidate measurement systems is presented in Table II, with the results
of the evaluation of each candidate given with respect to each of the evaluation criteria. The



candidate measurement systems were classified as optical or physical techniques. Each
candidate was judged either acceptable or unacceptable in terms of the evaluation criteria in
Table I. Many of the techniques listed in Table II have obvious deficiencies in response and
accuracy. However, two of the techniques warrant further discussion because they are currently
being studied at P&WA and other United Technologies Corporation (UTC) divisions and may
in the future be applicable. These are the Coherent Anti-Stokes Raman Spectroscopy (CARS),
and high-speed photography through fiber optics.

Recent experimental demonstrations using the CARS technique indicate this technique
should be considered as a combustion temperature diagnostic; however, when used as a dynamic
sensor the effective frequency response is limited by the Nyquist sampling criteria to a
maximum of one-half the sampling rate. At present, CARS employs pulsed lasers at repetition
rates of between 10 and 50 pulses per second, which implies maximum frequency response of 5
to 25 Hz. An additional drawback is its requirement for direct line of sight between the laser
source and the receiver. The CARS technique therefore seems unsuited to this particular
application at its present stage of development. Once probe lasers with rates of 1 to 2 kHz are
developed, the CARS technique might become a technically superior approach because of its
nonintrusive nature,

Studies of combustion processes using fiber optics and high-speed (5000 frames per
second) photography indicate it is possible to measure dynamic gas temperatures to the
frequency response required; however, the accuracy and spatial resolution requirements would
be difficult to meet at the present state of development.

Based on the results of the evaluation in Table II the single pulse-heated and dual passive
compensated thermocouple systems were acceptable by all criteria and therefore were selected
for further study in Task 2. The pulse-heated dual concept was a third possible candidate (the
only other candidate found acceptable by all criteria). This concept is more complicated than
the other two concepts and would have been considered only if the other two candidates had
failed to meet the program requlrements during later studies.

The single pulse-heated concept, described by Yule (reference 1 p. 95), uses one thin-wire
thermocouple to determine a compensation time constant for local flow conditions and is an
improvement over previous methods which used one time constant over a wide range of
conditions. Evaluation of the time constant is made by electrically pulse heating the
thermocouple wire and measuring the resulting decay rates.

The dual passive thermocouple concept suggested by Dils (reference 4 p. 95) employs two
thermocouple wires of different sizes to obtain data necessary for evaluation of the time
constant for each wire. If two thermocouples are positioned in close proximity such that both are
exposed to the same instantaneous temperature and velocity, the difference in their thermal
responses will be governed by their relative diameters. These responses can then be used to
obtain time constants for compensating the thermocouples.




TABLE II. — CANDIDATE SCREENING EVALUATION

Evaluation Criteria

Gas Composition Spatial
Measurement Technique Geometry _ Temperature _ Response Pressure  Flow Compatibility Sensor Life Accuracy Resolution Vibration
Optical Techniques
Coherent Anti-Stokes Raman S S U S S S S S S S
Spect (CARS) '
High Speed Photography S S S S S S S S U : S
Through Fiber Optics
Radiation Pyrometry S S U S S S S S S S
Physical Techniques

Thermocouples

Single — Passive — S S §) S S S S U S S

Compensated

Single — Pulsed Cooled — S S U S S S S S S S

Compensated

Single — Pulse Heated — S S S S S S S S S S

Compensated :
Dual — Passive — S S S S S S S S S S

Compensated

Dual — Pulse Heated — S S S S S S S S S S

Compensated
Resistance Thermocouples

Single Wire — Compensated S S U S S S S U S S
Film on Cooled Glass Tube S S S S S S u S S U

— Compensated
Ultrasonic Thermometry S S U S S S S S ., U S
Fluid Oscillator (Edge Tone S S U S S S S 8] S S
Resonator) .
Gas Sampling Probe S S 8] S S S S U S S
Johnson Noise Thermometry S S U S S S S S S S
Vibrating Wire S U U S S S U S S U
Piezoelectric Resonator U U U S S U S S S S

Key:
S — Satisfactory
U — Unsatisfactory




B. TASK 2 — ANALYSIS OF METHODS AND SELECTION OF THE MOST PROMISING
METHOD

1. Summary

The Task 2 effort consisted of detailed analysis of the two methods selected in Task 1. The
principal thrust of the Task 2 analysis was to evaluate how well each method could be made into
a reliable, fast responding, high-temperature measuring device. Factors considered are listed in
the Task 2 paragraph of the contract Statement of Work, and generally fall into the two
categories of structural adequacy/durability and measurement accuracy. The detailed analysis
was therefore subdivided into three major subanalyses relating to structural adequa-
cy/durability and measurement accuracy: (1) a structural/material/fabrication analysis, (2) a
transient thermal analysis, and (3) a data acquistion/reduction system analysis. Evaluation
factors from Task 2 and Table I were applied to the results of the analyses to identify the most
promising method.

The results of the structural/material/fabrication analysis showed that both conceptual
designs are acceptable Type B thermocouple wire was selected based on a review of available
materials. A stress analysis of this type B material revealed that the maximum length-to-
diameter ratio for the small wires was 20 to 1. The stress analysis performed on the probe
support structure revealed than an Al,O, ceramic material was acceptable.

The thermal analysis predicted the transient response of different size thermocouple wires
for various gas temperature fluctuations and frequencies. In addition, pulse heating cycles were
analyzed to define the heating and cooling rates required. The effects of radiation and end
conduction losses to the support wires were also evaluated. Conduction losses were found to be
sufficiently large (+67K) at the low frequencies and maximum gas temperature fluctuations
(£500K); correction for these losses must be provided. A method for correcting was identified
for each concept.

The data acquistion/reduction systems for the two concepts were refined and modeled to
predict noise levels. Both concepts were evaluated and found to meet accuracy specifications for
the 1000K peak-to-peak fluctuations at discrete frequencies up to 1 kHz (neglecting end
conduction and radiation). For the more realistic case of 1000K peak-to-peak white noise, the
dual wire technique was found to produce much more accurate results. The dual wire was also
judged to be superior in its ease of application. This is primarily due to the difficulty in
maintaining a stable zero calibration reference for the pulse-heated thermocouple, which is due
to off-position leakage currents in the solid state relays required to pulse heat.

A final evaluation was conducted and resulted in the selection of the dual passive
thermocouple concept as the most promising concept.

2. Structurai/Material/Fabrication Analysis

This analysis consisted of reviewing thermocouple wire materials and stresses, probe
structural support materials and stresses, and fabrication requirements. The results are
applicable to both concepts because the preliminary conceptual probe configurations shown in
Figures 1 and 2 are very similar.




The results of a review of possible high-temperature thermocouple wire materials showed
that only the platinum/rhodium alloys have the required high temperature (1900K) capabilities
along with good oxidation resistance characteristics. Nickel-base alloys such as chromel/alumel
do not have high enough melting temperatures. Tungsten/rhenium alloys have high melting
temperatures but can be used only in vacuum and inert atmospheres because of very poor
oxidation properties. The iridium/rhodium alloys have higher melting temperatures than
platinum/rhodium alloys; however, NBS data and P&WA experience with these thermocouples
in typical combustion environments reveal a problem with the wires vaporizing and failing. A
detailed review of the platinum/rhodium alloys commercially available was made. Tensile
strength, melting temperature, emf output, thermal conductivity, stress to rupture, and specific
heat were reviewed. Tensile and stress-rupture values are higher for increasing rhodium content,
indicating the best thermocouple should have a high rhodium content. The Type B (platinum —
6% rhodium/platinum — 30% rhodium) was selected over the other commercially available
thermocouple material with rhodium in both alloys (platinum — 20% rhodium/platinum —
40% rhodium) based on its higher emf output, availability, and known fabrication
characteristics.

A stress analysis of the small thermocouple probe wires was performed, assuming that each
of the wires was a beam supported at both ends. The maximum allowable wire lengths for
various diameter wires were calculated based on the stresses due to aerodynamic loading and
vibration. The wire material was assumed to be ISA Type B. The allowable g-loads due to
vibration were also assumed to be 500g. The results show that the maximum length/diameter
ratio (for different wire diameters) is a constant 20 to 1.

A review of the probe structural support requirements revealed that the support needs to
operate uncooled in the gas stream to minimize thermal conduction losses in the thermocouple
wires. The only materials identified which would meet these requirements were the plati-
num/rhodium alloys and ceramics such as AL,O,. A stress analysis of the proposed structures
based on aerodynamic loading and vibration showed that the maximum stress would be 4.042 X
107 Newton/meter? (5863 psi) and is again based on a 500g vibration criterion. A review of the
properties of a platinum/30% rhodium alloy and an Al,O, ceramic such as Coors AD-99 shows
that either would be acceptable; however, the ceramic could be obtained at considerably less
cost (approximately $1,000 vs $10,000). In addition, the ceramic has a lower thermal
conductivity (less conduction error) and is a good electrical insulator. For these reasons the
ceramic was selected for the probe concept.

A review of the fabrication requirements of the conceptual designs shown in Figures 1 and
2 revealed the basic approaches are acceptable. Fabricating butt-welded thermocouple wire
junctions with no weld beads had been demonstrated by P&WA in the wire sizes required.
Recent P&WA experience in fabricating probes of similar design indicated that the method of
attaching the small wires to the support wires should be based on using holes drilled in the
support wires and the smaller wires threaded through these holes and then welded instead of
wrapping the smaller wires around the support wires, which has proved to be difficult.

3. Transient Thermal Analysis

A thermal model (shown in Figure 3) of the thermocouple probe wires was generated to
evaluate the effects of pulse heating, radiation losses, and end conduction losses. The physical
thermocouple junction, the small wire, and the larger support wires were simulated by a finite
difference model. The gas temperatures were assumed to be a mean gas temperature of 1400K
(2520°R) with fluctuations of +500K (+900°R). The more realistic* case defined in the data
acquisition analysis, +65K (£117°R), was also evaluated. These cases were evaluated at

*Engine test data from a 76 um t/c analyzed in Task 6 exhibited random signal characteristics with measured overall
time waveform amplitudes of about +110K (+200°R) uncompensated and +670K (+1200°R) compensated.
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frequencies of 20, 100, and 1000 Hz. The model was also used to simulate the calibration
procedures for the pulse-heated thermocouple by simulating the electrical heating and thermal
decay process.

Selected thermocouple configurations were modeled for the worst-case environmental
conditions (maximum temperature oscillations and minimum frequency). Results of the
transient simulations (shown in Figure 4) indicate that radiation heat losses are not significant
(less than 10K), but the conduction losses are too large (maximum of 67K) to be ignored and,
because of structural requirements previously discussed, cannot be reduced by making the wires
longer.

This discovery required that analysis of the measured temperature data be performed with
a second-order equation containing both conduction and convection terms, rather than the
simplified first-order equation containing only convection terms. The second-order energy
equation is a linear equation in time and space, whereas the first-order equation is only time
dependent. This required a modification in the procedures for data processing originally
proposed, since the form of the solutions of the second-order energy equation is quite different
from the simpler first-order equation. The method developed for data reduction is described in
Tasks 4 and 5.

4. Data Acquisition/Reduction System

The data acquisition and reduction systems required for the single pulse-heated and dual
passive thermocouple concepts were refined and modeled to predict noise levels. The results of
these analyses are discussed further in the following paragraphs.

a. Single Wire Pulse-Heated Concept

A conceptual design of the pulse heating system was made. The dc power supply was sized
at 10 amperes and 200 vdc based on amperage requirement established during the thermal
analysis modeling. The pulse repetition rate was chosen to be approximately 10 Hz (100 ms
period) based on 2 X 7.57 (r is the time constant) for the lowest time constant anticipated for a
76 um (0.003 in.) diameter thermocouple at the contract Statement of Work operating
conditions and verified by the thermal analysis model.

The pulse heating system would require an electronic control unit which would limit the
applied current based on the maximum instantaneous temperature reached by the thermocou-
ple to prevent failure due to overtemperaturing. This would be done by sensing the maximum
instantaneous temperature reached during any portion of the decay cycle (current OFF). It
would also automatically control the heating current in incremental steps while sensing the peak
instantaneous temperature reached during the initial portion of the decay cycle until the desired
temperature increment is reached. It would be more desirable to monitor the temperature of the
thermocouple during the heating cycle, but the thermocouple output cannot be monitored while
the heating current is on. After the desired temperature increment is set, it would then
automatically pulse the temperature for a preselected time. During the operation it would no
longer adjust the current except to limit the current if the maximum instantaneous temperature
exceeds the safe operating temperature of the material. Following the pulse heating, the data
would be recorded for compensation by the time constant derived from the pulse heating.
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The predicted time constants of the thermocouple proposed are smaller than the switching
times of mechanical relays. This dictates the use of solid state relays (SSR). The SSR’s have off-
state leakage currents which are a function of the temperature of the SSR and are dependent on
the current, voltage, and ambient temperature. These leakage currents would result in loss of
the absolute calibration of the thermocouple channel which is required. The input to the first
data acquisition system amplifier could be passively ac-coupled at some very low frequency
(approximately 0.1 Hz), but the zero shift effects may still couple if they are dependent upon
load current pulses during the incremental current changes to set the desired temperature
increment (which occures at a 10-Hz rate). This is considered a major problem. Use of an ac SSR
with an ac power supply, which would have to operate at approximately 1.5 kHz to permit
filtering of off-state leakage current emf’s from the signal, was considered. However, a suitable
ac SSR capable of meeting this frequency requirement was not identified. Additionally, use of
1.5 kHz high-voltage power supplies could produce noise problems with other instrumentation
channels on a test stand (instrumentation such as strain gages and kulites).

A computer noise model of the data acquistion and analysis system was generated and the
system noise (uv rms/ V Hz) was determined with various amplifier gains chosen to optimize
the signal-to-noise ratio (SNR) for selected dynamic temperature signals. These system noise
levels were then used in determining data averaging requirements and accuracy. A suitable
commercially available differential amplifier (Preston DX series) was identified. The SSR was
found to be the major source of noise (perturbated through the system).

The ensemble averaging required to smooth the decay cycles for measurement of time
constant was determined for 1000K (1800°R) peak-to-peak fluctuations at discrete frequencies
of 1, 200, and 1000 Hz. At 1 Hz, where the 76 xm (0.003 in.) thermocouple tracks the 1000K
fluctuation, approximately 91,000 averages (9,100 sec) are needed. At 1000 Hz, where the
thermocouple would only indicate 23K (42°F) peak-to-peak fluctuations, 378 averages are
required. It is more realistic to model the temperature fluctuations as 1000K peak-to-peak white
noise, for which a 76 ym thermocouple would indicate approximately 139K peak-to-peak overall.
This was determined by inputting a random noise signal of approximately 1 kHz bandwidth into
an RC low-pass filter with a time constant equivalent to a 76 um thermocouple and measuring

the resultant output signal. For this case, about 2221 averages (222 sec) are needed for ensemble
averaging.

The accuracy of the compensated frequency spectra was evaluated (neglecting conduction
and radiation errors) for the above specific dynamic temperature cases for 76 ym and 130 gm
diameter thermocouples with data system gains optimized for each specific case. For the 1000K
peak-to-peak discrete signals at 1, 200, and 1000 Hz, the 76 um thermocouple met the
specifications at all frequencies. The 130 um diameter thermocouple did not meet the
specifications at 1000 Hz. For the more realistic case of 1000K peak-to-peak white noise, neither
the 76 um nor the 130 um thermocouple met the specification. The 76 um had 8.7% error at 1
Hz, 38% at 200 Hz, and 77% at 1000 Hz. The major contributions to these errors are the very
poor SNR due to high noise levels of the SSR (after propagation through the high signal
amplification) and, to some extent, the inability to employ bandpass filtering to improve the
SNR (since the time constant is determined in the time domain). Based on predicted accuracy,
the 130 ym thermocouple was judged as unsuitable for this application and the 76 um
thermocouple was selected for use in the single wire heated concept.

The difficulty in application of the pulse-heated concept was judged to be very high
because of the apparent zeroing problems associated with the use of the SSR’s, the complexity
of the pulse heating system and to the very nature of the technique which requires raising the
temperature of the thermocouple element.




b. Dual Wire Concept

The data acquisition and analysis systems originally proposed were reanalyzed for use in
accuracy predictions. A computer noise model was generated and system noise (uv rms/ vV Hz)
predictions were made for an Astrodata Model 885 amplifier which has better noise
characteristics than the Preston MX amplifier originally proposed. A suitable commercially
available alternate amplifier was also identified. Noise predictions were made for various
amplifier gain settings chosen to optimize the SNR for specific cases of temperature
fluctuations.

The 76 um (0.003 in.) and 250 um (0.010 in.) diameter dual wire combination was selected
over a 76 um and 130 um combination based on an evaluation of the governing equation
(equation 1) with and without error in the measurement of a,/a,, as follows:

1 \/ 1 — (a,/a,)?
T =
Y onf (a,/a,)? — (d,/d,)°® @)
where r, = time constant of wire No. 1
f = frequency, Hz

a, = amplitude of wire No. 1
a, = amplitude of wire No. 2
d, = diameter of wire No. 1
d, = diameter of wire No. 2

The above equation was derived from the classical equation for the amplitude ratio of a first-
order system responding to a sinusoidal input. Expressions were written for each thermocouple
wire and then solved for the above expression using the additional relationship of r,/r, =
(d,/d,)'*. This relationship was derived from the definition of the thermocouple junction as a
first-order system and assuming an expressionfor the heat transfer coefficient of a cylinder in
cross flow.

Even without noise there was error in the computed value of the time constant r for the 76
pum/130 um combination. The higher the percentage that the value of (al/az)"' is of the value of
(d,/d,)?, the more the error in the computation, regardless of the error present in the a,/a,
measurement.

The number of averages necessary to compute the time constant to within an error of
+29% (the accuracy necessary to meet the specifications for the compensated frequency
spectrum) was computed. For the 1000K peak-to-peak discrete temperature fluctuations at any
frequency, it will require 32 averages. For the 1000K peak-to-peak white noise case, it requires
256 averages (128 sec).

Various evaluations were made to predict the accuracy of the compensated frequency
spectrum for the 1000K peak-to-peak temperature fluctuations at discrete frequencies of 10,
200, and 1000 Hz for the 76 um/250 um combination (compensation made to the 76 uym
thermocouple). Additionally, the case of 1000K peak-to-peak white noise was evaluated at 20,
200, and 1000 Hz. The analysis was based on the perturbation of errors in a,/a, and d,/d, in
equation 1. The measurement accuracy of the diameter of the two thermocouple wires was found
to be the major driver in overall accuracy (after minimizing the error in a,/a, by averaging). For
the 1000K fluctuations at discrete frequencies (data system gains optimized at each frequency),
the predicted errors were less than 5% at all frequencies. For the 1000K peak-to-peak
fluctuation white noise case, the errors were 5.0% at 20 Hz, 5.6% at 200 Hz, and 8.9% at 1000
Hz.

16




16

A method of measuring time constant 7 from the transfer function of the dual wires (a,/a,)
without prior knowledge of the wire diameters was investigated in the laboratory utilizing two
passive first-order low-pass RC filters. The filters had time constants approximating 76 um and
250 pum thermocouples. This technique was first proposed by Strahle and Muthukrishnan in
reference 1, p. 97. With this technique, the time constant corresponds to the frequency where
the imaginary term passes through a maxima. Additionally, the real term approaches the limit
(d,/d,)'* as frequency increases. Results were similar to those reported by Strahle in which, due
to the broad nature of the maxima, the time constant could be determined to only about 25
percent accuracy. Various schemes to measure (d,/d,)'® from the real term offered no
improvement in accuracy.

The dual wire technique was judged to be much superior to the single pulse-heated wire
method in terms of ease of use. The requirement for two data channels, one for each
thermocouple, does not increase the difficulty of the dual-wire concept application. The
addition of bandpass filtering does add some complexity but would not be required to meet
accuracy specifications based on 1000K peak-to-peak fluctuations at discrete frequencies. The
ability to passively ac-couple the thermocouple signals eliminates zeroing problems and permits
optimization of SNR'’s,

5. Evaluation/Selection

The results of the Task 2 analyses were used to rate the two concepts; the results are shown
in Table III. Both concepts are acceptable in terms of suitability for use in the extreme
environment; however, the single pulse-heated concept was rated lower in terms of temperature
due to pulse heating near the melting temperature of the thermocouple material. Both concepts
were also rated acceptable in terms of fabricability and cost. However, the dual passive concept
was superior in terms of the data acquistion/reduction system requirements. Based on these
results, the dual passive thermocouple concept was selected as the most promising technique
and was recommended for use in Task 4.




TABLE III. — CONCEPT EVALUATION AND SELECTION

Dual Wire Single Wire
Criteria Passive Pulse-Heated
Suitability for Extreme Environment
High Temperature 2 1
High Pressure 2 -. 2
Vibration 2 2
Corrosive Gases 2 2
Erosion 2 2
Size 2 2
Fabricability 2 2
Data Acquisition/Reduction
Frequency Response 2 2
Amplitude Limits of Temperature Changes 2 1
Accuracy 3. 2
Difficulty of Use 3 1
Cost 2 2
Amplitude Limits of Temperature Changes 2 1
Accuracy 3 2
Difficulty of Use 3 1
Cost 2 2
3 Superior
2 Average
1 Below Average
0 Inferior

C. TASK 4 — SYSTEM DESIGN AND TEST PLAN FORMULATION
1. Sensor Design

The dynamic gas temperature sensor design was based on the environmental conditions
specified in Exhibit B of the contract Statement of Work (SOW) and the analyses conducted
. during Tasks 1 and 2, and was presented in the Task 3 review. However, based on the decision to
conduct the full-scale testing in an F100 engine instead of a combustor rig, the sensor was
reanalyzed and modified for these requirements. In addition, a modified sensor design was used
in the subscale combustor burner tests due to the different test conditions. This design used
longer thermocouple element lengths to take advantage of the lower stress levels due to lower
combustor mass flows and thus minimized conduction effects.

The F100 sensor design was based on installation in the AP-5 borescope plug location
which corresponds to a position between two 1st-stage turbine vanes aft of the combustor exit.
The sensor installation is shown in Figure 5. The test conditions at this location vary from idle
to intermediate power settings of the engine and correspond to the required test conditions;
except, the Mach number 0.36 instead of 0.15-0.20, which is typical for the combustor exit.

The sensor assembly shown in Figure 5 is defined on drawing SSSG-3030 and SSSG-3031
(see Appendix D) and consists of a 0.478 cm (0.188 in.) diameter ceramic stick which has four
0.079 cm (0.031 in.) diameter through holes. The ceramic stick is a standard item of Coors
Porcelain Co. Coors AD-99 ceramic was selected based on its superior strength and electrical
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resistivity at high temperatures. The ceramic stick is installed in a 0.635 cm (0.250 in.) Inconel
tube with 1.016 ecm (0.400 in.) length of the exposed ceramic protruding into the flow stream.
The thermocouple support wires (ANSI Type B) are installed in the four holes and the smaller
laser butt-welded elements are installed as shown in Figure 6. The thremocouple wires are
terminated at the other end of the probe using a standard six pin Bendix connector which is
maintained at a temperature of 339K (150°F) or less so that it may be used as the reference
temperature.

The stresses in the exposed ceramic, due to aerodynamic loading and vibration, were
evaluated at the maximum flow conditions of the F100 engine which are:

T = 1682K (3028°R)
P = 2.01 X 10*® Newton/meter® (292 psia)
M = 0.36

A maximum stress of 5.97 X 10*® Newton/meter? (866 psi) was calculated based on:

S...=8S + S,

max vibration air loading

S = GS,K + S, where S, = 1g vibrational stress and S, = air loading stress

S = 1.46 X 10*¢ Newton/meter® (212 psia)

vibration

S = 4.51 X 10*% Newton/meter? (654 psia)

air loading

Spax = 597 X 10%® Newton/meter? (866 psia)

A G, of 500g’s loading and a stress concentration factor of K = 1.0 were used to calculate
the vibrational stress. These stresses are acceptable when compared to the flexural strength of
2.07 X 10*® Newton/meter? (30,000 psi) for Coors AD-99 ceramic at 1270K (2290°R).

The natural frequency of the ceramic body was also calculated and reviewed with respect
to the frequencies that occur in the F100 engine and found not to present a problem. The
natural frequency was calculated based on the following equation from “Formulas for Natural
Frequency and Mode Shape,” R. D. Blevins, Von Nostrand Reinfold Co., 1979:

A2, EI\12
f= — (—) = 614 X 10" Hz
2xL2 m

1.875 (for cantilever beam)
Young’s Modulus

Moment of inertia

Beam length

Mass/length.

-l ekl
nmnunn

This frequency of 6.14 X 10** Hz is higher than the blade passing frequencies encountered
in the engine due to the high and low rotor speeds which are a maximum 1.5 X 10" Hz.

The thermal gradient through the ceramic along its axis was also calculated for the gas
stream condition corresponding to the idle engine condition of




!

.0.318 cm

{0.125 in.)

o |

0.478 cm (0.188 in.) dia
Coors Ad-99

Ceramic Stick

with Four

0.078 cm (0.031 in.)
dia Holes

0.51 mm (0.020 in.)
dia Type B Wire

0.25 mm (0.010 in.)
dia Type B Wire

T
Welds -
(Typ) j — |

[~ gy

0.08 mm (0.003 in.) dia _\/v“' .
Type B Wire \ \

1.22 mm
\

0.38 mm (0.015 in.) dia !

Type B Wire

-—_-_‘

=
(0.048 in.)

250 mm
{0.100 in.)

1.91 mm
(0.75 in.)

~

S ——— —~

Il

Section A-A

Figure 6. Sensor Tip Geometry

20

/l
.i
L,

CeramaDip
538 Cement
Or Sermetel P-1

FD 267176




T, = 956K (1720°R) '
P = 281 X 10** Newton/meter? (60 psia)
M =036

These conditions along with a case or probe ceramic base temperature of only 644K
(1160°R) would produce the largest variation of the probe ceramic tip temperature from the
average gas stream temperature (largest conduction loss). Using these conditions and calculating
the ceramic tip temperature (T}p) by analyzing the ceramic as a cylindrical fin in cross flow gives
the following:

Tp = T, - (T, — Tey = 954K (1718°R)

where,

-3
[

956K (1720°R)
Ty = 644K (1160°R)

7 = 1
cosh [Ln]

L. = ceramic height = 1.02 cm (0.400 inches)

1= [4 Nu k,
D? k,

Nu = Nusselt number = 114.7

k, = thermal conductivity of the gas = 1.57 X 107* cal/sec-cm-K
k, = thermal conductivity of the ceramic = 8.33 X 1074 cal/sec-cm-K
D = ceramic diameter = 0.48 ¢m (0.188 inches)

These low conduction losses of 1.2K (2.1°R) indicate the probe tip will run at the average
gas temperature conditions and thus not affect the thermocouple support wires and the final
probe accuracy.

The thermocouple support wires and the smaller butt-welded elements were also analyzed
for stresses for the same maximum gas conditions using the same type of analyses previously
described for the ceramic stick. The support wire stresses were based on the assumption that the
wires are a cantilever beam, and the smaller butt-welded element stresses are based on the
assumption that the beam has both ends fixed. Assuming an allowable stress of 4.39 X 10%7
Newton/meter? (6360 psi) for type B wire, the allowable length to diameter ratios (L/D) for the
wires were calculated. The maximum L/D for the support wire is 6.5 and for the butt-welded
elements is 15.5

The sensor tip geometry shown is Figure 6 was then determined by selecting support wire
diameters of 0.38 mm (0.015 inch) and 0.51 mm (0.020 inch) and using the previously calculated
L/D values. The smaller butt-welded elements lengths were also determined using their
corresponding L/D values and nominal wire diameters.
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The natural frequencies of the probe thermocouple elements and support wires were
calculated using the same formula used in the analysis of the ceramic previously discussed. The
76 um (0.003 in.) and 250 um (0.010 in.) wires were analyzed as a beam supported on both ends
(\; = 4.73 instead of 1.875) and the natural frequencies were 1.2 X 10*° Hz and 5.93 X 10** Hz.
The support wires of 510 um (0.020 in.) and 380 um (0.015 in.) were analyzed as a cantilever
beam (); = 1.875) and the natural frequencies were 2.4 X 10**Hz and 3.7 X 10** Hz, respectively.
These frequencies are again higher and are removed from the maximum engine frequencies by
more than 20% which is the normally used minimum criteria.

The sensor design of the probe used for the subscale combustor tests was based on the
F100 probe design; however, the element lengths were increased to minimize the conductive loss
effects to the junctions. This was possible due to the lower mass flow and subsequent
aerodynamic loading existing at the subscale combustor test conditions. The final design of the
subscale combustor sensor tip is shown in Figure 7.

2. Data Acquistion and Reduction System Design

The data acquisition and reduction system design discussed in the following sections is
based on the results of the analyses performed in Task 2 and which were presented in Task 3.
The design was based on acquiring and compensating the dynamic temperature data to the
system accuracies specified and includes corrections for conduction losses in the probe elements.
The following paragraphs present a detailed discussion of the system requirements, system
description, and compensation methods. The requirements for the data acquisition and
reduction system design are as follows:

0.51 mm (0.020 in.)
| dia Type B wire

0.51 cm R
(0.200 in.) 0.25 mm (0.010 in.)

dia Type B wire
Welds

yp - 1
0.08mm(T )\\E‘r T ) ‘

{0.003 in.) dia

Type B wire
2.29 mm T 5.08 mm
(0.090 in) 3.81 mm (0.200 in.)
0.38 mm (0.150 in.)
(0.015 in.) dia

Type B wire

L]

\
\ =
0.478 cm (0.188 in.) dia _\l_ \ .
Coors AD-99 ! Cerama-dip
ceramic stick with four 538 cement
R . or Sermetel P-1

0.078 cm(0.031 in.}) dia holes

! FD 267177

Figure 7. Sensor Tip Geometry — Subscale Combustor Tests




a. Requirements
. Optimized signal-to-noise ratio (dynamic signals, all system components)
. Data reduction on-line or off-line
. Digital compensation of data from ~ 2 Hz to 1000 Hz (minimum).

. Three channel simultaneous (sample and hold) digitization of data into the
data reduction computer system :

(1) Minimum of 4 kHz sampling per channel

2) Real time (i.e., no loss of data between data records) thruput
of digitized data to mass storage (i.e., minimum thruput rate
= 3 ch X 4 kHz/ch = 12 kHz)

3) Minimum of 1024 time samples per data record (512 spectral
lines per Fourier Transform)

4) Minimum mass storage capacity of 64 records X 3 chs = 192
data records.

. Analog anti-aliasing filters with minimum of 48 db/octave roll-off charac-
teristics.

b. System Description

The data acquisition and reduction system utilized are shown schematically in Figures 8, 9,
and 10.

The thermocouple (t/c) signals were referenced to the ambient temperature at the
thermocouple probe connector. For reference junction temperatures less than 339K (150°F) the
output of the type B thermocouple is zero. The ambient temperature of the probe housing was
monitored during all testing utilizing a chromel/alumel t/c which was tack welded to the probe
housing and monitored on a temperature readout.

The 76 pm (3 mil) diameter and 250 um (10 mil) t/c signals were ac coupled into the low
noise high gain Preston DX-A3 differential amplifiers to permit optimization of the dynamic
temperature signal to noise levels. The Preston Amplifiers for the ac coupled t/c signals were
operated in the 10 kHz bandwidth mode (2 pole Bessel filter). To provide mean temperature
data, the output of the 250 um (10 mil) t/c was direct coupled to an additional Preston DX-A3
differential amplifier operating in the 1 Hz bandwidth mode.

The Preston DX-A3 dc amplifiers were selected based on side-by-side evaluations made on
one of these amplifiers and an Astrodata 885 dc amplifier. The primary considerations in the
selection of the Preston amplifier were its noise characteristics and availability from commercial
sources. Based on the vendor specifications, the maximum common mode voltage is only 10 vdc
and the input impedance at gains of less than five is only 100K ohms and 1500 pf (at all other
gain settings the impedance is 100 meg ohms and 1500 pf). Neither of these marginal
performance specifications were of any consequence in this application.
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A Honeywell model 101 magnetic tape recorder was used to record the amplified t/c signals
during test stand operations. The tape was operated in an FM record mode, +40% IRIG
intermediate band dc to 10 kHz data bandwidth.

Data signals were double-recorded using +0.707 volt and +1.414 volt FM tape record
levels. The amplifier gains, operated in the fixed mode, were adjusted at each engine rig test
point to maintain optimum signal levels on the +0.707 volt record channels. Gain settings were
documented for each data point to maintain system calibration.

A general purpose oscilloscope was used online to monitor data signal levels. Additionally,
a spectrum analyzer was used online to monitor the frequency content of the data signals.

The data reduction system consisted of a Honeywell model 96 tape deck with appropriate
FM reproduce electronics (+40% IRIG intermediate band 10 kHz data bandwidth) and a
Hewlett Packard model 5451C Fourier analyzer.

Data system calibration signals utilized for the 76 ym (3 mil) and 250 pm (10 mil) dynamic
channels were:

(1) Short circuit (0mv) applied to the FM tape recorder input
(2) 400 mv rms ~ 400 Hz applied at the FM tape recorder input.

Calibration signals for the 250 um (10 mil) dc channel included (1) and (2) above plus the
following, run with the amplifier gain set to the value utilized in acquiring the engine/rig data:

(3) Short (0 mv) applied to the dc amplifier input
(4) +10.00 mv dc applied to the dc amplifier input.

Approximately one minute long records of the above calibration signals were recorded on
the FM tape. Calibration signals (1) and (2) were used to set up the FM tape playback reproduce
system. Calibration signals (3) and (4) were used in establishing the overall system calibration.
Typical gain settings used in acquiring engine/rig data were 1000 and 500 for the dynamic
channels and 50 for the dc channel. Direct calibration of the dynamic channels (i.e., apply ac
calibration signal to dc amplifier input with amplifier gain set the same as used during data
acquisition) was attempted but was found to be too inaccurate in this application. AC
calibration signal levels of about 500 uv rms could not be accurately set in the test stand with
available equipment. The amplifiers were calibrated in the P&WA instrument laboratory to the
manual specifications. The accuracy (£0.05%) of the fixed gain setting and linearity (x£0.005%
full scale) were judged satisfactory for use in establishing the overall data acquisition and
reduction system calibration.

C. Compensation Method — Dual Wire with Conduction and' Convection Effects
Included

Approach

Historically the problem of compensating wire thermocouples for frequency response rests
on accurate determination of the in-situ film heat transfer coefficient, hg. For wire thermocou-
ples, three simplifications allow this to be done easily: (1) the thermocouple junction is
fabricated without a bead, allowing the wire to be analyzed as a cylinder in cross flow, (2) two
wires of different diameters may be co-located on the probe tip, and ratioing the different
responses allows one to measure time constants 7, which are proportional to h_ for large L/D
values; and (3) the thermocouple and support wires can be made long enough to eliminate
conduction effects, facilitating the ratio analysis in (2). As shown in preceding sections, however,



values; and (3) the thermocouple and support wires can be made long enough to eliminate
conduction effects, facilitating the ratio analysis in (2). As shown in preceding sections, however,
probe durability requirements allowed only moderate L/D values, and initial calculations
revealed that conduction effects should be included to meet accuracy goals.

The compensation approach used to include conduction and convection effects simulta-
neously still involves ratioing signals of two different-diameter beadless thermocouples. Heat
transfer coefficient h‘ is determined, however, by comparing finite-element conduction-convec-
tion calculations with experimental data. The calculations are done using h‘as a parameter, and
require matching calculated thermocouple signal amplitude ratios at several discrete frequencies
from ~6 to ~40 Hz. Agreement between calculated and experimentally observed signal
amplitude ratios determine h,. For convenience, h, is combined with other system parameters
into an aerodynamic parameter, I'. The measured values of T' obtained at specific frequencies
are arithmetically averaged and used in the thermal model to compute the compensation
frequency spectrum (gain and phase) for the smaller diameter thermocouple. The smaller
diameter thermocouple is selected for compensation since it has faster response and inherently
better signal to noise characteristics at the higher frequency fluctuations. Compensation is
performed digitally in the frequency domain by complex math division of the FFT spectrum of
the thermocouple output by the compensation spectrum. The compensated time waveform is
obtained by inverse Fourier transforming the compensated frequency spectrum.

Thermal Model

For the thermocouple probe modeled as a cylinder in cross-flow, the basic thermal
equation is:

Rate of Energy = Qconvection + Qconduction + Qradintion

T =_4h  (T~T)+a T + __4ge  (TS=TH (1)
at PoCoul oX? P CouD

In Task 2, thermal analysis of the thermocouple model showed that radiation effects could be
neglected. In Task 5, it was shown that neglecting conduction errors would typically introduce a
95% error (GAIN) in the compensated data. In the analysis that follows, only the radiation term
from equation (1) has been omitted.

The gas stream temperature can be expressed in terms of its mean and dynamic
components as:

[0 0]
T, = T+ }:i a_ sin (ot — ¢,) @)
n=

Substituting equation (2) written for a single frequency for T, in equation (1) and normalizing,
the transfer function between the temperature in the thermocouple wire and the gas stream
temperature can be written as:
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3t = 4h_ la sin (ot — @) — ¢ | + ad% )
at p.CouD dx?

where { = T - 'T'g = 0, i (4)
T,-

-3

g a,

The finite-difference solution for equation (3) is of the form:

¥ = G- = L& (5)
at At At

62‘- = g-:+l + g.x—'l - 2{1 (6)
ox? 2

Application of the finite diferences solution to equation (3) for the 9 node model of the
thermocouple in Figure 11 yields equations (7) thru (16).
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Figure 11. Finite Element Thermal Model — Used in Computer Compensation
Program
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O (Assumed)

&
[

f{ _Q_[fo+§'2—2§'1]+§'1
2A

i‘; _C__ “'1 + {3 - 2§2] + 5'2

2A

b= 1 [Cl6+ &~ 28 + Fein Ct = )] + &

2A

¢h= 1 [Cly+ f5— 28) + 2FGin Ct — §)] + ¢,
2A

o= 1 [CE+ &—28) + 2F(sin Ct — {1 + &
2A ’

f.l; = _L_ [C(§5+ g.s) + E(g-'(_ fs) + (F + G)(SIn Cnt - g‘s)] + Q
(A + B)

tr = 1 [E(+ &— 20 +2G6in Ct — &) + &
2B

g-'s = 1 [E(g‘_l + g‘g - 2;'3) + 2G(sin Cnt - g‘g)] + {3
2B

to = _1 [E@s— &) + G(sin Cit — &) + &

B

Definition of the dynamic temperature components are as follows:

8,, = peak amplitude of smaller diameter thermocouple at frequency n
8, (f) = 0,, as a function of frequency |

8,, = peak amplitude of larger diameter thermocouple at frequency n
0, (f) = 8,, as a function of frequency

a, = peak amplitude of the dynamic component of the gas stream
temperature at frequency n

a_ (f) = a, as a function of frequency

¢, = phase shift of the gas temperature with respect to arbitrary
time t, at frequency f

M, = Phase shift of smaller diameter thermocouple with respect to
gas temperature at frequency f,

(7)
(8)

©)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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m, = Phase shift of smaller diameter thermocouple with respect to
gas temperature at frequency fn

m () = n,as a function of frequency

m, = Phase shift of larger diameter thermocouple with respect to
gas temperature at frequency fn

n, (f) =mny, a8 a function of frequency
j = time index

x = special index along length of thermocouple

T, = instantaneous temperature of thermocouple wire at frequency n

T, o, = instantaneous temperature of thermocouple wire at spacial
location at frequency n )

T, peax = Max peak in instantaneous temperature of thermocouple

wire at spacial location x
Tg= instantaneous gas stream temperature
Tgn= instantaneous gas stream temperature at frequency n

h+

convective film coefficient of thermocouple element

h- = convective film coefficient of thermocouple support wire

o = Boltzmann constant

a = thermal diffusivity of the wire

a= Kk,
P Cow

L = length of larger diameter thermocouple support wire

2 = one half of length of smaller diameter thermocouple wire

D = diameter of larger diameter support wire

d = diameter of smaller diameter thermocouple wire

p, = density of thermocouple wire

k, = thermal conductivity of thermocouple wire

Cow = specific heat of' the thermocouple wire

py = density of the gas stream




k, = thermal conductivity of the gas stream
Cpe = specific heat of the gas stream

P,= Prandtl number of gas stream = C_p,
U, = velocity of the gas stream

Mg = viscosity of the gas stream

Vg = ratio of specific heats of gas stream

P = mean gas stream pressure

M, = Mach number

f,—f, = frequencies of f at which transfer functions will be
evaluated

F/A = fuel air ratio

A= D% A
8a(At)
B = d2s
8a(At)
c= D?
4A
C, = 2rf,
6 = /3
E= d°
45
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F = h DA = I'DY?

2K, 2a
G = h*ds = _rd’%

2K, 2a
A = L/3 = space step

At = time step

3 12
r= 048k P e U ¢ = Aerodynamic parameter (17)
(_“g_) 1/2 P pr
Pg
H(f) = Measured transfer function (i.e., FFT frequency response

function) of larger diameter t/c with respect to smaller
diameter t/c

G,,(f) = Measured FFT autospectral density function of smaller
diameter thermocouple

G, = Measured FFT cross-spectral density function between
small t/c and large diameter t/c

2 .

Yolf) = Measured FFT ordinary coherence function between larg-
er diameter t/c and smaller diameter t/c

S, (®) = Measured FFT spectrum of smaller diameter t/c

Overview of Compensation Procedure

1. The theoretical transfer functions (frequency response function gain)
between the 76 pm (3 mil) t/c and the gas stream (6,,/a,) and the 250 um
(10 mil) t/c and the gas stream (9, /a ) are computed from the thermal
finite difference solution using equations 7 through 16, for a range of
values of the aerodynamic parameter (') at a number of discrete
frequencies falling between the corner frequencies of the two t/c’s. These
data are then used to compute the theoretical transfer function between
the 250 ym (10 mil) t/c and the 76 um (3 mil) t/c (8,,/6,,) for the
corresponding values of T' and frequency. These curves will be used to
determine the insitu value of I' from the measured transfer function of
0,,/0,,- The process is as follows:

a. The following parameters are input or already stored in

the computer. For type B thermocouple wire — L, £, D, d,
P K, Cp,, and a. For the gas stream — Pgs k,, Cpg, Vg
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641,

1y and Prs' The wire and gas property parameters are curve
fits of the curves shown in Appendices B and C. -

b. The average or mean conditions for the test data for the
following variables are entered into the computer.

T = mean gas temperature

P = mean gas pressure

F/A = fuel air ratio

f,—f, | = frequencies of f, at which transfer

functions will be evaluated
Mn = Mach No.

¢. The program computes an estimated value of I' based on
the estimated run conditions using equation 17.

d. The program then computes {;, the transfer function
between the wire thermocouple and the gas stream, for the
76 pm (0.003 in.) and the 250 um (0.010 in.) thermocouple
via equations 7 through 16 from 0.5 T to 1.5 T in steps of
0.1 T at frequencies f,, ..., f, which are user selected to fall
in between estimated values of the corner frequencies of
the two t/c’s (Figure 12). The equations are evaluated until
steady state conditions are reached. The criteria for steady
state is that the positive maximum peak of 8, /a_be within
0.1% of the absolute values of the negative maximum peak
within the same period. The computer code determines
the sampling interval for each frequency evaluated to
ensure mathematical stability of the finite element model
and minimize computation time. The normalized ratio of
the magnitude of the temperature fluctuation in the wire
to the temperature fluctuation of the gas stream ({'y =
0,/a,) at frequency f, is determined by locating the
maximum peak amplitude (Figure 13) after the model has
iterated to steady-state conditions. The phase shift (n,) of
the temperature fluctuation in the wire is determined by
locating the time at which {/; crossed zero going positive at
the beginning of the period in which the model reached
steady-state conditions (Figure 13).

e. The data from (d) are then used to compute the theoreti-
cal transfer function 6,,/6,, from 0.5 T to 1.5 T' (Figure 14)
at frequencies of f; through f..

Thermocouple test data are digitized into the Fourier system computer,
typically 32 to 120 records each of the 76 um t/c dynamic signal and the
250 um t/c dynamic and dc signals. Each record contains 2048 samples of
the data. These data are then converted from millivolts to temperature
utilizing NBS calibration curve coefficients for type B thermocouples. The
250 um dc channel is utilized as the mean for both dynamic data channels
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Figure 12. Theoretical Curves of {,for 76 um and 250 um Thermocouples
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in converting the nonlinear t/c mv signals to linearized temperature. These
data records are then saved for recall for additional processing or plotting.

An ensemble averaged FFT (Fast Fourier Transform) transfer function
(frequency response) analysis is then performed on x number of time
records of the dynamic data to yield the measured value of 8,./8, (ie.,
H(f)) as a function of frequency. The transfer function is computed as the
FFT cross-spectral density function between the 76 um thermocouple and
the 250 pum thermocouple divided by the FFT autospectral density
function of the 76 um signal:

G0
H(f) = G,

In conjunction with the computation of the measured transfer function,
the coherence function ¥7,(f) is computed and utilized to assess the
quality of the measurement. For the 2048 time sample data record lengths
utilized, 1024 line FFT’s are produced. For the typical sampling rate of
4096 Hz (certain other sampling rates are permitted), the FFT analyses

'yield spectral information from dc to 2048 Hz in 2 Hz intervals. A standard

Hewlett Packard windowing function (P301) is utilized prior to computa-
tion of the FFT's. This window is characterized by excellent spectral
amplitude accuracy (< *=0.1%). Side lobe suppression is > —70db at + 4
spectral lines and the effective noise bandwidth is 3.4 spectral lines.

Each measured value of H(f) at frequencies f, = f;, — f are used in
conjunction with the theoretical values of 8, /6, vs T' at the corresponding
frequencies to determine a measured value of T' (the program interpolates
between the 0.1 T increments computed in (1) above). The arithmetic
average of I' obtained for each frequency is taken as the insitu measured
value.

Using the measured insitu average value of T' obtained in (4), {’g, the
normalized transfer function (gain 8, /a, and phase n,,) of the 76 um
thermocouple with respect to the gas stream temperature is then
computed at all frequencies from the 1st spectral line of the FF'T spectrum
to the Nyquist frequency of the FFT for each discrete frequency contained
in the FFT (Figure 15). This is typically from 2 Hz to 2048 Hz in 2 Hz
increments. This is the compensation spectrum 6,(f)/a,(f) /n,(f) which is
then used to compensate the 76 um t/c data as follows:

To compute the compensated ensemble averaged power spectral density
function (PSD), the measured ensemble averaged autospectral density
function of the 76 um (3 mil) t/c obtained in (3) above is divided by the
autospectral density function of its compensation spectrum:
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Figure 15. Compensation Spectrum for 76 um (3 mil) Thermocouple Output for Test
Point No. 10 (Subscale Combustor Rig)

Gy, (F) 0,(5) * 6,()
ol(f) * 01(0 ~ al(f) * Bl(f) — an2(f)
a (f) a,(f) a,(f) a,(f)

where * = complex conjugate multiplication

Scaling factors for effective noise bandwidth and FFT Fourier symmetry
are applied.

7. To compute the compensated instantaneous time waveform, an FFT
spectrum (S, (f)) is made on a specific time record yielding amplitude and
phase terms for each spectral component. This spectrum expressed in
rectangular frequency coordinates is then divided (complex math) by the
compensation spectrum. The compensated instantaneous spectrum is then
inverse Fourier transformed to yield the compensated instantaneous time
waveform. The software contains information on specific techniques
employed to prevent time waveform distortions associated with the inverse
Fourier transform. A threshold, in relative db, is applied to the frequency
spectrum of the data signal prior to division by the compensation spectrum
to prevent errors where the signal to noise ratio is too low:
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S,(£) /A 8,(6) /n(H) + ¢(f)
o0\ /O =60\ /nO — a,(f) /9(f)
a(f) a (f) which is the

compensated in-
stantaneous fre-
quency spectrum

and F!af) o(f) the compensated
time wave form
where F!is the
inverse Fourier
Transform.

the compensated instantaneous frequency spectrum.
3. Test Plan
a. Summary

The test plan presented in the following section was formulated during Task 4 efforts and
is based on three test series consisting of (1) System Shakedown and Compensation Verification
Lab Tests, (2) Laboratory Burner Tests, and (3) Full-Scale F100 Engine Tests. These tests
allowed for a step-by-step checkout and optimization of the various components of the system
while allowing for the experimental evaluation and substantiation of the criteria specified in
Exhibit B of the contract SOW. All of the criteria of Exhibit B were tested directly. The test
plan matrix shown in Table IV summarizes how the criteria of Exhibit B were evaluated in the
three test series.

Each of the planned tests are discussed in the following paragraphs. The actual testing was
conducted in Task 5 and some modifications to the plan were necessary. The final testing and
results are discussed in detail in Task 5.

TABLE IV. TEST PLAN SUMMARY

System Shakedown Full-Scale
and Compensation Lab F100
Criteria Verification Burner Rig Tests

Temperature (1900K peak; +500K fluctuations) X
Frequency response (1000 Hz compensated) X X X
Pressure (1.01 X 108 to 2.02 X 10° Newton/meter?) X
Flow (200 m/s with =50 m/s fluctuations) X
Gas Composition (Products of combustion and air) X
Sensor Lifetime (5 hr minimum) X
Accuracy X
Vibration (10g loading up to 500 Hz) X




The first test consisted of a laboratory bench-top system shakedown test using an
electrically heated air blower as a fluctuating temperature source. A heat gun was used to supply
a low velocity, turbulent air stream at a maximum temperature of 550K. Both the probe and
heat gun were mounted on a bench top in the instrumentation laboratory near the Fourier
Analyzer. The data was acquired, recorded, and finally processed.

The second test served to evaluate the accuracy of the computer FFT compensation
techniques. An electrical analogy of the measurement was constructed. First order low pass filter
networks were fabricated with time constants to correspond with the maximum condition case
values of the 76 pym (0.003 in.) and 250 pm (0.010 in.) thermocouples, respectively. The
frequency response functions of the filters were measured via the transfer function analysis in
the Fourier Analyzer System using an existing P&WA processing program. The measured
transfer functions of the list order filters were substituted in the data processing program in
place of the compensation spectrum that would normally be computed. This permitted
evaluation and refinement of the computer FFT compensation techniques independent of errors
in the compensation spectrum.

The filter(s) were substituted for the thermocouple(s) of the probe sensor. Various types of
generator signal waveforms with output levels similar to predicted thermocouple signal levels
were input to the filter(s) and an additional ADC channel on the Fourier Analyzer. This
provided a measurement input representing true gas stream temperature acquired simulta-
neously with the simulated thermocouple signals. The data processing program was run and the
compensation performed (using the correctly known compensation spectrum). The measured
input representing the true gas temperature was then compared to the compensated spectrum to
determine the accuracy of the computer FFT compensation techniques. Note that for this
specific test, it wasn’t necessary to use a complex analog model of the t/c because the test was
not designed to evaluate the accuracy with which the compensation spectrum could be measured
but rather to evaluate and refine the computer FFT compensation techniques.

The 3rd test was designed to evaluate and verify the validity of the duel t/c data processing
program using 9 node analog models of the t/c’s. In these tests, comparison of the compensation
spectrum of the simulated 76 um t/c produced by the data processing program (using the
measured transfer function between the outputs of the 76 um and 250 um analog circuits) with
its known frequency response function was the primary objective along with comparison of the
compensated output signals with the input signals.

For these tests, the data processing program input parameters for wire diameters, length,
and gas properties were based on the matching condtions used in designing the electrical analog
circuits. The input signal representing the true gas stream fluctuations was digitized
simultaneously with the output signals of the 76 ym and 250 um analog circuits. The known
frequency response functions for the 9 node analog circuits were measured via the transfer
function analysis in the Fourier Analyzer System using an existing P&WA processing program.

c. -Subscale Combustor Tests

The second system test performed used a laboratory burner rig test using a high
temperature flame. The flame was characterized by fluctuating high temperature (1500K
maximum) and fluctuating velocity (305 meters/sec maximum) at a constant ambient pressure
of 1 atmosphere.
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This test allowed evaluation of the sensor and measurement system in an elevated
temperature combustion environment, and also allowed evaluation of the effects of gas
composition, corrosion, and erosion on the sensor wires,

The test plan for these tests was based on setting the maximum exhaust velocity
obtainable with 11.2 cm (3 in.) diameter nozzle on the subscale combustor at each temperature
setting. The average flame temperature increased in steps of 56K (100°F) beginning at 811K
(1000°F) and going to a maximum temperature of approximately 1644K (2500°F) which was
determined by the limits of the subscale combustor air and fuel flows. A minimum of 2 data
points were taken at each rig condition with signals recorded for off-line processing using the
data acquisition and reduction system previously discussed.

d. Full-Scale F100 Engine Tests

The third system test was performed in an F100 engine instead of the originally proposed
test in a combustor rig. Full-scale testing in an F100 engine, as opposed to testing in the
available combustor rigs, was found to coincide more fully with the program objectives, in terms
of the required schedules and test conditions.

Dynamic temperature sensor data were taken during the initial F100 engine tests where
steady-state power settings from idle to intermediate power (see Table V) were made. These
power settings could provide combustor exit temperatures of 811K (1000°F) to 1867K (2600°F)
in increments of 56K (100°F). Each engine run condition was maintained for approximately 5
min duration.

TABLE V. F100 TURBINE INLET GAS CONDITION RANGES

Power Setting

Idle Max
Average Total Temperature K 950 1680
(°R) (1700) (3020)

Average Total Pressure N/m? 4.13 x 10%3 2.02 X 10°
(psia) (60) (292)

Average Mach No. at Combustor Exit 0.15-0.20
Mach No. at AP-6 0.35

Borescope Location

D. TASK 5 — FABRICATION AND TESTS

Three probe assemblies based on the final designs generated and approved in Task 4 were
fabricated. Two subscale combustor probes and one F100 probe were completed. The fabricated
sensors were then inspected prior to testing. The testing, consisting of the: (1) System
Shakedown and Compensation Verification Tests; (2) Subscale Combustor Tests; and the Full-
Scale F100 Engine Tests, were conducted as planned in Task 4. All test objectives or
environmental guidelines were met except for the 5 hr life requirement. A post-test inspection of
the probe sensor was also conducted.



1. Sensor Fabrication

Two subscale combustor probes were fabricated based on the design shown in Task 4 .
Figure 16 shows the completed sensor trip geometry of the probe that was fabricated and later
tested in the subscale combustor. One full-scale F100 probe assembly was fabricated and is

shown in Figure 17.

FD 267186

FD 267187

Figure 17. Full Scale F100 Probe — As Fabricated
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2. Sensor Pre-Test Inspectibn

The subscale combustor probe element junctions were inspected to determine the
junction’s actual dimensions and weld uniformity. Each thermocouple junction was inspected
under a Nikon Metaphot microscope at 100X or 200X magnification. Photomicrographs of each
junction and a graduated scale were made to measure the junction diameter and uniformity of
the wire cross section. Two angular orientations of each wire were photographed 90 deg apart. A
number of different readings of each photograph were obtained to define the mean value and
precision of each sample. Measurement uncertainty of this technique is +1.3 um or 5 X 107 in.
for the 76 um elements and +2.5 um or 1 X 1074 in. for the 250 um elements. Effects of these
uncertainties on temperature uncertainty were later determined in Task 6 sensitivity analyses
using the completed data reduction method.

The results of these element inspections for the subscale combustor are shown in
Figure 18. Other important probe element dimensions were also determined by measuring
photomicrographs of the completed sensor and the final results along with the print dimensions
are presented in Table VI. Table VI shows that the final element diameters are slightly
undersized from the nominal wire values, however, all of the dimensions presented no problems
structurally or operationally.

The full-scale F100 probe element junctions were also inspected and the results are shown
in Figure 19. A summary of the sensor tip dimensions for the probe is presented on Table VII
and shows the elements are slightly oversized. A review of these dimensions shows that the
minor variations listed in the dimensions should not affect the probe’s operation.

Photomicrograph
of 76 um (0.003 in.)
element (200X)

Photomicrograph
of 2560u m (0.010 in.)
element (100X)

Measured Measured
diameter = 74um £ 1.3um diameter = 251um *= 2.5um
(0.0029 in.) (0.0099 in.)

FD 267188

Figure 18. Subscale Combustor Probe Pre-Test Inspection — Microscopic Inspection of
Junctions



Photomicrograph Photomicrograph )

of 76um (0.003 in.) of 250um (0.010 in.)

element (205.74X) element (101.6X)
Measured Measured
diameter = 78um * 1.3um diameter = 260gm * 2.5um
(0.0031 in.) (0.0102 in.)

FD 267189

Figure 19. F100 Probe Pre-Test Inspection — Microscopic Inspection of Junctions

TABLE VI. SUBSCALE COMBUSTOR PROBE PRE-TEST INSPECTION SUMMARY

Print Measured
Dim um (in.) um (in.)
A 76 (0.003) 74 (0.0029)
support B 250 (0.010) 251 (0.0099)
f—F
dlaG .
li' Junchon C 3810 (0.150) 3810 (0.150)
c‘> D 5080 (0.200) 4570 (0.180)
c}
'
E 2290 (0.090) 2670 (0.105)
Support
dia H Juncron F 5080 (0.200) 5590 (0.220)
G 510 (0.020) 510 (0.020)
H " 380 (0.015) 380 (0.015)
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TABLE VII. F100 PROBE PRE-TEST INSPECTION SUMMARY

Print Measured
Dim um (in.) um (in.)
A 76 (0.003) 78 (0.0031)
B 250 (0.010) 260 (0.0102)
Support L F
aaG-— 5.1/--’::1:200 c 1910 (0.075) 2080 (0.082)
] T D 2540 (0.100) 2260 (0.089)
J °1 1
E 1220 (0.048) 1270 (0.050)
Support
diaH J:;\.cgon F 3180 (0.125) 2810 (0.111)
G 510 (0.020) 510 (0.020)
H 380 (0.015) 380 (0.015)

3. Computer Software Development
a. Introduction

The data processing software for the Dynamic Gas Temperature Measurement System
(DGTMS) was developed on a Hewlett Packard (HP) model 5451C Fourier Analyzer System
with Signature Analysis Option. Software programs were written in HP Fortran IV and HP
Keyboard (a high level language). Extensive use was made of the HP Signature Analysis
package software to edit, acquire, store, transfer, Fourier transform and plot data. Overall
program execution is controlled via keyboard programs. The finite difference model equations,
NBS calibration curve coefficients, curve fit coefficients for various gas stream and t/c wire
properties and the subroutine to determine the in-situ value of ' from the measured transfer
function were written in HP Fortran IV. The software listings and operating procedure are
contained in Volume II.

The maximum number of time records the system can acquire is 120 (i.e., 120 records each
of the 76 um (3 mil) dynamic signal, the 250 um (10 mil) dynamic signal, and the 250 um de
signal sampled simultaneously). Each record is 2048 samples in length. The program as written,
permits sampling rates of 409.6 Hz (spectral line AF = 0.2 Hz), 1024 Hz (AF = 0.5 Hz), 2048 Hz
(AF = 1 Hz), and 4096 Hz (AF = 2 Hz). The lower sampling rate capability was included to
permit utilization of the data compensation technique with larger diameter t/c’s with inherently
lower frequency response (i.e., data would be compensated over a lower frequency range).

b. Program Output Formats

The program outputs the processing results in plot format. Digital printouts of the plotted
data can be output with simple HP Fourier operating system keyboard commands by the
operator. Plots and printouts can be hardcopied. Data can be presented over a partial or the full
range of the analysis in the frequency or time domains (single record basis).

Specific outputs available are:

1. Instantaneous temperature vs time for the compensated or uncompensat-
ed dynamic signal from the smaller (Note 1) diameter t/c and the N



uncompensated dynamic signal from the larger diameter t/c — any user
specified record out of a 120 records (maximum).

2. Instantaneous temperature vs time for the uncompensated dc signal from
the larger diameter t/c — any user specified record out of a 120 records
(maximum).

3. Ensemble averaged (1 to 120 averages) frequency spectra of compensated
or uncompensated small diameter t/c or uncompensated (Note 1) larger
diameter t/c — data can be presented in any of the following forms (user

select):
Function Dimensions "aninppring [Inits
e Power Spectral Density Mean Square °F* K2
(PSD) Hz Hz H:
¢« Log Power Spectral Density Mean Square  db ref 1°F2  .309K?
e+ 10 log,, PSD Hz Hz Hz
+ Linear Power Spectral Density rms °F .556K
e o Positive Square Root of Hz Hz Hz
Power Spectral Density
function
e Narrowband Frequency Spec- rms °F (K)
trum

s o Positive square root of the
autospectral density (auto-
power) function with nar-
rowband signal correction
for FFT windowing func-
tion applied and no nor-
malization to per unit
bandwidth.

4. Instantaneous frequency spectra of the time domain waveforms in (1)
above using the presentations from (3). Use of the prefix “Instantaneous”
in conjunction with the analyses in (3) denotes that the spectrum was
made directly from the specified singular time record.

¢. Program Structure

The basic steps in the program execution are as follows:

1.  Operator enters program variables for t/c geometry, operating conditions,
and data acquisition.

Note 1: Compensated spectra of the 250 um (10 mil) t/c can be obtained by operator manipulation of the data storage
locations utilizing simple HP Fourier System Keyboard Commands.
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2. Program computes the theoretical gain ratio 8, /6, vs a range of values of
aerodynamic parameter T at frequencies f, — f.. The range of T' is based on
a nominal value of T corresponding to the variables entered in (1) above.

3. Operator keys program to acquire t/c test data (typically one to two
minutes in length)

. dynamic signals from the smaller and larger t/c’s
. dc signal from either the larger or smaller t/c

4. Program converts digitized t/c data from millivolts to temperature (°F)
using NBS calibration curve coefficients for type B t/c.

5. Program determines H(f) the measured value of the transfer function
(frequency response) between the larger and smaller diameter t/c’s and the
corresponding coherence function (7212(0).

6. Program determines the insitu value of I' using the measured transfer
function (H(f)) from (5) in conjunction with the theoretical values of 8,,/0
1, vs I obtained in (2) above.

7.  Program computes the compensation spectrum using the measured value
of I'.

8.  Operator selects specific record(s) to be compensated and plotted.
4. System Shakedown and Compensation Verification Lab Tests

Laboratory tests were run to evaluate the effectiveness of the compensation technique and
provide a system shakedown prior to acquisition of the rig and engine test data. Evaluation of
the DGTMS software was accomplished in two test series. The first test series used a simple
first-order RC network which simulated the 76 um thermocouple. The purpose of this series was
to refine and evaluate the Fast Fourier Transform technique, and culminated in definition of
the error introduced through numerical manipulation of the data. In the second test series, a
laboratory evaluation was performed on an analog simulation of the dual thermocouples (RC
network equivalents of the 9 node finite models of the 76 um and 250 pm t/c’s). Using these
analog circuits it was possible to make direct comparisons of DGTMS results with known input
signals and known compensation spectra.

a. Evaluations of Computer FFT Compensation Technique and Associated Errors

Even if the compensation spectrum for the thermocouple could be measured without error,
there could be significant errors in the DGTMS compensated results (particularly in the time
waveform) due to the FFT techniques utilized in the compensation procedure.

During development of the FFT compensation procedures, a known correct compensation
spectrum (i.e., a conventionally measured frequency response function) for a simple 1st order
RC analog circuit with a frequency response function similar to a 76 pm t/c was used for initial
evaluation and refinement of the software. Note that these particular tests do not evaluate the
accuracy with which the DGTMS technique determines the compensation spectrum.

The test procedure consisted of first measuring the frequency response of the RC network
using conventional Fast Fourier Transform (FFT) techniques and storing the measured



response in the computer (frequency domain). Various types of signals including wideband
random, singular sinusoidal frequencies, and step inputs were then input to the RC network and
both the input and output signals digitized into the Fourier System simultaneously. The output
signal was compensated in the frequency domain using the previously measured frequency
response function and then transformed to the time domain. The compensated output
(frequency and time domain) was then compared with the measured input signal.

To minimize errors in the compensated time waveform generated by inverse FFT of the
compensated frequency spectrum, the following procedure was developed and incorporated into
the DGTMS software:

1.  Multiply the uncompensated time waveform by the FFT Hanning window.
2. FFT the windowed signal to yield the instantaneous frequency spectrum.

3. At every frequency in the spectrum where the amplitude is less than a user
specified threshold, set amplitude and phase to zero.

4. Divide the modified instantaneous spectrum by the compensation spec-
trum (complex math) accounting for both amplitude and phase terms.

5. Inverse FFT the compensated instantaneous spectrum to obtain the
compensated time waveform.

6. Divide the compensated time waveform by the FFT Hanning window.
7.  Set 1st and last quarter of compensated time waveform to zero.

8. Repeat steps 1 thru 7 on a new uncompensated time record composed by
overlapping portions of the original uncompensated time record and the
next contiguous time record to yield a composite compensated time
waveform beginning one quarter of the time into the first time record and
extending thru the first quarter of the next contiguous time record. Note
that there must be no loss of sampled data between the contiguous time
records (i.e., the data acquisition must be in real time). If only one time
record is available, the compensated time waveform will be zero for the
first and last quarter of the record.

The data analysis program contains a user variable threshold (relative db) which is applied
when the compensated time waveform is generated ((3) above). The software determines the
highest amplitude in the uncompensated instantaneous frequency spectrum and then sets to 0
the amplitude and phase of any spectral component whose amplitude is less than the specified
value of db below the highest amplitude. This is to minimize errors in the compensated time
waveform due to applying high gain corrections at spectral lines which are predominantly noise.
The threshold is not applied to the compensated ensemble averaged frequency spectrum.
Selection of the threshold should be made based on inspection of the instantaneous frequency
spectrum (uncompensated) of the time record to be compensated and the ensemble averaged
frequency spectrum of the ambient background noise. Additionally, the ensemble averaged
noise frequency spectrum (uncompensated) can be utilized to select a threshold. As can be seen
from Figure 20 (ensemble averaged frequency spectrum of the output, input, and compensated
output of a 76 um t/c), a threshold of about —35 db could be required to prevent errors in the
compensated time waveform for the signal levels in this specific case. A noise floor (probably in
the anti-aliasing filter) has been reached at about —43 db (relative) in the uncompensated
spectrum. The threshold would be selected somewhat above this level.
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Figure 20. Evaluation of FFT Compensation Technique — Power Spectral Density
PLOTS of 76 um (3 mil) Analog Circuit Compensated Output, Measured
Input and Measured Output Using 250 Hz Bandwidth Random Noise . . . .

The program also permits the repeated (user specified) application of a simple smoothing
algorithm on time domain data:

. =025d,_,+05d,+025d,,,

The routine was incorporated to permit smoothing of step function data which contain
fluctuations in amplitudes thought to be associated with truncations in the compensated
instantaneous frequency spectrum (Figures 21 through 23). In general, it appears that an
erroneous fluctuation occurs in the envelope for the compensated time waveform at the
frequency at which the compensated spectrum is truncated (prior to inverse FFT transforming
to the time domain). In other words, if sufficient dynamic range existed in the compensated
spectrum such that truncation occurred at the Nyquist frequency (the limit of the analysis) an
amplitude fluctuation of Nyquist frequency would be present in the compensated step function
time waveform. Based on the lab evaluations performed, application of this smoothing
algorithm is not recommended for any wave shape other than a step and it should only be
applied judiciously to step data. Smoothing was not applied to the data presented in this report.

The final evaluations of the software compensation techniques were made utilizing the
76 um (3 mil) nine node analog model of Figure 24. These tests were used to establish the
accuracy with which a signal could be compensated assuming that the correct compensation
spectrum has been measured. The conventionally measured (256 average) frequency response
for the 76 um (3 mil) circuit was used as the compensation spectrum. The accuracy was
determined by comparing the compensated output signal with the actual input signal which had
been digitized simultaneously with the output signal. Comparisons were made on the data
presented in both the time and frequency domains. The accuracy comparisons were made



utilizing digital printouts of the data (rather than scaling values from data presented in plot
format), Evaluations were made for the following signals:

. 20 Hz sinusoid
200 Hz sinusoid
1000 Hz sinusoid

. 250 Hz BW random
1250 Hz BW random

. STEP input.
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Figure 21. Evaluation of FFT Compensation Technique — Instantaneous Voltage vs
Time: Compensated Output of 76 pum (3 mil) Analog Circuit Measured
Input and Measured Output (—50db Threshold, Step Input)

Figures 20 thru 23, 25, and 30 thru 39 are plots of the measured output, compensated
output, and the measured input in the time and frequency domains for the various types of
signals evaluated (sine, random, step). For these evaluations the sampling frequency was 4096
Hz which yields a frequency spectrum range of 2048 Hz with 2 Hz spectral line separation. Each
record was 500 ms in length.
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Figure 22. Evaluation of FFT Compensation Technique — Instantaneous Voltage vs
Time: Compensated Output of 76 um (3 mil) Analog Circuit (—70db
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Figure 23. Evaluation of FFT Compensation Technique — Instantaneous Power
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From digital printouts of the data presented in Figures 20 thru 23, and 30 thru 39, the
accuracy of the FFT compensation technique was evaluated. Errors in the compensated
functions were computed as follows and do not include errors associated with determination of
the compensation spectrum:

a. Ensemble averaged frequency spectrum

\/ Compensated output power spectral
’ density function

1
Gain Error (f) = Input power spectral density func- X 100%
tion

b. Instantaneous frequency spectrum of compensated time waveform:

Polar Magnitude (compensated output) 1
Gain Error (f) = Polar Magnitude (input) X 100%

Phase Error (f) = Input phase — Compensated output phase

Gain and phase errors were actually computed by complex division with
respective frequency spectra expressed in rectangular coordinate form
(real and imaginary) and then converted to polar coordinate form. The
DGTMS software computes the instantaneous frequency spectrum as the
square root of the power spectrum and does not contain phase information.
The phase errors were evaluated during the lab tests to provide a
measurement of the phase errors associated with the compensated time
waveform.

¢. Instantaneous time waveform (3 methods)

RMS compensated output _ 1

1, RMS input X 100%
RMS residue*

2. RMS input X 100%

' Max instantaneous Peak Residue*
3 v X 100%

Max instantaneous Peak input
*Residue — input minus compensated output

The rms of the time waveforms were computed using operator keyboard functions
provided in the Hewlet Packard (HP) Fourier System operating system.
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Figure 25. Evaluation of FFT Compensation Technique — Instantaneous Voltage us
Time: Measured Input to 76 um (3 mil) Analog Circuit Compared With
Compensated Output (~ 1 KHz Sinewave)

\/ 2,27 (£(6))(£(t))
RMS = 2048

where:

2048 = the number of data points in the data record, and f(t) is the digitized time
waveform of 2048 data points.

Tables VIII, IX, and X summarize the results. For time domain data, the error defined by
RMS residue/RMS input is considered the most applicable because it includes error due to
improper phasing.
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TABLE VIII. AMPLITUDE ERROR IN COMPENSATED
‘ ENSEMBLE AVERAGED FREQUENCY
SPECTRUM DUE TO COMPUTER
FFT COMPENSATION TECHNIQUE

4 Hz-200 Hz 200 Hz-1000 Hz
250 Hz BW random 64 avg's PP-1.2%/+0.2% —
1250 Hz BW random 64 avg’s -3.1%/+1.1% -19%/+1.1%
20 Hz Sinewave 64 avg -0.1% —
200 Hz Sinewave 1 avg . =-11% —_
1000 Hz Sinewave 1 avg — -2%

TABLE IX. AMPLITUDE AND PHASE ERRORS IN COMPENSATED
INSTANTANEOUS* FREQUENCY SPECTRUM DUE TO
COMPUTER FFT COMPENSATION TECHNIQUE

1 avg
4 Hz-200 Hz 200 Hz-1000 Hz

Gain ¢ Gain ¢

250 Hz BW random —35 db ~5.17%/4.5% -1.9°/2.1° —_ : —_
1250 Hz BW random —60 db ~8.6%/1% -2.6°/3.0° -19%/20% —2.6°/3.0°

20 Hz Sinewave —40 db 0.4% -0.4° — —

200 Hz Sinewave —40 db -1.1% -0.1° —_ —

1000 Hz Sinewave —40 db —_ —_ -2% 0.1°

Large uncertainties in the random signals are due to very low signal levels at various frequencies
within bandwidth

*Spectrum of compensated time waveform

TABLE X. AMPLITUDE ERROR IN COMPENSATED INSTANTANEOUS
TIME WAVEFORM DUE TO COMPUTER COMPENSATION

TECHNIQUE

RMS Comp. RMS of Residue* Max pk Residue

RMS Input RMS Input Max pk Input
250 Hz BW Random —35 db 0.6% 4.4% 3.3%
1250 Hz BW Random —60 db 0.3% 10.6% —
20 Hz Sinewave —40 db 0.3% 2.0% 3.6%
200 Hz Sinewave —40 db 1.0% 1.6% 2.8%
1000 Hz Sinewave —40 db 2.0% 2.5% 4.0%

Step input —50 db threshold: +10.5% overshoot with 2:ms lead and 2 ms lag

*Residue = input minus compensated output
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Results in both the time and frequency domains for the discrete sinusoids are quite good as
follows: <2.5% gain error and <0.4 deg phase error from 4 Hz to 1000 Hz.

Errors for the random signals are higher as would be expected due to the inherently poorer
signal-to-noise ratio and, in the case of the time waveform, the accumulative nature of the gain
and phase errors (i.e., the instantaneous waveform is the net summation of the amplitudes and
phasing of all of its frequency components). The ensemble averaged frequency spectra of the
random signals have less than +3.1% gain error (4 Hz to 1000 Hz). The instantaneous time
waveform error (RMS Residue/RMS input) was +4.4% for the 250 Hz bandwidth and +10.6%
for the 1250 Hz bandwidth. Errors in the compensated time waveforms evaluated using the gain
and phase errors in its instantaneous frequency spectrum ranged between —5.7% and +4.5%
gain error and —1.9 deg to 2.1 deg phase error in the 250 Hz bandwidth and —19% to +20% gain
error and —2.6 deg to +3.0 deg phase over the 1250 Hz bandwidth. The larger band of errors are
due to the very poor signal to noise ratios at various frequencies within the instantaneous
frequency spectrum (reference Figure 38).

The errors in the step function were predominately erroneous amplitude fluctuations
thought to be associated with truncation of the frequency spectrum during the compensation
process. With a —50 db threshold, there was a 10.5 percent overshoot in amplitude and a +2 ms

.. lead and lag time response. When the waveform was compensated over a higher frquency band

(i.e., =70 db), the time response error decreased significantly. However, the amplitude of the
erroneous oscillations increased. When a smooth curve is hand fit through the steady-state
portion of the data (Figure 22), the results are significantly improved.

b. Evaluation of Errors in the Compensation Spectrum

To evaluate the error due to the measurement accuracy of the t/c element diameters, the
theoretical transfer function between the large and small t/c’'s at T' = 1.0 computed for the
baseline conditions was used as the measured transfer function. Baseline conditions were the

F100 probe with 76 ym (3.00 mil) and 250 ym (10.00 mil) t/c elements operating at:

Tr = 1200K (1700°F)

P. = 2.0 x 10° N/m?® (290 psia)
M, =023
F/A = 0.02

The compensation spectrum was computed for the baseline conditions (I' = 1.0) and used as the
correct spectrum. The finite model dimensions for the smaller wire were decreased by 1.7 +
0.1% and the larger wire increased by 0.5%. Using the baseline measured transfer function, the
in-situ value of I' for the newly dimensioned model was obtained and the compensation
spectrum computed. This spectrum was then compared to the baseline correct spectrum as
above to yield the gain and phase errors. In the 4 Hz to 200 Hz frequency range, the maximum
gain error was +4.9% and the maximum phase error was + 1.3 deg. In the 200 Hz to 1K Hz
range the maximum gain error was +5.2% and 0.8 deg. '

Error in the measurement of the transfer function (H(f)) between the outputs of the two
thermocouples will also influence the overall accuracy. The error in the transfer function
measurement is described in terms of the coherence (measured in conjunction with the transfer
function) and the number of averages taken as follows:
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where

+% = coherence function
N = No. of ensemble averages.

For the F100 engine data processed under this contract, the measured coherence (v?)
ranged from 0.9613 to 0.9767. The number of ensemble averages was 120. This yields a
maximum error of +1.3% in the measured transfer function. To assess the effect of an error in
the measured transfer function, the compensation spectrum was determined with a +1.5% error
introduced in the measured transfer function. The values of the “measured” baseline transfer
function for the same F100 baseline model above were simply multiplied by 1.015. Using this
modified data, the measured value of the I' was determined and the corresponding compensa-
tion spectrum was generated and compared to the correct spectrum in the same manner as the
other cases above. In the 4 Hz to 200 Hz range, the error was 3.3%. In the 200 Hz to 1000 Hz
band the error was 3.5%.

To evaluate the error in the compensation spectrum when conduction effects are not
included (i.e., if the t/c’s were only modeled as first order), the F100 baseline model was run with
the support wire diameters of the 76 pm (3 mil) and the 250 pm (10 mil) dimensioned the same
as their element diameters (76 ym (3 mil) and 250 gym (10 mil), respectively). Again, the
theoretical transfer function at T' = 1.0 for the baseline F100 model was used as the measured
transfer function and the in-situ value of I' for the dimensionally modified case was determined
and the corresponding compensation spectrum was generated. Figure 40 shows the gain error
(using the baseline F100 probe model as reference) as a function of frequency. The errors are
typically +20 to +25% over the entire bandwidth (1000 Hz).

¢. Overall Accuracy

The overall accuracy was determined by root sum squaring (RSS) the errors associated
with the computer FFT compensation technique, T/C element diameter measurement,
measurement of the transfer function between the large and small diameter t/c (H(f)), and the
data acquisition/reproduce system noise. The contract accuracy goal was +5% in the 4 Hz to
200 Hz bandwidth and +£10% in the 200 Hz to 1000 Hz bandwidth (for 1000K p-p sinewave).

Table XI shows the errors associated with the compensated average frequency spectrum
and Table XII the compensated instantaneous time waveform. The most accurate results are
obtained for the compensated averaged frequency spectrum. This is because averaging reduces
errors associated with poor SNR. Additionally, the gain and phase errors associated with each
frequency component are accumulative in the time waveform but are not in the frequency

spectrum.



TABLE XL OVERALL ERROR — AVERAGED FREQUENCY SPECTRUM

Error Due Error Due to

to Data FFT * hid Total

System Compensation~  Error  Error  Error

SNR Technique (DIA’S) (H(f)) (RSS)

1000K (1800°F) p-p at 200 Hz <0.1% 1.1% 4.9% 3.3% 6.0%
1000K (1800°F) p-p at 1000 Hz <0.1% 2.0% 5.2% 3.5% 6.6%
~ 15K (27°F) p-p/ V Hz 4 Hz to 200 Hz 0.7% 1.2% 4.9% 3.3% 6.1%
~ 15K (27°F) p-p/ V Hz 200 Hz to 1000 Hz 3.8% 1.9% 52% 3.5% 7.6%
~ 67K (12°F) p-p/spectral line at 200 Hz 2.2% 12% 49% 33%  64%
=~ 6.7K (12°F) p-p/spectral line at 1000 Hz 10.0% 1.9% 5.2% 35% 12.0%

* Error due to perturbation of measurement error in t/c diameters
** Error due to perturbation of measurement error in H(f)

TABLE XII. OVERALL ERROR — INSTANTANEOUS TIME WAVEFORM

Error Due  *Error Due to

to Data FFT . b Total

System Compensation Error  Error Error

SNR Technique (DIA’S) (H(f)) _(RSS)

1000K (1800°F) p-p at 200 Hz <0.1% 1.6% 4.9% 3.3% 6.1%
1000K (1800°F) p-p at 1000 Hz <0.1% 2.5% 52% 3.5% 6.7%
~ 15K (27°F) p-p/ V Hz 4 Hz to 200 Hz 0.7% 44% 49% 3.3% 14%
=~ 15K (27°F) p-p/ V Hz 200 Hz to 1000 Hz 3.8% 10.6% 52% 35% 129%
~ 6.7K (12°F) p-p/spectral line 4 Hz to 200 Hz 2.2% 4.4% 4.9% 3.3% 1.7%
~ 6.7K (12°F) p-p/spectral line 200 Hz to 1000 Hz 10.0% 10.6% 52% 3.5% 159%

RMS residule
* RMS input X 100%

** Error due to perturbation of measurement error in t/c diameters
*+* Error due to perturbation of measurement error in H(f)

For the averaged frequency spectrum, the error of 1000K (1800°F) p-p sinusoids in the
4 Hz to 200 Hz bandwidth was +6.0% and +6.6% in the 200 Hz to 1000 Hz bandwidth. For
~15K (27°F) p-p/ V Hz random noise with a bandwidth of 4 Hz to 200 Hz, the error was
+6.1% and in the 200 Hz to 1000 Hz bandwidth it was £7.6%.

For the instantaneous time waveform, the overall error was +£6.1% for 1000K (1800°F) p-p
sinusoids in the 4 Hz to 200 Hz bandwidth and +6.7% in the 200 Hz to 1000 Hz bandwidth. The
error for a 15K (27°F) p-p/ V Hz random signal was +7.4% for a 4 Hz to 250 Hz bandwidth
and +12.9% for a 250 Hz to 1000 Hz bandwidth.
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d. Analog Simulation of Dual Wire Thermocouples

Equations . were derived (Appendix E) for the electrical analog equivalent, passive RC
network of the nine node finite element thermocouple model for use in lab evaluations of the
dual t/c approach. Two breadboard nine node RC element network models, one for the 76 um
(3 mil) and one for the 250 um (10 mil) thermocouple were fabricated. The circuits were
modeled for the F100 probe geometry operating at the following conditions:

T; = 1200K (1700°F)

P, = 2.0 x 10® N/m? (290 psia)
M, = 0.22
F/A = 0.02.

Design values of resistance and capacitance for these simulators are shown in Figure 26.
Potentiometers were used for the resistive components and values were set by measurement
with a digital ohmmeter (=~ *1%). Values of capacitive components were combinations of
standard value capacitors (+10%) and were not measured. Schedule constraints precluded

obtaining more precise capacitance values.

I Cs I Cs I Cs l Cj l Cj I C2 l Cq | Cy I Co l I
p— Evic =
1 2 3 4 5 6 7 8 9 )
Eg
Ry Rz Ry Rz R, Ry Ry Ry Q
Ro
Eg
Thermocouple element diameter
Where: 768um 254um
Ro 7592 @ 46.2 KQ Note: Values listed
R4 1739 Q 11.8 KQ Correspond to F100
Ry 2174 Q 5.66 KQ Probe operating at:
R3 3796 Q 23.11 KQ T, = 1200K (1700°F)
Ry 1049 & 12,447 KQ Py = 2.0 X 10°N/m? (290 psia)
Rs 5435 @ 8.515 KQ - 022
Rg 1087 Q 17.031 KQ F/T\ _ 602
Co 0.5 uid 0.5 utd :
Cy 1.0 uid 1.0 ufd
C, 2.45 utd 4.34 utd
Cs 78 ufd 7.67 utd FD 267195

Figure 26. RC Analog Network Simulation — Full-Scale Test Conditions

The purpose of this test was to determine the compensation spectrum (gain and phase as a:
function of frequency) of the 76 um (3 mil) analog circuit (and the 250 pm analog circuit) from
the measured transfer function taken between the outputs of the analog circuits of the 76 um
(3 mil) t/c and the 250 um (10 mil) circuit (Figure 27) utilizing the DGTMS software and
compare it with the known frequency response spectrum (measured single input — single
output using conventional FFT techniques). Wideband (1250 Hz BW) random noise was utilized
in these measurements. Because of the lack of precision in the analog circuit components,
thermocouple length and diameter values input to the HOST program compensation software
were varied until best agreement between the DGTMS program results and the known
compensation spectra were obtained. The conventionally measured spectra were generated by



measuring the transfer function between the input and output of the analog circuit using a 256
ensemble averaged FFT transfer function:

Gy,(0)
H(f) = Gain £ phase (f) = G,

Note that the obvious errors in the conventional measurement above =~1400 Hz (Figure
28) are due to poor signal-to-noise ratio intentionally introduced to prevent aliasing via an anti-
aliasing filter.

Random Anti-aliasing 9 node RC
Noise Filter - Model — 76um (3 mil} T/C
Generator 1250 Hz
62
9 Node RC
Model - 250um (10 mil) T/C Fourier analyzer

 RC networks model'd as F100 probe
1200K (1700°F)
2.0 X 10°N/m2 ATMS (290 PSIA)
Mn 0.22
F/A 0.02
+ Resistive Components = * 1% (measured)
« Capacitive Components ~ * 10% (not measured)
. FD 267196
Figure 27. Simulation of Dual Wire Thermocouples — Lab Setup

The best match for the 76 ym (3 mil) t/c was obtained when it was modeled with an
element diameter of 75 um (2.9 mils) and an element length of 711 um (28.0 mils). The analog
circuits were designed to model the t/c as 76 ym (3.00 mils) diameter with a length of 610 pm
(24.0 mils). Gain match was within £15% and phase match within +4.2 to —0.8 deg over the
frequency range of 4 Hz to 1000 Hz (Figure 29).

Similarly, for the 250 um (0.010 in.) thermocouple case, the following parameters produced
the best match of compensation spectra: the diameter was 260 um (10.3 mils) and the length was
1588 um (62.5 mils) as opposed to design values of diameter equal to 250 um (10 mils) and length
equal to 1588 um (62.5 mils). Gain disagreement for this case was less than +5% out to 100 Hz
(Figure 28). The compensation program developed under this contract uses the 250 um (10 mil)
data only out to about 40 Hz. The agreement between the two methods is satisfactory, despite
lack of precision in the capacitance values in the analog model.
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Experiments performed with the analog circuits verified that the finite-element models of
the thermocouples work as required. Minor discrepancies, due to lack of precision in electrical
component values, could easily be corrected, given adequate time and resources.
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Figure 30. Evaluation of FFT Compensation Technique — Narrowband Frequency
Spectra: Measured Input to 76 um (3 mil) Analog Circuit with
Compensated Output (=~ 200 Hz Sinewave)
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Figure 31. Evaluation of FFT Compensation Technique — Instantaneous Voltage vs
Time: Measured Input to 76 um (3 mil) Analog Circuit Compared with
Compensated Output (~1 K Hz Sinewave)
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Figure 33. Evaluation of FFT Compensation Technique — Instantaneous Voltage vs
Time: Measured Input to 76 um (3 mil) Analog Circuit Compared with
Compensated Output (250 Hz Bandwidth Random Noise)
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Figure 34. Evaluation of FFT Compensation Technique — Expanded Time Segment
From Figure No. 33. '
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Figure 35. Evaluation of FFT Compensation Technique — Instantaneous Power
Spectral Density Plots of 76 um (3 mil) Analog Circuit Com.pen-sated
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Figure 36. Evaluation of FFT Compensation Technique — Power Spectral Density
Plots of 76 um (3 mil) Analog Circuit Compensated Output, Measured
Input and Measured Output (250 Hz Bandwidth Random Noise)
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Figure 37. Evaluation of FFT Compensation Techniaue — Instantaneous Voltage vs
Time: Measured Input to 76 um (3 mil) Analog Circuit Compared with
Compensated Qutput (1250 Hz Bandwidth Random Noise)
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Figure 38. Evaluation of FFT Compensation Technique — Instantaneous Power
Spectral Density Plots of 76 um (3 mil) Analog Circuit Compensated
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Random Noise)
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Figure 39. Evaluation of FFT Compensation Technique — Power Spectral Density
Plots of 76 um (3 mil) Analog Circuit Compensated Output, Measured
Input and Measured Output (1250 Hz Bandwidth Random Noise)
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Figure 40. Gain Error in Compensation Spectrum Due to Neglect of Conduction
Effects (F100 Engine Probe)

e. System Shakedown

For the system shakedown, an F100 probe was used with an on-line data acquisition and
analysis system setup configuration. The setup was made as shown in Figures 8 through 10.
However, the FM tape recorder/reproducer was not used. A Cadillac model 1000B flameless
torch was used to heat the thermocouples. This test was used primarily to checkout the data
acquisition portions of the system. The flameless torch only produced measurable temperature
fluctuations to about 30 Hz. The system successfully acquired the data and computed the
measured transfer function between the outputs of the two thermocouples.

In the shakedown configuration, the amplifier output signals were found to have excessive
(200 to 300 MV p-p at X1000 gain) 60 Hz noise. Additionally, any motion of the cabling between
the AC coupler output and the amplifier input was found to generate excessive noise. The noise
levels were reduced to acceptable levels (approximately 25 MV p-p at 60 Hz with a gain of 1000)
by increasing the value of the coupling capacitors from 0.018 p farad to 1.0 x farad and lowering
the input impedance of the amplifiers to approximately 100K ohms. The lower input impedance
was obtained by connecting 100K ohm resistors between input high and guard, and input low
and guard. Additionally, the coupling capacitors were mounted directly on the amplifier input
connectors to minimize noise generated by the input cable. The final configuration is shown in
Figure 8.

5. Subscale Combustor Tests

The subscale combustor tests were conducted without incident and the test data were
obtained with one probe.
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The probe was installed and tested (see Figure 41) in the subscale combustor rig as
discussed on Task 4. The probe and a platinum tube used for measuring gas stream total
pressure were mounted downstream of the combustor exit plane. The mounting system was
retractable so the probe was not in the gas stream except when data was recorded.

TABLE XIII. SUBSCALE COMBUSTOR TEST

CONDITIONS .
Test Velocity Trorar*
Point P,/P, Mach No. M/S (Ft/s) K(°R)
1 0.968 0.22 104 (340) 1050 (1890)
2 0.965 0.23 113 (370) 1160 (2090)
3 0.966 0.23 116 (380) 1220 (2200)
4 0.965 0.23 119 (390) 1280 (2310)
5 0.965 0.23 122 (400) 1330 (2400)
6 0.965 0.23 122 (400) 1390 (2500)
7 0.966 0.23 125 (410) 1450 (2610)
8 0.966 0.23 128 (420) 1510 (2720)
9 0.969 0.22 125 (410) 1570 (2820)
10 0.967 0.23 131 (430) 1800 (3240)

Poyp = 1.014 x 107 N/M? (1.001 ATMS)
*Estimated

FD 267056

Figure 41. Subscale Combustor Tests — Probe Installed in MMT Burner



Dynamic temprature data and ambient temperature data were recorded on FM tape per
the data acquisition system discussed in Task 4. The output of each amplifier was double
recorded on the FM tape recorder (0.5V rms and 1.0V rms full-scale record level channels). The
signal levels were monitored on an oscilloscope and the fixed gain setting(s) of the amplifier(s)
were set as necessary to maintain optimum signal levels on the 0.5V rms record channel. Gain
settings were correlated with test points to maintain calibration. The 1.0V rms channels were
recorded precautionary in case the 0.5V rms channels were overdriven. Data was recorded at ten
steady-state combustor test conditions ranging from the minimum to maximum conditions
obtainable with the combustor facility. The final combustor and probe test conditions are
summarized in Table XIII. Average gas temperatures varied from 1050K (1830°R) to 1800K
(3240°R). The gas stream Mach number and total pressure was relatively constant at 0.23 and

1.0 atms, respectively.
6. Full-Scale F100 Engine Tests

The full-scale tests were conducted as planned in an F100 jet engine which was undergoing
testing at P&WA’s Government Products Division (GPD) test facility. Dynamic temperature
data were recorded at 15 engine test conditions shown in Table XIV. Two element data were
recorded at the first six test points; at this point, the small element failed. Data were recorded
for the larger element on the remaining test conditions.

TABLE XIV. F100 TEST CONDITIONS

Test FTIT Py, Trs Tprose
(PRED)

Point K(°F) N/M? X _10° (psia) K(°F) K(°F)
1 770 (920) 84.1 (83) 1080 (1490) 970 (1290)
2 820 (1020) 112 (110) 1130 (1580) 1060 (1450)
3 860 (1080) 128 (126) 1190 (1690) 1110 (1530)
4 890 (1140) 145 (143) 1230 (1760) 1170 (1640)
5 930 (1210) 160 (158) 1280 (1850) 1230 (1750)
6* 960 (1260) 175 (173) 1320 (1920) 1270 (1830)
7 990 (1330) 196 (193) 1380 (2030) 1310 (1900)
15 1220 313 (309) 1710 (2620) 1570 (2370)

(1740)

Probe M_ =~ 0.36 — Vel = 160 M/S (510 ft/sec)

*76 um (0.003 in.) element failed

The F100 type probe was installed, as previously detailed in Figure 5 of Task 4. The test
program was completed with dynamic temperature data being recorded on FM taper per the
data acquisition system discussed in Task 4. Fifteen steady-state engine conditions or power
settings (see Table XIV) from idle to intermediate power were run and recorded. Ambient
(engine not running) data were also recorded to establish the system noise characteristics.

Dynamic temperature data for the probe’s two elements were recorded on the first six test
conditions, at this point the smaller 76 um (0.003 in.) element failed. The test condition at this
time corresponded to an average gas temperature of 1270K (1830°F) and a pressure of
11.77 atms (173 psia). Dynamic temperature data were then recorded on the remaining larger
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950 pm (0.010 in.) element to the raximum gas temperature of 1570K (2370°F) and pressure of
21.03 atms (309 psia).

Post-test inspection of the probe elements later confirmed that the smaller 76 um
(0.003 in.) element had failed and this was attributed to bombardment from solid particles in
the gas stream.

7. Post-Test Inspection

Microscopic inspections were made on the subscale and F100 probes that were tested.
Photomicrographs were made and used to measure the probe element dimensions. The results of
these inspections revealed a very small amount of erosion on both probes and confirmed that the
76 um (0.003 in.) element on the F100 probe had failed and was missing.

Figure 42 shows a magnified view of the subscale combustor probe after testing. The
surface of the elements shown corresponds to the side presented to the gas flow and shows an
increased surface roughness. Closer inspection revealed this was a very thin buildup layer only
on the upstream gas side of the probe. This buildup layer did not affect the element dimensions.

FD 267057

Figure 42. Subscale Combustor Probe — Post-Test Inspection

Figures 43 through 46 show various magnified views of the F100 probe after testing. '
Inspections of the photographs shows that the 76 um (0.003 in.) element is missing. It broke at
each support wire and it is assumed this was due to bombardment from solid particles in the gas
stream or excessive aerodynamic loading. Failure of the 76 um (0.003 in.) element occurred at
the intersection of the support wires and the element which corresponds to the maximum stress
location. Additionally, the support wires have been bent in the direction of the flow. This is
attributed to excessive bending stresses from aerodynamic loading and the longer length of the



support wires caused by-the erosion of the ceramic cement used to pot around the support wires
and the holes in the ceramic stick (shown in Figure 46). The 250 um (0.010 in. element) was also
bent due to the additional loading from the 76 um (0.003 in.) element support wires.

The probe dimensions were determined by measuring the photomicrographs taken of the
various probe structures. Table XV summarizes the pre-and post-test dimensions of both
probes. The dimensions of the 76 um (0.003 in.) and 250 um (0.010 in.) elements reveal that
there was a slight indication of a reduction 0.5 um (0.00002 in.) after testing. However, this
amount of reduction is within the measurement accuracy and is therefore questionable.
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Figure 43. F100 Probe Post-Test Inspection — Front View
TABLE XV.PRE- AND POST-TEST PROBE INSPECTION

SUMMARY
Diameter, um (Inches)
Subscale F100
Combustor Probe Probe
Item Pre Post Pre Post
76 um Junction 74 74 78 —
(0.003 in.) (0.0029) (0.0029) (0.0030) (—)
250 um Junction 250 250 260 250
(0.010 in.) (0.0099) (0.0098) (0.0102) (0.0100)
380 um Support 380 380 380 380
(0.015 in.) (0.0150) (0.0150) (0.0150) (0.0148)
510 pm Support 510 510 510 510
(0.020 in.) (0.0200) (0.0200) (0.0200) (0.0200)
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Figure 45. F100 Probe Post-Test Inspection — Side View
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Figure 46. F100 Probe Post-Test Inspection — Top View

FD 267062
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E. TASK 6 — ANALYSIS OF RESULTS
1. General

Test data were obtained for probes installed in a subscale combustor rig and an F100
engine. Two events were processed from each: an ambient point to establish the background
noise and the test point. All test data were recorded on FM tape. The ‘lata point processed from
the subscale combustor rig was the point of maximum operating temperature. The F100 data
point was the highest temperature point prior to failure of the 76 um (3 mil) thermocouple
element. The as built dimensions of the probe elements were measured utilizing an optical
microscope and these dimensions were used with the program software.

One hundred and twenty data records were ensemble averaged to compute the measured
transfer function between the outputs of the 76 um and 250 um t/c for both the subscale
combustor rig and F100 engine data test points. At the sampling rate (4096 Hz) and record
length (2048 points/record) used, each record was 500 ms long and the total time over which the
data were averaged was 60 sec. The Fourier system anti-aliasing filters were set to 1250 Hz
(-3 db point). Note that the amplitude of data presented at frequencies above 1000 Hz will be
erroneous due to the roll-off of the filter. The measured transfer function data at frequencies 8,
10 ... 28, 30 Hz were used in determining the in-situ value of T used to generate the
compensation spectra. In this frequency band, the measured coherence function v?(computed in
conjunction with the measured transfer function) ranged from about 0.96 to 0.98 indicating
excellent quality in the measured transfer function (frequency response function).

The ambient events which were recorded to establish background system noise levels were
run with the amplifier gains set the same as during the test data. Gains were typically X500 for
the 76 ym t/c and X1000 for the 250 um t/c. For the subscale combustor, the ambient was
established with the combustor on and the t/c probe mounted, but retracted from the gas path.
For the F100 engine, the probe was installed in the engine but the engine was not running.

Additionally, the compensation spectrum measured at each test point was applied to the
ambient event to establish the signal-to-noise ratio of the compensated data.

2. Subscale Combustor Tests

The data point processed was test point No. 10. Test conditions were as follows:
Pressure 1.04 atms (15.20 psia)
Mean Temperature 1840 K(2780°F)

Fuel/Air Ratio 0.025
Probe Mn 0.23

Figure 47 shows the uncompensated instantaneous time domain outputs of the 76 ym
(3 mil) t/c and the 250 um (10 mil) t/c. Both t/c’s clearly indicate the presence of the same
periodic components but of widely differing amplitudes due to the difference in the t/c dynamic
responses. The 76 pm t/c was indicating about 222K (400°F) p-p fluctuations with an rms of
36K (64°F). The 250 um t/c read about 44K (80°F) p-p with an rms of 12K (21°F). The
background noise for the 76 um t/c was about 1.6K (2.8°F) rms (Figure 48) and was
predominately at power line frequency (60 Hz). This indicates an overall time domain signal-to-
noise ratio (SNR) for the 76 pm data of about 27 db based on the rms signal levels. Figure 49 is
the Power Spectral Density (PSD) plot of the 76 um t/c output for test point No. 10 and

ambient. With the exception of harmonics of power line frequency, the SNR was >20 dbupto ~

500 Hz, >12 db up to 1000 Hz and >10 db out to 2000 Hz.
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Figure 48. Instantaneous Temperature vs Time: Uncompensated Background Noise
Measurement for 76 um (3 mil) Thermocouple (Subscale Combustor Rig)
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Figure 50. Instantaneous Temperature vs Time of Compensated 76 um (3 mil)
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Figure 51. Expanded Time Segment from Figure 50



Figure 15 shows the compensation spectrum for the 76 um t/c at test point No. 10. At
1000 Hz the gain correlation is about 36 db and at 2000 Hz about 43 db. Figures 50 and 51 show
the 76 uin t/c compensated instantaneous time waveform for one entire data record (500 ms)
and the first 100 ms of the data record. The compensated data show that the instantaneous
temperature fluctuations are actually about 550K (1000°F) p-p with an rms value of around
156K (281°F) rms. The compensation spectrum was also applied to the 76 pm ambient
background noise (Figure 52). The overall SNR of the compensated test data point to the
compensated ambient was about 18.6 db (time domain signals).
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Figure 52. Instantaneous Temperature Us time of Compensated 76 um (3 mil)
Thermocouple Background Noise (—45 db SNR-Subscale Combustor Rig)

The compensated time domain data presented in Figures 50 and 51 were obtained using a
data compensation threshold of —35 db. Figures 53 and 54 were processed with thresholds of
—45 db and —70 db, respectively. Even with the lower thresholds, the resulting waveforms were
well behaved (i.e., only slight increase in rms values and some higher frequency noise spikes).
The PSD plots of the compensated 76 um t/c for test point No. 10 and ambient are contained in
Figure 55. Excluding power line harmonics, the SNR was >18 db up to 500 Hz, >13 db up to
1000 Hz, and >9.9 db out to 2000 Hz. Note that in the frequency band around 145 Hz, the SNR
is excellent (= 43 db). .

Prior to compensation, the linear PSD plot of the 76 um t/c (Figure 56) indicates that the
temperature fluctuations are generally randomly distributed with a low amplitude (2K (4°F)
rms/ Hz) peak around 145 Hz. After compensating (Figure 57), the peak around 145 Hz is
found to be about 21K (37°F) rms/ Hz and predominately characterizes the temperature
fluctuations. The wideband random fluctuations present range from about 3K (5°F)
rms/ Hz to 8K (15°F) rms/  Hz over the 1000 Hz analysis bandwidth. The data presented
in Figures 56 and 57 are simply the square root of the PSD data presented in Figures 49 and 55.
Figure 58 is the instantaneous (i.e., single record) PSD plot of the compensated time waveform.
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Figure 55. Power Spectral Density Plots of Compensated 76 um (3 mil) Thermocouple
Background Noise Compared with Its Compensated Output at Test Point
No. 10 (Subscale Combustor Rig)

Comparing the PSD from a single record (Figure 58) with the 120 ensemble averaged PSD plot
(Figure 55), it can be seen that the peak in the averaged PSD spectrum around 145 Hz is not a
discrete frequency but a relatively narrow bandwidth peak in the random temperature
fluctuations around this frequency. The characteristics of this peak appear to be similar to a
classical structural resonance which has natural frequency and damping. In Figure 58, the
singular peak in the instantaneous compensated spectrum around 680 Hz is not real data. It is
attributed to errors generated during the FFT compensation process. By the time the
instantaneous spectrum is made on a compensated time waveform, 3 FFT transforms plus 3
FFT windowing functions have been utilized.

For the combustor rig, data from the 76 um t/c was successfully compensated to about
1250 Hz (the —3 db point of the system anti-aliasing filter) in the frequency domain
presentation and about 600 Hz in the instantaneous time domain presentation. Better results,
i.e., SNR and compensation over a larger bandwidth, were obtained in the frequency domain.
This is because ensemble averaging is employed in the frequency domain and the compensation
is more direct than for the time domain.
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Figure 56. Linear Power Spectral Density Plot of Uncompensated 76 um (3 mil)
Thermocouple Output (Subscale Combustor Rig Test Point No. 10)
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Dynamic Temperature

3. Full-Scale F100 Engine Tests
Test point No. 5 was processed. Test conditions were:

Pressure 10.75 atms (158 psia)
Mean temperature 1250K (1790°F)
Fuel/air ratio 0.02

Probe M, 0.36

Figures 59, 60, 61, and 62 show the uncompensated instantaneous time waveforms of the
76 um t/c and the 250 um t/c for test point No. 5 and the ambient background noise. The overall
SNR for the uncompensated time waveforms was 31 db for the 76 um t/c and 26 db for the 250
um t/c. Uncompensated, the 76 um t/c was indicating about 222K (400°F) p-p and the 250 ym
t/c about 55K (100°F) p-p.
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Figure 59. Instantaneous Temperature vs Time of Uncompensated 76 um (3 mil)
Thermocouple Output (F100 Engine Test Point No. 5)
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Figure 60. Instantaneous Temperature vs Time: Uncompensated Background Noise
Measurement for 76 um (3 mil) Thermocouple (F100 Engine Test)
80 - -
40— 12K (21°F) RMS
40 - 1
[+3]
3
: ]
Q
£
EKo0od °F  0-
L
£ 4 4
2
3
~40 - .
40—
-80 - J
o 100 200 300 400 | 500
FD 267164

Figure 61. Instantaneous Temperature vs Time: Uncompensated 250 pm (10 mil)

Thermocouple Output (F100 Engine Test Point No. 5)
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Figure 62. Instantaneous Temperature vs Time: Uncompensated Background Noise
Measurement for 250 um (10 mil) Thermocouple (F100 Engine Test)

Figures 63 and 64 are the PSD plots of the uncompensated 76 ym t/c and 250 um t/c’s for
test point No. 5 and ambient. For the 76 um t/c the SNR is very good; >24 db to 500 Hz,
=18 db to 1000 Hz, and >12 db to 2000 Hz. For the 250 ym t/c neglecting the power line
harmonics, the SNR is >20 db out to about 400 Hz and >12 db out to 1000 Hz.

The discrete frequency component which appears around 1850 Hz in the 250 um PSD plot
is felt to be mechanical in nature. Possibly, the 76 um t/c was vibrating in contact with it (prior
to its failure).

Figure 65 is the compensation spectrum for the 76 um t/c for test point No. 5. The gain
correction is about 32 db at 1000 Hz and 39 db at 2000 Hz. Figures 66, 67, and 68 are plots of the
compensated instantaneous time waveforms of the 76 ym t/c for test point No. 5 and ambient.
Figure 67 is a partial display of Figure 66. The overall SNR in the time domain of the
compensated instantaneous time waveform for the 76 um t/c is about 18 db as can be seen from
the rms values of Figures 66 and 68. Following compensation, the temperature fluctuations were
around 1333K (2400°F) p-p with an rms of about 218K (393°F) rms. The SNR of the
compensated PSD spectrum was >26 db to 500 Hz, >20 db to 1000 Hz, and >14 db to 2000 Hz
(Figure 69). As can be seen in Figures 69 and 70, the PSD signature is basically wideband
random. There were no resonances present in the PSD plots. The low level (~ 14K (2.5°F)
rms/\/Hz) fluctuations (Figure 70) are considered to be typical variations for a basically random
signal.

The 250 um t/c was compensated for comparison with the 76 um t/c results. Its
compensation spectrum is shown in Figure No. 71. For the limited investigations that were
made, the ensemble averaged PSD plots (Figure No's. 63, 64, 69, 73, and 74) provide the most
straight forward comparison of results between the compensated 76 um and 250 um signals. Any
in depth comparisons of the time domain signals must account for differences in bandwidths
and compensation thresholds.
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Figure 71. Compensation Spectrum for 250 pm (10 mil) Thermocouple Output for Test
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For the ensemble averaged compensated frequency domain data, the error between the 250
um t/c and 76 pm t/c data was <—6% up to 100 Hz and <-29% up to 1000 Hz. At frequencies
above the anti-aliasing filter setting (1250 Hz) there is an obvious error in the 250 um results as
evidenced in Figure 73 by the cross-over in the PSD functions around 1400 Hz.

There are two probable explanations for the observed cross-over in the PSD functions.
(1) It is most likely due to lack of adequate dynamic range (and SNR) in the data acquisition
and analysis system for the 250 um t/c data. Comparing the compensation spectra for the two
thermocouples at this data point (Figure No’s. 65 and 71) it is evident that the output of the 250
um t/c at the higher frequencies will be significantly lower (i.e., greater dynamic range required)
than for the 76 um t/c. The lack of dynamic range in the system would result in higher than
actual outputs at the higher frequencies due to the system noise floor. When compensated, these
frequencies would have erroneously high amplitudes. (2) The other possible source of the error
is that the anti-aliasing filter for the 250 um t/c did not set to 1250 Hz. It is normally in a by-
pass mode (i.e., does not provide any filtering) and is automatically set by the computer prior to
data acquisition. The anti-aliasing filter was properly set for the 76 ym data acquisition as
evidenced by the abrupt roll-off in the uncompensated PSD plot in Figure 63. This
characteristic roll-off is not readily apparent in the 250 um PSD plot for test point No. 5 (Figure
64). With one signal filtered and the other not, the unfiltered signal would indicate higher
following compensation (but only in the stop-band). For the filters used, and the characteristics
of these particular data, at frequencies below =~1000 Hz there would be no differences
attributable to the 76 um signal being filtered and the 250 um signal not being filtered. Above
~1000 Hz, the unfiltered results would be expected to indicate higher. Reason (1) is the most
plausible. Note that in Figure 73 there is an upward slope in the compensated 76 um PSD
function which is tracking parallel to the 250 um results beginning around 1550 Hz. This is an
indication that it too has reached a noise floor and is being compensated too high in this region.

In judging the validity of the DGTMS (dual t/c) technique, identical results for the
compensated 76 um and 250 pm t/c signals over the entire bandwidth of the analysis would be
highly indicative that the compensation technique is completely valid. For the less than
identical results obtained, consideration must be given to the SNR’S of the two signals. In the
bandwidth of good SNR (>30 db up to =100 Hz) for both t/c’s, the results are very good (<6%
difference) and a significant gain compensation is being made to the 250 um signal (up to 29 db).
Results in the 100 Hz to 1000 Hz (<29% differences) are good considering the power SNR’s and
very high gain compensation factors employed. At 1000 Hz, the SNR of the uncompensated
250 um t/c SNR is =~11 db and the gain correction is about 48 db. For the 76 um t/c, the
uncompensated SNR at 1000 Hz is about 20 db and the gain compensation is about 32 db.

Upon closer inspection of the differences in the two compensated PSD functions, it
appears at first that the differences are not entirely explained by SNR. If the assumption is
made that neither compensation spectra contained any errors, than if would be expected that
the compensated 250 um PSD function would be higher in amplitude if the 250 um t/c signal
had poorer SNR. Since the compensated 250 um t/c PSD plot was lower in amplitude than the
76 um t/c data, this would seem to indicate that the observed differences must be primarily
associated with errors in the compensation spectra. However, from Figures 63 and 64 it can be
seen that the absolute level of background noise for the 250 um t/c is =~10 db lower than the
background noise of the 76 pm t/c. Thus on final analysis it is concluded that in the 100 Hz to
1000 Hz bandwidth differences are most probably due to poor SNR in the 250 um t/c data. In
the bandwidth up to 100 Hz, where there is good SNR for both t/c’s, the observed <6%
differences are consistent with the predicted errors associated with the measurement accuracy
of the t/c wire diameters (Table XII).




Figure 72 shows the compensated time waveform for 250 um t/c for comparison with the
compensated 76 um t/c signal (Figure No. 67). The comparison is good considering the poorer
SNR and lack of dynamic range in the 250 ym t/c data. The primary differences in these
waveforms are due to the lack of the higher frequency components in the compensated 250 um
t/c waveform. As seen from Figures 67 and 72, the time phasing of the instantaneous signals is
good at the lower frequencies. Using thresholds of —35 db and —65 db for the 76 um and 250 ym
respectively, the rms and p-p values of the compensated 250 um t/c instantaneous time signal is
about 25% lower than the compensated 76 um signal. This magnitude of error is consistent with
errors observed in the compensated PSD functions, i.e., an approximately constant error across
the spectrum of a random signal with a constant phase angle (the phasing of all frequencies
above =100 Hz =90°) would be expected to yield = same error in the instantaneous waveform.
Note that utilization of the relative threshold during the compensation process precludes
obtaining signals compensated over the exact same bandwidth even if identical thresholds are
specified. With the —65 db threshold used for the 250 um t/c, it was compensated over the entire
2K Hz analysis bandwidth. The 76 um t/c was compensated using a —35 db threshold which
would yield a bandwidth of about 1250 Hz (Figure 63). As stated above, a more in depth
unambiguous analysis of results in the time domain would require signals compensated to the
same bandwidth. These data are not available from the limited processing accomplished under
this contract.

In the F100 engine installation, data from the 76 um (3 mil) t/c was sucessfully
compensated to about 1250 Hz (the —3 db point of the antialiasing filter) and the 250 um (10
mil) to about 1000 Hz in the time and frequency domains. The agreement between the
compensated 76 um and 250 um data provided additional verification of the dual t/c approach
developed under this contract.
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Figure 72. Instantaneous Temperature vs Time of Compensated 250 um (10 mil)
Thermocouple Output (F100 Test Point No. 5)
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4. Summary

Dual wire t/c data from a subscale combustor rig and a full-sale F100 engine were acquired
and successfully processed with the computer software developed under this contract. The
technique was found to be very usable in the test stand environment. The data acquisition
system was set-up on two occasions at two separate locations and data acquired without
encountering any major problems or delays. The agreement between the compensated 76 um (3
mil) t/c and the 250 pm (10 mil) on F100 engine test data was considered a significant
achievement in verifying the dual wire approach for determining compensation spectra from the
test data. Additional more in depth comparisons are recommended.
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SECTION IV
SUMMARY OF RESULTS, CONCLUSIONS AND RECOMMENDATIONS

Methods for measuring the dynamic temperature fluctuations from a gas turbine
combustor were surveyed, and from the methods described in the literature, a two-wire
thermocouple concept was chosen for detailed design, fabrication and testing. Detailed analysis
of the concept revealed that transient conduction effects were significant for mechanical designs
which would meet contract durability goals. A method of analysis which included both
convective and conductive heat transfer was formulated. The key feature of the analysis method
was modeling the thermocouple element as a cylinder in crossflow, a configuration which was
obtained experimentally using welded thermocouple elements with beadless junctions.

Two probes were fabricated and tested. The first test series was done in an atmospheric
pressure laboratory burner. The second test series was done in an F100 engine. Thermocouple
response spectra, compensation spectra and uncompensated and compensated waveforms were
obtained for both test series. Simulation of the finite element thermocouple model with analog
electrical circuits verified the analysis method. Extensive investigations into possible error
sources defined the accuracy of the measurement technique for instantaneous and averaged
data.

Several aspects of this investigation should be continued to increase confidence in the
measurement technique. At the beginning of the contract, experimental methods were sought to
directly verify the compensation method. It is desirable to (1) obtain a dynamic temperature
source of known signal character (for example, a pure sine wave of known frequency and
amplitude), and (2) compare the input, known signal with the compensated thermocouple
response. Direct experimental verification of this type would erase any doubts present in
application of the technique. Direct experimental verification of the ‘performance of the
dynamic gas temperature measurement system is outside the scope of the current contract. The
first recommendation for further work is, therefore, to define and conduct a controlled
experiment which will yield a direct comparison between known input temperature signals and
compensated thermocouple output.

A second area requiring further investigation concerns probe durability and obtaining
increased probe life. The F100 engine test series demonstrated about one hour probe life for the
present design. As described in the Task IV section of this report, the structural design of the
probe was more than adequate for conditions in the engine. It is believed that the sensor
element durability is extremely sensitive to particulate content in the airstream, especially
during engine transients, and, at this time particulate content in the airstream is the hypothesis
for failure. Increase in probe durability could be obtained by reducing sensor element and
support wire lengths. Also, it is recommended that (1) the ceramic stick be modified at its tip to
allow more complete packing of ceramic cement into the holes; and (2) the support wires be left
straight rather than bent. Attempting to bend the support wires to mount the two elements in
the same plane at probe centerline may have caused unacceptable stress concentrations and
inadvertently aided probe failure. Fabrication and use of a probe retraction mechanism would
also alleviate effects of particulates which occur during transients.
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C. COMBUSTION GAS PROPERTIES

The following properties are for the combustor gases at the combustion exit of the F100

engine:

Figure C.1. Specific Heat Ratio*(y)

Figure C.2. Specific Heat (C))

Figure C.3. Thermal Conductivity

Figure C.4. Viscosity

The properties are presented over the temperature range (0-2000K) and fuel/air ratio range
(0.01 to 0.03) which encompasses the F100 operating range. In addition, the properties are
independent of pressure over the F100 operating range.

In addition, the density and sonic velocity can be calculated using perfect gas equations

and a molecular weight of 28.95. The equations are:

P

Density, p = 3.4816 X 107* T
where: p =Kg/M?

T =K

P = N/M?
Sonic Velocity, C = 16.96 V+T

where: C =m/sec
v =Dim-less

T =K

P

or p = 2.69825 T

1b/ft?
= °R
P = PSIA

where:

o

or C = 41454 V4T

where: C = ft/sec
v = Dim-

less

T =°R
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Thermal Conductivity, W/M - °K
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E. DERIVATION OF ELECTRICAL ANALOG OF NINE NODE FINITE ELEMENT
THERMOCOUPLE MODELS

For the finite element electrical schematic shown in Figure E-1, the current flow equations
for each node can be defined as follows:

Co

Cq

Cy

dE, 1
dt = R,
dE, 1
dt = R,
dE, 1
dt = R,
dE, 1
dt = R,
dE, 1
dt = R,
dE, 1
dt = R,
dE, 1
dt = R,
dE, 1
dt = R,
dE, 1
it = R,

1

(B — E) + Ry (Eg— Ey

1
(E, + E, - 2 E) + R, (Eq-E,)
1 .
(B, + E,—2E)+ R, (Eg-E)
1 1
(E, - E;) + R, (Es— E) + R, (Eg— Ey

1

(E;+ Eg— 2E) + R, (Eq— Ey
1

(E,+ E,~ 2 E) + R, (Eg- E,)
1

(E,+ E,—2E)+ R, (Eq—E,)

(E, + E,— 2 E)

(E,+ E,— 2E)

Rearranging the electrical current flow equations in the same form as the equivalent
thermal equations results in the following sets of equation pairs:

Node 1

A, dT,

o

At

dE,

= (TO

+ T, - 2T,

R,C, dt = (B, + E, - 2E)
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Node 2

s, dT,
a At = (T, + Ty - 2T,
dE,
R,C, dt = (E + E;— 2E)
Node 3
A, dT, 2h' A?
a At = (T, + T, - 2Ty + kD (Tg - Ty
dE, <5>
R,C, dt = (E,+ E, - 2E) + R,/ (E; - E)
Node 4
a, dT, 4h' A?
a At = (T, + T, — 2T) + kD (Tg- T,
R,C; dt = (E;+ E;— 2E) + R,/ (E; - E)
Node 5
A, dT, 4h' A
a At = (T, + Ty — 2Ty + kD (Tg— Ty
R,C, dt = (E,+ Eg— 2Ey) + R,/ (E; - E))
Node 6
1 [ D& AT, sD?
2a daz  + & At = (T, - Ty + Ad? (Ty; — Ty

+ kd® = (hDAb + hd#®) (Tg— Ty

dE, R, R, ,
R,C, dt = (E,~ Eg) + R,/ (B,— E) + \R,/ (Eg— Ey

Node 7
5, AT, 4N 5,
a At = (Tg + Tg— 2T, + kD (Tg- T)
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dE, R,
R,C, dt = (Eg+ Eg- 2E) + R,/ (Eg - E,))
Node 8 i
8, AT, 4h' §*
a At = (T, + Ty — 2Ty + kd (Tg - Ty
dE, R,
R,C, dt = (E,+ E;— 2Ey + R, (Eg— Ep)
Node 9
2 AT, 2hs?
a At = (Tg— Ty + kd (Tg - Ty
dE, R,

R, C, dt = (Eg+E)+ Ry (Eg— E)

On inspection of the equation pairs, the equivalent dimensionless coefficent groups can be
equated for the thermal and electrical networks to produce the following identities:

Q|l>,,

1 ( D%s
R, C,= 2a 2+ &

R, § D?
R, = A d?
R, 2
R, = kd*> (hDas + hds?)
8 5?
R,C, = a and R, Cy =" 2a
R, 4hs? R, 2h's?
R, = kd and R, = kd

If a value of C, is selected, then the remaining RC values can be calculated as follows:
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& 18
R,C, = a and Rj= C; «a

C,
Co= 2

R, kd
R, =  4h&®

1

R,=R, | 2

kd? (hDAs + hdé?)

d 1/2
where ' = h (B)
A2
R, = R, (E)
1 (Dm >
C,= R/ 2 \ & + &

kD
R,= R, 4h'A?

R, = 2R,

A2
C,= R
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Figure E.1. RC Analog Network Simulation



F. LIST OF SYMBOLS

Symbol

F/A

FTIT

122

ox6ll.

Description

Constant infinite element transfer function equations
= D?A/8 a AT

Amplitude of the gas temperature at frequency f,
a, as a function of frequency

Amplitude of the small 76 um (0.003 in.)
thermocouple element

Amplitude of the large 254 gm (0.010 in.)
thermocouple element

Constant infinite element transfer function equation
= d%5/8 a AT

Constant infinite element transfer function equation
= D%*4 A

Capacitance of electrical analog RC newtork
component

Radian frequency = 2 = f,

Specific heat of thermocouple wire

Large thermocouple element diameter at junction
Small thermocouple element diameter at junction

Constant infinite element transfer function equations
=d¥4 6

Young’s Modulus

Electrical analog circuit emf corresponding to gas
temperature

Electrical analog circuit emf corresponding to
thermocouple temperature

Constant infinite element transfer function equations
=T DY2A/2 «

Free Stream gas fuel-air ratio

F100 engine third turbine vane gas probe temperature

Units

Meters-sec/K

K

Meters-sec/K

Meters

u farads

Radians/sec
Cal/grams-K
Meters
Meters

Meters

Newton/Meters?®

Volts

Volts

Meters

Dim-less

K




Gy ()

G0

8,0

H(f)

M or M,

Description

Frequency
nth frequency window in frequency space

Constant infinite element transfer function equations
=T dl/2 6/2 a

Thermocouple signal gain
Design safety factor for vibrational stress

Measured FFT Autospectral density function of
smaller diameter t/c

Measured FFT cross-spectral density function between
small and large diameter t/c’s

Measured FFT spectrum of smaller diameter t/c

Acceleration of gravity

Probe ceramic- height

Measured transfer function (FFT frequency response
function) of larger diameter t/c with respect to small-
er diameter t/c

Convective film coefficient of t/c element
Convective film coefficient of t/c support wire
Moment of inertia

Time index

Thermal conductivity of the probe ceramic

Thermal conductivity of the gas

Thermal conductivity of the thermocouple wire

Length of the probe thermocouple support wire

One half of the length of the probe thermocouple
element wire

Free stream gas Mach number

Probe mass/unit length

Units

Hz
Hz

Meters

Dim-less
Dim-less

K?%/Hz

Phase — degrees

K%/Hz
Phase — degrees

K
Phase — degrees

Meters/sec?
Meters
Gain — dim-less
Phase — degrees
Watt/m’K
Watt/m’K
Meters*
Seconds
Cal/sec-Meter-K
Cal/sec-Meter-K
Cal/sec-Meter-K
Meters

Meters

Dim-less

grams/Meter
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Symbol

P or Py

g

R,— R,

124

Description

Cyclic frequency — subscript
Number of ensemble averages

Convective heat transfer Nusselt number for the ther-
mocouple wire

Gas total pressure
Gas Prandtl number

Resistance of electrical analog RC network compo-
nents

Probe stress

Thermocouple signal-to-noise ratio
Gas total temperature

Probe ceramic base temperature

Instantaneous temperature of thermocouple wire at
frequency n

Probe ceramic tip temperature

Maximum peak in instantaneous temperature of ther-
mocouple wire at spacial location X

Arbitrary time reference
Gas free stream velocity
Spacial index — subscript

Greek Symbols

Thermal diffusivity of the thermocouple wire

Aerodynamic parameter which is defined as = 0.48 k,
Prgl/s Ugl/2/(”g/pg)1/2 Po pr

Gas stream ratio of specific heats

Coherence function

Units

Hz
Dim-less

Dim-less

Newton/Meter?
Dim-less

ohms

Newton/Meters®
Dim-less
K
K

Seconds
Meters/sec
Dim-less

Units _
Meters?/sec

Meters*?/sec

Dim-less

Dim-less




Symbol

AT

At

error

Mn

Mon

Greek Symbols

Finite element model spacing of the thermocouple
support wire

Temperature difference
Time step

Finite element model spacing of thermocouple
element wire

Transfer function error
Transfer function (gain and phase) of the

thermocouple wire with respect to the gas
temperature at frequency f,

v 4 Nu kg/D? ke

Fin efficiency function =

Phase shift of the 76 pym (0.003 in.) thermocouple
with respect to gas temperature at frequency f,

Phase shift of the larger diameter thermocouple with
respect to gas temperature at frequency fn

Peak amplitude of the smaller diameter thermocouple
at frequency f

8,, as a function of frequency

Peak amplitude of the larger diameter thermocouple
at frequency f,

6,, as a function of frequency
Stress constant for cantilever beam

Phase shift of smaller diameter thermocouple at
frequency f, with respect to arbitrary time t,;

Units

Meters

sec

Meters
%

Gain — dim-less
Phase — degrees

1/Meters

Degrees

Degrees

K

K
Dim-less

Degrees
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RGN

126

¢(f)

72 ()

Greek- Symbols

A,, as a function of frequency

Phase shift of larger diameter thermocouple at
frequency f, with respect to arbitrary time t,

A8 a function of frequency
Boltzmann constant

Gas stream viscosity

Density of the thermocouple wire
Density of the gas stream

Phase shift of the gas temperature with respect to
arbitrary time t, at frequency f;

" ¢, as function of frequency

Fin efficiency

Measured FFT ordinary coherence function between
larger diameter t/c and smaller diameter t/c

Units

Degrees

Degrees

Degrees
J/K
Grams/Meter-sec
Grams/Meter?
Grams/Meter®

Degrees

Degrees
Dim-less

Dim-less
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