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FOREWORD

During identification and evaluation of the concepts for experimental verification of the
dynamic gas temperature sensors, assistance and consultation was provided by Dr. Robert
Moffat, a recognized authority in temperature measurements. Dr. R. R. Dils of Accufiber, Inc.
provided valuable information on the operation and characteristics of the optical fiber
thermometer.

PRECTDING FAZE RLANS NWOT FiLMeD

iii

6753C



TABLE OF CONTENTS

Section

SUMMARY oo e e e e e e e
INTRODUCTION .oooeoeeee oo e e et
TECHNICAL DISCUSSION ..o.ootiiieeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeeeeens

Task 1la — Identification of Methods .....c.ccooevvivnviniieennnnn...
Task 1b — Analysis and Selection of Methods .....................
Task 1d — Fabrication, Testing, and Analysis ......................
Task le — Additional Data Analysis ........cc.ccovvvviiniinnennnnn..
Task II — Reduction of Execution Time of the Dynamic Gas
Temperature Measurement Data Reduction Package .............
Task III — Reprogramming of Dynamic Gas Temperature
Measurement System Data Package into FORTRAN IV ........
Task IV — Data Acquisition ...........cccovviiviiiiiiiiiiiiinann...

DISCUSSION OF RESULTS ...eiiciiiiiiiiii it et eeeeeearieienenans
Rotating Wheel Experiment ...........ccc.covvviviiiiiiiiiiiiiniiinn,
Subscale Combustor Experiment ...........ccccoevviviiiiinniiiiiinnnnaan.
Computer Programming Efforts .............cccoeeieiiiiiiiiianinn..
Recommendations ...........cccveieiiiirieeenreneiiernnrernneenenecasonnnnns

CONCLUSIONS ittt iieer e ettt e et st enet e erreaeeneneaes

LIST OF SYMBOLS ..iiiiitiiiiiiiiiiiiiiitie et et er e vreeasa e aee e anaes

REFERENCES ..ottt

BIBLIOGRAPHY ...ooiiiiiiiiiiiiiiiiiiiiiii i

PRECEDING PAGE BLANK NOT FILMED

125

138
142

143
143
143
144
144
146
147

150

151



6753C

SUMMARY

The objectives of this contract were to experimentally verify the accuracy of the dynamic
gas temperature measurement system, and to optimize the compensation software for execution
speed by reprogramming into FORTRAN IV. This work represents a continuation of the
technical work performed under contract NAS3-23154, Dynamic Gas Temperature Measurement
System (Reference 1). Objectives of the previous contract were to develop a high frequency-
response gas temperature measurement system for use in a gas turbine combustor.

Task 1 involved experimental verification of the dynamic gas temperature measurement
system, including identification of experiments, analysis and selection of two experiments,
hardware fabrication, testing and data analysis. A rotating wheel experiment which alternately
directed hot and cold gas streams onto the sensors was specified by the contract. The second
experiment used an atmospheric pressure burner. Dynamic temperature sensors were designed
for each experiment. Reference sensors used were compensated fine-wire resistance thermome-
ters. In addition, an optical fiber thermometer was evaluated for dynamic response in the burner
test. In the rotating wheel test, it was found that the compensated dynamic temperature sensor
amplitude at 250 Hz was 23 percent lower than the compensated fine-wire resistance
thermometer. Peak-to-peak (p-p) temperature variation of this test point was 154K (277°F). In
the burner test, it was found that compensated dynamic temperature sensor amplitudes of the
frequency components varied between 18 and 48 percent higher than compensated fine-wire
resistance thermometer. The burner, however, is a broadband source and relative differences (48
percent, for instance) are small in absolute magnitude (48 percent of 10 rms K/\/Hz, i.e., 4.8 rms
K/\/Hz). The compensated optical fiber thermometer read between 30 percent lower and 200
percent higher than the compensated dynamic temperature sensor over the 4 Hz to 1 kHz
bandwidth. As with the previous comparison, however, relative differences are small in absolute
magnitude because of the broadband character of the source.

Tasks II and III involved reprogramming of the dynamic temperature sensor compensation
software into FORTRAN IV and streamlining the code for minimal execution time. The software
was written under Contract NAS3-23154, and was implemented in Hewlett Packard (HP) 5451C
Fourier Analyzer for efficiency of the Fourier routines in the development process. Execution
times were approximately one hour per case. In the present effort, all software has been
implemented on an IBM computer, and execution time has been demonstrated to be less than
four minutes per case.

The remaining tasks involved on-site assistance at NASA with transferring software and
experimental data acquisition briefings and reports.



INTRODUCTION

Increases in durability and performance of gas turbine engines require detailed knowledge
of component operating environments. This is especially true in the engine hot section, where
temperatures and heat fluxes imposed by the high temperature, high pressure combustor exhaust
gases require substantial cooling of turbine blades and vanes. Condition of combustor exit flows
can be highly turbulent with wide excursions in temperature at frequencies extending into the
kHz regime. These conditions can have a significant impact on heat transfer rates to the turbine
components and have established the need for dynamic gas temperature measurements at high
frequencies. However, the environment is especially severe for measurement probes used for
development purposes, requiring rugged sensors and structural designs adequate for steady state
and vibratory loads at operational temperatures without compromise to sensor response and
accuracy.

The objectives of this work were to: 1) experimentally verify a dynamic gas temperature
measurement system in laboratory experiments, and 2) to reprogram compensation software into
FORTRAN IV and optimize for execution speed. In previous work (Reference 1), a measurement
system was developed for gas turbine combustor exhausts, with special emphasis placed on
dynamic response to enable determination of fluctuating components. The measurement probes
were demonstrated to have greater than one hour life in a jet engine combustor, and very long
(greater than 5 hours) life in an atmospheric burner. Under the current program, the
measurement and compensation methods were verified by comparing the results obtained by the
compensated dynamic sensors with those of fine-wire resistance thermometers of intrinsically
high frequency response.

Two sources of dynamic temperature signals were used. The first was a rotating wheel
which alternately introduced hot and cold air to the sensors. At a constant rotation rate, this
signal generator output approximated a square wave, narrowband frequency source. The second
was an atmospheric pressure laboratory burner which had been used in the previous development
effort. Dynamic signal content was broadband and relatively low amplitude.

The technical effort was organized into four major tasks with Task I further subdivided into
five subtasks.

Task I: Frequency Response Experiment Verification

Task Ia: Identification of Methods

Task Ib: Analysis and Selection of Methods
Task Ic: Review

Task Id: Fabrication, Testing, and Analysis
Task le: Additional Data Analysis

Task II: Reduction of Execution Time of the Dynamic Gas Temperature
Measurement System Data Reduction Package

Task III: Reprogramming of Dynamic Gas Temperature Measurement Sys-
tem Data Package into FORTRAN IV

Task IV: Data Acquisition

Task I accomplished the frequency response experimental verification including screening
and selection of experimental methods, fabrication, testing, and analysis of the data. Tasks II
and III were concerned with refinement of the data compensation software by reducing execution
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time and reprogramming the software into FORTRAN IV for execution on generally available
computers. Task IV was a level-of-effort on-site technical assistance task to be provided at
NASA.
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TECHNICAL DISCUSSION
Task 1a — Identification of Methods

Summary. — Candidate concepts for generating known dynamic temperature signals were
identified through surveys of technical literature and consultation with recognized experts in the
field of temperature measurement. These concepts defined different types of experiments that
could be used to evaluate the frequency response of the dynamic gas temperature measurement
system of Reference 1. The experiments identified fall into two general categories: the first
involves using an atmospheric pressure laboratory-scale combustor, and the second involves
using any number of mechanical techniques for generating periodic or step-impulse signals.

Concept Identification. — Literature surveys were performed using the NASA Recon,
Lockheed Dialog, and Defense Technical Information Center computerized survey systems to
identify candidate experimental techniques. In attempts to minimize duplication and identify
new information, literature surveys listed in NASA Report CR-16827 (Reference 1) were used as
a starting point, and keyword combinations were modified for the current surveys. In addition,
Dr. Robert Moffat of Stanford University was consulted for potential experimental methods. In
addition to the references used in the NASA report, 36 additional sources were identified. These
are listed in the Bibliography.

Methods identified fall into two general categories. The first category uses an atmospheric
pressure combustor of approximately 454 gm/sec (1 lbm/sec) flowrate. In this combustor, as in
the gas turbine combustor, turbulent entrainment of ambient temperature air into the
combustion stream produces the dynamic temperature signal. Velocity fluctuations about the
mean have been previously shown (Reference 2) to be weakly (less than 10 percent) correlated
with temperature fluctuations. The laboratory burner or combustor concepts (shown in Figure 1)
include the following:

» Impulse Actuated Two-Wire Probe — Two gas streams would be established
having the desired high and low temperature. The probe would be moved
from one to the other stream by a mechanical actuator. A small fine wire or
other temperature standard would be used with the two-wire probe. It is
recognized that it would be difficult to attain the required 250 Hz frequency
response due to the actuator speed limitations.

+  Two-Wire Probe and Aspirating Hot Film Probe -—— In this concept, the
natural frequency fluctuations of the laboratory burner would be the only
source of fluctuations. A reference probe of high frequency response, such as
an aspirating probe (Thermo-Systems, Inc. (TSI) Model 1735) (Figure 2)
would be used as the standard measurement of the gas temperature
fluctuations. The referenced TSI probe has a frequency response of up to
100 kHz and is capable of operation at 3500°C (6330°F), 152 meters per
second (500 feet per second), and 1 atmosphere. However, the accuracy of
this probe would be limited due to conduction errors from the water cooler
probe housing.

+  Two-Wire Probe and Anemometer Probe — In this concept, the temperature
standard would be a hot wire anemometer probe replacing the previously
discussed aspirating hot film probe. The anemometer would be a high
temperature probe such as a TSI Series A4 probe (Figure 3) operated as a
constant current resistance thermometer.
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o Three-Wire Probe — In this concept, again the natural frequency fluctua-
tions occurring in the combustor would be the source. An additional third
thermocouple element would be added to the two-wire probe. This thermo-
couple element would provide additional verification by compensating data
in three combinations: very small-small, very small-large, and small-large.
Previous test experience (Reference 1) suggests that very small wires (25 pm
or less) will survive for many minutes in this environment.

e Oscillating Splitter Plate and Two-Wire Probe — This concept is similar to
the previously described test where a splitter plate having two different
temperature gas streams is used in the combustor. However, instead of
moving the probe from the cold to the hot stream, the splitter plate would be
oscillated mechanically to divert the streams over a stationary probe
assembly and temperature standard. The principal difficulties in this
concept are in making certain that the flow stays attached to both faces of
the splitter plate and in the complex mechanical system required.

The second category of verification experiments involves hardware configurations which

use air as the working fluid and which suggest an obvious temperature variation. The
configurations are as follows:

» Rotating Wheel — The original rotating wheel experiment has been tested
at Pratt & Whitney, as shown in Figure 4. It consists of two rotating wheels
having circles of holes which turn the hot and cold airflows on and off. The
hole patterns are phased to alternately heat and cool the test probe which is
positioned between the wheels. Phasing of the two-hole patterns suggests a
temperature variation. For example, if the holes in pattern A are out of phase
with the holes in pattern B, an approximate square-wave temperature
variation will regult as the wheels are rotated. The primary freguency is the
number of holes in one pattern multiplied by the rotation rate. Peak-to-peak
variation in temperature is the difference in stream temperatures. Figure 5
presents typical test data for the temperature and velocity profiles generated
using the original rotating wheel apparatus.

» Modified Rotating Wheels — One of the drawbacks to the previously
described rotating wheel is that the streams flow in opposite directions.
Based on recommendations from Dr. Robert Moffat, the rotating wheel
experiment was modified (Figure 6) to use a collector/transition duct which
blends the two gas streams through a single nozzle at the probe. Using a
screen in the transition duct and proper design of the phasing of the holes
should make it possible to achieve a nearly sinusoidal temperature wave-
form, which is preferred.

*  Blowdown Tube — This concept (Figure 7) would use a burst diaphragm and
a capacitive heater to provide a step input. The disadvantages to this system
are: (1) problems with probe damage due to particles from the burst
diaphragm, and (2) inaccuracy resulting from not generating a sharp
instantaneous step function.

¢ Pulsatile Pressure System — This system, shown in Figure 8, consists of a
flow channel with two orifices. The first orifice is operated critically so the
flow is constant. The second orifice would be periodically occluded by a
rotating disk valve which would cause the pressure in the volume between
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the orifices to fluctuate. Isentropic compression results in temperature
fluctuations. The primary disadvantage is the large variations in flow
required to produce the temperature fluctuations.

o Piston in Cylinder — This system, shown in Figure 9, again uses two orifices
but uses a piston to compress the gas between the orifices and thus obtain a
temperature fluctuation. This system still has a flow variation. However, it is
smaller than the pulsatile system.

+ Sprinkler Head — This concept, shown in Figure 10, consists of a wheel
made from two halves containing milled passages. The passages are curved
so that the air flow will provide the momentum to rotate the assembly. The
passages would also be canted slightly in the axial direction so that the flow
from each stream would impinge on the test probe located near the wheel.
This configuration has the advantage of providing temperature fluctuations
with a relatively uniform and constant velocity. The primary disadvantages
would be associated with the large amount of air required and the complexity
of designing the rotating seals and bearings.

o Fluidic Oscillator — This concept, shown in Figure 11, is based on a
modification of a fluidic switch to oscillate two streams (hot and cold).
Switching of the two flow streams (hot and cold) would be achieved by
alternately applying pressure pulses to the control ports. The pressure pulses

could be supplied by a rotating valve assembly. The probe would be
positioned in the area shown in Figure 11.

This principal difficulty with the above methods concerns the degree of correlation between

velocity fluctuations and temperature fluctuations, and consequent applicability of the compen-
sation method.
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e 2-Wire Probe and Anemometer Probe
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Figure 1. Laboratory Burner Concepts
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Figure 3. High Temperature Anemometer (Resistance Thermometer) Probe
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Task 1b — Analysis and Selection of Methods

Summary. — The concepts identified in Task la were analyzed and reviewed for frequency
content, temperature fluctuation amplitude, pressure, velocity, and relative cost. Mechanical,
structural, thermal, and data acquisitive/reduction analyses were conducted as required. Each
concept was then ranked for the previously mentioned criteria and the final selections were
made. The first experiment selected corresponds to the contract statement of work (SOW)
requirement for a rotating wheel concept. The rotating wheel, which alternately supplies hot and
cold streams, was designed and was based on- modifying an existing apparatus. The second
experiment selected used an atmospheric burner to test a three-wire probe with dual-data
compensation. Both experiments were conducted using a commercially available TSI model

anemometer probe operating as a resistance thermometer as a gas temperature measurement
standard.

Concept Evaluation and Selection. — The concepts identified in Task 1a were reviewed in
terms of meeting the following experimental test conditions specified in the contract SOW:

+ Frequency Response: 250 Hz (minimum)

+ Temperature fluctuations: 278K (500°F) peak-to-peak (minimum)
¢ Pressure: Atmospheric or greater

+« Flow Rate: Mach 0.1 (minimum)

o Gas Composition: Air acceptable.

Mechanical, thermal, and data acquisition/reduction analyses were conducted where
necessary. All concepts were ranked and selections made as summarized in Table 1. The first test
selected, as specified in the SOW, is the rotating wheel concept. Based on recommendations from
Dr. Moffat, the existing rotating wheel experiment was modified. The second experiment
selected was the laboratory burner rig test using a three-wire probe with dual-data compensation
and the use of a TSI anemometer probe as a gas temperature standard. A brief discussion of each
concept, the analyses performed, and the final ranking is presented in the following paragraphs.

The modified rotating wheel experiment (Figure 6) incorporates a transition duct that
allows turning and directing the alternating flows at the test probe. It is also based on modifying
the heated air supply to increase its output to obtain the required 278K (500°F) temperature
fluctuations. The two sensors designed for these tests are shown in Figure 12. They are based on
using 76 pm (0.003 inch) and 254 pm (0.010 inch) diameter Chromel-Alumel thermocouple wire
material. This material was required to achieve a large enough output at the lower temperatures
of this test. A structural analysis performed on the wires included evaluating stresses due to air
loading and vibration and indicated high safety margins.

These tests would also be conducted using a TSI high temperature anemometer probe for a
gas temperature measurement standard. This probe (shown in Figure 3) would be operated as a
resistance thermometer (constant current). A structural and thermal analysis showed that the
probe would survive the temperature and velocities and the first order frequency response would
be approximately 406 Hz which would provide to accurate measurements (less than 1 percent
error) up to 100 Hz. It was also planned to extend the sensors response by using an inverse
function RC element circuit (Figure 13). The anemometer resistance element was also analyzed
for conduction errors to the support wires for the rotating wheel conditions of:

Sinusoidal Temperature Fluctuations = 278K (500°F) p-p
Velocity = 76.2 m/sec (250 ft/sec)
Frequency = 250 Hz.
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7.62 mm
(0.300 in.) = 0.508 mm (0.020 in.)

dia Type K Wire

0.254 mm (0.010 in.)
dia Type K Wire

0.076 mm (0.003 in.)
dia Type K Wire /
3.81 mm 1
(0.150 in.) 5.84 mm
(0.230 in.)
0.381 mm (0.015 in.) 4.57 mm
dia Type K Wire (0.180 in.)

l

0.478 cm (0.188 in.) dia
Ceramic Stick
With 4 Holes

FD 312799
Figure 12. Rotating Wheel Two-Wire Thermocouple Proposed Geometry
Compensator /
‘ Characteristics
+ *
7
100 Hz /’
Relative 1000 Hz
Amplitude - 0 ~ Compensated
dB ~ Output
~
5
\\
N
Uncompensated
Output
- i
Frequency - Hz
FD 312800

Figure 13. Resistance Thermometer Temperature Probe Compensation

The predicted temperature profile for the resistance element is shown in Figure 14. An
analysis of these profiles reveals that the maximum errors would occur at the peak temperature
of the gas of 569K (564°F). The indicated temperature of the element would be 562K (552°F) or a
maximum error of —7K (—~12°F), which corresponds to about a 2.0 percent error which is
negligible.
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Figure 14. Resistance Thermometer Temperature Probe Predicted Conduction Errors

A TSI aspirating probe (shown in Figure 2) was also proposed as a temperature
measurement standard since it is designed to operate at very high frequencies and temperatures.
However, it has a water-cooled housing which would induce large conduction errors. A review of
the delicate construction and specifications revealed this probe would be an expensive and
operationally difficult probe to use.

The use of a linearly actuated probe between hot and cold streams, such as in the laboratory
burner concept shown in Figure 1, was rated low due to its frequency limitations. Linear speeds
required to achieve a sharp, well defined function would be very high. Actuation times of less

S A BN | L ey PR [ R N YRR SpRS, . U A i o | [ NS By | .. i . 1111 o b
Lildll 1 miidTlUila (\ilid) WOIT Icqulicu anu nv cullierdiailly unialnaple actudiors coula pe rouna.

The atmospheric pressure laboratory burner (combustor experiment) was also proposed as
a temperature source using existing temperature fluctuations generated by the combustion
process. These fluctuations have been measured previously and are of the magnitude required for
the test conditions (Reference 1). Concepts using a two- or three-wire test probe and a
temperature standard probe (aspirating or anemometer) were considered. The three-wire probe
ranked higher than the other concepts and was selected.

The three-wire concept uses three different size wires so that data compensation of
different two-wire combinations would provide additional verification to the gas temperature
measurement standard. The gas temperature standard was again the TSI high temperature
anemometer operated as a resistance thermometer. Thermal and structural analyses of the TSI
probe revealed it would be acceptable at the minimum operating conditions of the laboratory
burner previously tested in Reference 1. These conditions are:

o Temperature = 1050K (1430°F)
e Pressure = 1 atmosphere
* Velocity = 104 meters per second (340 feet per second).

Based on a review of the data previously reported in Reference 1, the anticipated
temperature fluctuations occurring at these conditions should be 278K (500°F) peak-to-peak.
The predicted first order frequency response of the TSI probe was 493 Hz and would again
require the use of an inverse function resistance-capacitance (RC) circuit to extend its response.
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0.076 mm (0.003 in.) dia Type B Wire

18

The geometry of the proposed three-wire probe is shown in Figure 15. A two-wire probe
using 127 pm (0.005 inch) and 254 um (0.010 inch) diameter elements would be constructed. The
third element would be made up in a separate housing using a two-hole ceramic stick and would
have a 76 pm (0.003 inch) diameter element. The wire would be Type B thermocouple material
which was used previously in Reference 1. The sizes selected were based on a review of the laser
butt weld limitations which necessitated limiting the smallest diameter to 76 um. A review of
previous analyses performed on the 76 pm/254 pum combinations reported in Reference 1
indicates acceptable accuracy over the reduced frequency range of 250 Hz. The remaining
concepts shown in Table 1 ranked lower due to a variety of reasons.

. 208 ] 0.508 mm (0.020 in.)
(0-200 in.) /- dia Type B Wire

1
0

in - :
0.127 mm (9.005 in.) dia ‘-1 0.254 mm (0.010 in.)
Type B Wire dia Type B Wire

-<_——T__—

356 mm (0.140 in.)

2.29 mm (0.090 in.)

0.381 mm (0.015 in.) dia
Type B Wire

Welds
(Typ) 0.508 cm
(0.200 in.)

0.478 cm (0.188 in.) dia
Ceramic Stick
With 4 Holes

z 3.81 mm
? (0.150 in.)
2.54 mm
(0.100 in.) l
, |

1.60 mm (0.063 in.) dia
— Ceramic Stick With

w 2 Holes
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Figure 15. Combustor Experiment Three-Wire Thermocouple Sensor Geometry

The oscillating splitter plate concept would use a mechanical actuated plate between the
flow streams in a laboratory burner or similar device. The primary disadvantages are making
certain the flows remain attached, the complex mechanical system, and the required mechanical
speeds and resulting forces.

The blowdown tube in Figure 7 rated low on frequency content since it is hard to obtain a
very fast step function that also would be stable during the time it was flowing. The mechanical
problems associated with the impulse loading of the probe elements was also severe. The

possibility of structural damage of the probe elements due to fragments from the burst
diaphragm must also be considered.

The pulsatile pressure system (Figure 8) and the piston in a cylinder concept (Figure 9)
both depend upon isentropic compression of air to produce the required temperature fluctua-
tions. Both concepts, however, have flows which must have varying velocities along with the
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temperature fluctuations. This introduces another unknown into the experiment. Dr. Moffat
wrote computer programs to analyze both of these system. The results indicated that the piston

in a cylinder concept would produce smaller velocity fluctuations than the pulsatile system.
However, both fluctuation magnitudes are unacceptable.

The sprinkler head concept, shown in Figure 10, provides uniform temperature fluctuations
at a uniform and constant velocity. As previously stated, however, it would be a complicated and
costly system to design and supply with heated air.

The fluidic oscillator is another concept that is promising for future applications.
Mr. G. Fralick at NASA-Lewis Research Center built and tested a model of the oscillator to
demonstrate its capabilities. The results of these tests indicate the switching speed to be less
than anticipated and additional design and testing would be required to meet the present
frequency requirement.

Task 1d — Fabrication, Testing, and Analysis

Summary. — The designs for the rotating wheel and combustor (laboratory burner)
experiments were completed and drawings for the test hardware were generated. The test
hardware, including thermocouple probes, resistance thermometer (anemometer) probes, flow
manifold, and miscellaneous hardware, was fabricated or procured. Each experiment was set up,
checked out, and conducted successfully with the acquisition of dynamic temperature on
frequency modulation (FM) tape. The data were then played back and digitized in a HP Fourier
Analyzer to produce a digital tape. The data were processed on the IBM computer and program
developed in Task III.

QOverview of Data Acauigition and Processing. — During rig teste, data were collected on an
FM magnetic tape recorder. These data were reproduced post-test in an off-line data processing

center to produce a digital tape for input to a mainframe IBM computer. The data analysis
routines were executed in the IBM computer.

Tables 2, 3, and 4 list specific equipment used in the data acquisition of the rotating wheel
experiment, combustor experiment, and the post-test data playback and digitization process
respectively. An IBM model 3090 computer system was used for execution of the data analysis
routines. Figures 16 and 17 depict the test configurations for the dual thermocouple and
resistance thermometer setups used on the rotating wheel and combustor experiments
respectively. Figure 18 depicts the data acquisition setup for the high temperature optical fiber
thermometer used on the subscale combustor experiment.
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TABLE 2. — EQUIPMENT LIST FOR ROTATING WHEEL EXPERIMENT

Item

Comments

Precision Instrument Model 2114 FM Tape Recorder

Encore Electronics Model 610 Strain Gage Amplifier
Thermo-Systems Inc. (TSI) Model 1053A Constant
Temperature Anemometer with Model 1226 Sensors

General Purpose Oscilloscope (Hewlett Packard Model
1200B)

Hewlett Packard Model 3456A Digital Voltmeter

Pratt & Whitney General Purpose Precision dec
Voltage Source

Hewlett Packard Model 200CD Oscillator (or
Equivalent)

IRIG FM intermediate band 30 ips 27 kHz center of
frequency (CF); 1/2v rms and 1v rms full scale
record amplifier settings

EMF mode; 5 kHz filter settings for dynamic signals
and 10 Hz for dc signal

Temperature mode, referred to as resistance
thermometer throughout report

For monitoring data and calibration signals

For use in system calibration (ac and dc)

For calibrating Encore amplifiers

For inputting ac calibration signals on FM tape
recorder.

6745C

TABLE 3. — EQUIPMENT LIST FOR COMBUSTOR RIG EXPERIMENT

Item

Comments

Honeywell Model 101 FM Tape Recorder
Encore Electronics Model 610 Strain Gage Amplifier
Thermo-Systems Inc. Model 1053 A Constant

Temperature Anemometer with Model 1226 Sensor

General Purpose Oscilloscope Hewlett Packard Model
1200 B

Hewlett Packard Model 3456A Digital Voltmeter

Mozxon Inc. Model 3564 dc Power Supply with an
External Voltage Attenuator Circuit

Wavetek Model 134 Function Generator

IRIG FM medium band; 54 kHz CF, 30 ips; Y%v and
1v rms full scale record amplifier settings

EMF mode; 5 kHz filter setting for dynamic signals
and 10 Hz for dc signal

Temperature mode

For monitoring data and calibration signals

For use in system calibration (ac and dc)

For calibrating Encore amplifiers

For inputting ac calibration signals on FM tape
recording.

6745C
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TABLE 4. — EQUIPMENT LIST FOR DATA PLAYBACK AND DIGITIZATION

Item

Comments

Honeywell Model 96 Tape Transport with FM IRIG
Reproduce Amplifier

Hewlett Packard Model 54440A Low Pass Multi-Pole
Elliptical Anti-Aliasing Filters

Hewlett Packard Model 5451C Fourier Analyzer
System with Model HP7970E 1600 characters per
inch (cpi) Digital Magnetic Tape Recorder

Nonlinear Systems Series X-2 Digital Voltmeter

Rockland Model 1022F Low Pass Multipole Filter

Pratt & Whitney Model E2657-1 Thermocouple
Compensation Amplifier

Hewlett Packard Model 1200B Oscilloscope

Reproduce electronics set to match those used in data
recording

Corner frequency set to 1250 Hz
12 bit ADC; set to 4096 Hz sampling rate; digital
tape is ADC thruput file

For calibration of reproduce system (gain and zero)

Lowpass filter set to 0.2 Hz for additional filtering of
254 pm thermocouple dc data

For compensation of resistance thermometer data;
time constants modified to match system tau at each
specific test point

For general purpose signal monitoring

8745C
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FM magnetic tape recordings were made of the dynamic alternating current (ac) signals
from the large and small thermocouple elements for the dual thermocouple probes and the direct
current (dc) (low pass filtered) signal from the large thermocouple element. In the subscale
combustor experiment where 76 um (0.003 inch), 127 pm (0.005 inch), and 254 pm (0.010 inch)
thermocouple elements were used, the dc signal from the 254 um (0.010 inch) was used for
measuring the mean gas path temperature. Only the dynamic portions of the resistance
thermometer and the optical fiber thermometer signals were recorded on FM tape.

Data presented in this report were not corrected for radiation losses. It was shown in the
original report (Reference 1) that radiation heat losses in the dynamic portion of the temperature
waveform are insignificant under the worst-case environmental conditions of the original
contract statement of work. If desired, mean temperature measurements can be corrected for
radiation losses post-test in a conventional manner.

The first order frequency bandwidth of the FM magnetic tape recorders was dc to 10 kHz
(—3 dB) minimum. The Encore amplifiers used for conditioning and extracting the dynamic
signals from the data were operated in the ac coupled mode (—3 dB at about 5 Hz). The low pass
multi-pole output filter on the Encore amplifiers were set to 5 kHz for the dynamic signals and 10
Hz for dc thermocouple signals.

The Encore amplifiers used for signal conditioning were operated in the “fixed” gain mode.
Prior to test, each amplifier was calibrated (dc coupled mode) at various fixed gain settings using
a laboratory working standard voltmeter and a precision dc calibration voltage source. During rig
testing, the amplifier gains (fixed ranges) were set at each test point to provide optimum signal
levels for FM tape recording. The specific gain settings were recorded and used to establish
system calibration at each test point. Calibration signals applied directly to the FM tape recorder
inputs were used to calibrate the FM tape reproduce system. Thermocouple data were converted
from calibrated voltages to temperature using NBS calibration curve coefficients. The resistance
thermometers were calibrated in an oven using a thermocouple to establish a linear voltage to
temperature sensitivity factor. Rig test data were converted to temperature using the linear
sensitivity factors. Optical fiber thermometer dynamic data were scaled using system gain
settings and curve fits of sample black body look up tables provided by the manufacturer.

Data were digitized, three channels at a time, at a sampling rate of 4096 Hz per channel.
Multiple pole elliptical anti-aliasing filters set at 1250 Hz (—3 dB) were used. The digitizers were
dc coupled. Additional low pass filtering (4 pole Butterworth) was employed on the dc
thermocouple to ensure that the digitized signal represented the mean temperature. The dc
thermocouple signals were used in scaling the dynamic (ac) thermocouple signals as well as
providing a measurement of the mean gas path temperature.

The dual thermocouple (Dynamic Gas Temperature Measurement System) data were
processed using the software developed under previous NASA contract (Reference 1) and
implemented in the mainframe IBM computer under the current contract. Processed data were
typically presented in the frequency domain as log power spectral density (PSD) and/or
narrowband frequency spectrum plots with and without frequency compensation. Additionally,
some data were presented in linear power spectral density format. Instantaneous time records
were also plotted with and without frequency compensation. Ensemble averaged compensated
frequency domain plots were computed over the entire range of the frequency analysis (i.e., to
one-half of the sampling frequency). All frequency domain data presented in this report are
plotted over the full 2048 Hz bandwidth of the analysis. Data beyond 1000 Hz are attenuated by
the anti-aliasing filters and are included only to provide insight into the system noise floors.
Dynamic temperature time records were compensated over approximately 1250 Hz bandwidth
via the “threshold” parameter in the data compensation software. The values were determined
by operator examination of the uncompensated PSD plots. The threshold values used are
specified on the data plots.
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Plots are captioned by experiment, type of analysis, and test point. Additionally, some plots
contain a “data point” designator. The data point designates the specific digitization session
within the steady-state test point. Thus, plots of corresponding data points are precisely time
correlated.

Following the test, an IRIG-time code signal was recorded over a spare track on the
subscale combustor rig FM data tape. Attempts to record a post-test time code signal on the
rotating wheel FM data tape were unsuccessful. The 76 pm (0.003 inch) thermocouple data were
compared to the resistance thermometer, the 127 pm (0.005 inch) thermocouple, and the optical
fiber thermometer. Precise time correlation was obtained by simultaneously digitizing each of
these signals with the 76 um (0.003 inch) thermocouple data in multiple sessions. Temporary
utility software routines were written to scale and merge resistance thermometer and optical
fiber thermometer data into the dual thermocouple data analysis routines in the mainframe IBM
computer for processing, thus, ensuring commonality of many of the analysis routines.

Dual thermocouple data were compensated with the Dynamic Gas Temperature Measure-
ment System software implemented on the IBM mainframe computer under the current
contract. The compensation method is based on comparing measured and predicted responses of
two different diameter thermocouples to the fluctuating gas temperature field in a finite
differences model of the thermocouples to measure an aerodynamic parameter, I', containing the
thermocouple time response. Thus, the time response of the thermocouple is measured in situ.
The measured time response parameter is then used in the finite differences model to derive a
compensation frequency response spectrum for data correction. The above process is executed
digitally in the IBM computer and involves extensive use of Fast Fourier Transforms. All data
compensation was done off-line, post-test. The aerodynamic parameter, I', is related to the time
constant, T, of a thermocouple by the expression:

D3/2
T = S
4T 09

Where: D = Thermocouple element diameter.

The resistance thermometer data were compensated off-line, post-test using an existing in-
house design analog compensation amplifier. The amplifier provided a first order inverse of the
resistance thermometer frequency response function (gain and phase). The resistance thermome-
ter corner frequency was determined by relating the first order thermal time constant of the
sensor as a cylinder in cross flow, the probe geometry, and the probe material properties:

PuCpouD 1

t= 4h, — 2IIf, )

Thus, the time responses of the resistance thermometers were estimated, not measured.
However, due to their inherently high response (the corner frequencies ranged from 195 to
508 Hz in these experiments) errors in the estimation of the corner frequencies were not as
significant as any error in the measurement of the response of the dual thermocouple. Corner
frequencies of the thermocouples were less than 13.5 Hz. Capacitive elements in the analog
compensation amplifier were modified to obtain an amplification versus frequency characteristic
shown in Figure 13, thereby extending the frequency response to greater than 1 kHz. The
modified frequency response of the compensation amplifier was verified by measurement to be
within + 0.16 dB and * 1.5 degrees phase of the desired response over the dc to 1 kHz
bandwidth. The compensation amplifier contained a low pass single pole filter with a corner
frequency of about 3 kHz to limit system noise.
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Errors in temperature measurements were presented as percent of reading computed as:

sensor A reading
reference sensor reading

Error = [ ] -1 x100%

(3)

For errors derived from log PSD plots, the ratio of sensor reading to the reference sensor reading
(Equation 3) was computed as:

sensor A reading (dB) -

sensor A reading reference sensor reading (dB) 1

reference sensor reading antilog, [ 20 ] )

Where dB are readings from the power spectral density plots which were computed as:

B = 10 logm[ sensor readian in K* /Hz ]
1K?/Hz (5)
In the frequency domain, error was evaluated as a function of frequency. In some instances,
results were presented at specific frequencies and, in others, over a band of frequencies. Errors
specified over a frequency band were the largest encountered within that band (ignoring obvious
power line harmonics). In the time domain, errors were based on comparisons of the measured
rms values and the peak-to-peak values. To aid in eliminating spurious noise spikes, the five
highest positive peaks and the five highest negative peaks were arbitrarily ignored in establishing
the peak-to-peak fluctuations in the time waveforms. This is a practice commonly used at Pratt
& Whitney in processing dynamic strain gage data. Both digital printouts and readings scaied
from plots were used in computing the errors. Results based on data scaled from plots are
identified in the summary tables and the effect of the plot readability is indicated.

In general, all data comparisons in Task 1d were presented as a percent of reading of the
dynamic component errors. This inherently entailed computing errors based on very small values
of temperature fluctuations (typically less than 4K rms/y/ Hz at 1000 Hz). For the rotating
wheel experiment, data errors were also presented as percent of absolute temperature reading
with the mean temperature added to the dynamic component measurements. Since only the
dynamic temperature components were measured from the resistance thermometer, the mean gas
path temperature measured from the 254 pm (0.010 inch) thermocouple was used for determining
the absolute temperature for the resistance thermometer data. Additionally, rotating wheel
experiment errors were presented as the difference in temperature readings.

The question of how best to present errors is a complex issue and beyond the scope of the
current contract. The magnitude is highly dependent upon the method used in the calculation of
the error. The percent of reading dynamic component errors presented in this report would not
necessarily be representative of a high frequency component of significantly higher amplitude
since it would inherently have a higher signal to noise ratio. However, any portion of the error
due to an error in the determination of the compensation spectrum would be directly applicable
to the error in a higher amplitude frequency component.
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Rotating Wheel Experiment. — The modified rotating wheel experiment defined in Tasks 1la
and 1b was tested using existing hardware at Pratt & Whitney that was modified to meet the test
conditions required.

(1) Hardware and Test Configuration: The final test configuration of the rotating wheel
experiment is shown schematically in Figure 16. An existing drive assembly consisting of an
electric motor and shaft was used to rotate a wheel plate which had 8 holes mounted on a 20.32
cm (8 inch) bolt circle diameter. Heated and ambient temperature air was supplied to two tubes
mounted close together on one side of the rotating wheel and in-line with the holes bolt circle
diameter. The heated air supply was obtained by using electrical heaters. As the wheel rotated,
the holes passed the two air supply tubes and allowed hot and cold air pulses to flow. A special
manifold was placed on the opposite side of the rotating wheel and had two elbows placed in-line
with the supply tubes. These elbows collected the hot and cold pulses. The elbows were formed
into a transition section which became a single circular tube. Hot and cold air pulses were
thereby delivered to the sensors mounted immediately downstream of the single circular tube.
The actual test hardware is shown in Figures 19, 20, and 21.

FD 312806

Figure 19. Overall View of Rotating Wheel Experiment
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Figure 21. Probe Detail of Rotating Wheel Experiment

The two wire thermocouple probes were fabricated from the design shown in Figure 12.
These were fabricated using Chromel-Alumel (C/A) thermocouple alloy wire instead of the
previously used Type B alloy wire which is used in combustor tests. The C/A type wire provides a
higher emf output signal down to ambient temperatures whereas Type B has no output below
339K (150°F). A considerable amount of time and effort was involved in fabricating the
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thermocouple junctions due to the differences in the properties and welding characteristics of the
C/A and the previously used Type B alloy. The butt welded uniform diameter junctions of 76 um
(0.003 inch) and 254 pm (0.020 inch) were finally fabricated and assembled into the probe shown
in Figure 22. The probe shown was actually used in testing the rotating wheel. The probe was
also pre-test inspected to define all of the dimensions. The results, along with the print
dimensions, are shown in Figure 23. The inspection was made by taking calibrated photographs
through a microscope and measuring the dimensions from the photographs.

FD 316120

Figure 22. Thermocouple Probe for the Rotating Wheel Experiment

The temperature standard probe was a commercially available TSI Model 1226 anemome-
ter. This probe consisted of a 6.35 um (0.00025 inch) platinum-iridium resistance element. The
probe was used as a resistance thermometer.

The data acquisition system shown in Figure 16 consisted of the FM type record system
previously developed in Reference 1. In addition, TSI equipment was used and the signal
recorded on FM tape along with the thermocouple signals.

(2) Test Program: The TSI Model 1226 resistance thermometers were checked out and
calibrated. The test apparatus was then set up, and the facility and hot and cold air supplies were

checked out and characterized. The system was flowed and set up to provide the nominal flow
conditions of:

V= 107 m/sec (351 ft/sec)
T, = 567K (560°F)
T., - 289K (60°F)
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Support
Dia G
|t F ——-{

Junction
Dia B

— Print Measured

r Dim pm (in.) pm (in.)
!

T

A 76.2 (0.003) 71.78 (0.0028)
B 254 (0.010) 245.92 (0.0096)
C 4572 (0.180) 4826 (0.190)

D 5842 (0.230) 6604 (0.260)
E
F
G
H

3810 (0.150) 3810 (0.150)
7620 (0.300) 7620 (0.300)
508 (0.020) 508 (0.020)
381 (0.015) 381 (0.015)

Support e i

Dia H

Junction
Dia A
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Figure 23. Rotating Wheel Experiment Thermocouple Probe Pre-Test Inspection Summary

Velocity measurements were run on both air sources at ambient temperature and nozzle
velocities set using the same AP/P corresponding to the velocities during hot tests. The velocities
were measured at the eame location that the test nrohes were located ucing a TSI Madel 1227 hot
wire anemometer. This probe had a 9 pm (0.00035 inch) tungsten element. Measurements were
made at varying rotating wheel speeds corresponding to fundamental frequencies of 20, 88, 150,
200, and 250 Hz. Figure 24 presents an actual oscilloscope trace of the velocity versus time for the
250 Hz test point.

The resistance thermometer temperature standard probe and the two-wire thermocouple
probe were mounted downstream of the transition duct exit. The test program conducted
consisted of 11 tests described in Table 5. The first test was with zero air flow to record probe
ambient background noise levels on FM tape. Test 2 was an attempt to run a 250 Hz point;
however, the resistance thermometer failed prior to recording data. Test 3 was a repeat of Test 2
and 1 minute of data were recorded before the resistance thermometer again failed. Additional
6.4 um (0.00025 inch) resistance thermometers were not available so the remaining tests were
run, as shown in Table 5, at varying frequency and flow conditions. Tests 10 and 11 were
attempts to obtain more smooth sinusoidal temperature waveforms by installing a wire mesh in
the transition duct; however, it did not affect the waveforms appreciably.

(3) Data Analysis: Table 5 lists test points recorded on FM tape. Test point 3 was selected to
be the primary analysis point. It was the singular high frequency point where 6.4 pm (0.00025
inch) diameter resistance thermometer data were obtained.

Data comparisons were made between the 76 pm thermocouple and the 6.4 pm resistance
thermometer. The 254 pm thermocouple was only used in determining the compensation
spectrum of the 76 um thermocouple.
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Figure 24. Plot of Velocity Versus Time at 250 Hz for the Rotating Wheel Experiment

The 6.4 um resistance thermometer used in this test had the highest inherent frequency
response characteristics (—3 dB at 508 Hz) of all sensors used in the experiment. Test point 1
(ambient background) was used to establish data signal to noise ratios. Ultimately, test point 4
(20 Hz) was used to establish the compensation spectrum for the thermocouple response
correction. Test points 6 and 9 were partially processed (9 pm diameter resistance thermometer
data only) to document the temperature profile of the rig at low (20 Hz) and high (250 Hz)
frequencies.

A determination of I" from the fundamental 250 Hz frequency component at test point 3
could not be made because the measured ratio of thermocouple responses did not fall within the
range of values predicted by the compensation software. A measured value of I" is necessary to
produce the compensation spectrum. Investigation into the sensitivity of the ratio of the large to
the small thermocouple responses (i.e., their transfer function) as a function of frequency and I
showed (Figure 25) that at frequencies higher than the corner frequency (—3 dB) of the smaller
diameter thermocouple, the sensitivity decreases dramatically.

The same effect would also be expected for frequencies lower than the corner frequency of
the larger thermocouple. For this experiment, Figure 25 shows that the transfer function between
the two thermocouples is essentially a constant for the predicted range of normalized I" at the
250 Hz test point. A slight error in the measurement of the transfer function from the test data
would result in a value which would not yield a measurement of I. In fact, the measured transfer
function at 250 Hz was slightly low and did not yield a measured I'. At 20 Hz, the sensitivity is
improved but slight errors in the measured value of the transfer function will produce noticeable
errors in I'. There appears to be approximately a one-to-one relationship between the percent
error in I and the percent error in the amplitude of the frequency compensation spectrum (see
Task III). The 8 Hz component produced reasonable sensitivity. This frequency (8 Hz) lies
between the predicted corner frequencies of the large and small thermocouple. No attempt was
made to determine the specific frequency which would produce optimum sensitivity.
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TABLE 5. —

ROTATING WHEEL EXPERIMENT TEST CONDITIONS SUMMARY

Test No.

Test Description

1

10

11

Notes:

Gas path conditions - No flow

Recorded two-wire thermocouple and resistance thermometer ambient background
noise

Gas path conditions - 250 Hz, 107 m/sec (350 ft/sec), and 568K (562°F)/289K
(60°F)

6.4 pum (0.00025 in.) resistance thermometer (S/N 43379) failed at

insertion but recorded two minutes of dual thermocouple data

Gas path conditions - 250 Hz, 107 m/sec (350 ft/sec), and 568K
(563°F)/289K (60°F)

Recorded one minute of 6.4 pm (0.00025 in.) resistance thermometer data
before failure. Continued recording two-wire thermocouple data to obtain total
of two minutes .

Gas path conditions - 20 Hz, 107 m/sec (350 ft/sec), and 568K
(563°F)/289K (60°F)

Same as Test 4 except run at 147 Hz

Gas path conditions - 250 Hz, 107 m/sec (350 ft/sec), and 566K
(558°F)/289K (60°F)

Recorded two minutes of data for 9 um (0.00035 in.) tungsten resistance
thermometer and two-wire thermocouple

Same as Test 6 except gas path conditions were 200 Hz, 107 m/sec
(350 ft/sec), and 571K (564°F)/289K (60°F)

Same as Test 6 except gas path conditions were 150 Hz, 107 m/sec
(350 ft/sec), and 571K (568°F)/289K (60°F)

Same as Test 6 except run at 20 Hz

Gas path conditions - 21 Hz, 113 m/sec (370 ft/sec), and 514K
(465°F)/291K (64°F)

Installed new 9 pm (00035 in.) S/N 2 Pt plated tungsten thermometer
and wire mesh screen, recorded two minutes of data

Gas path conditions - 21 Hz, 113 m/sec (370 ft/sec), and 555K
(539°F)/288K (58°F)
Extended nozzle and added more wire mesh, recorded two minutes of data

1) All tests run with Type K dual wire 76.2 pym (0.003 in.)/254 pm
(0.010 in.) elements probe S/N A.

2) Purpose of wire mesh and nozzle extension in Tests 10 and
11 was to obtain a sinusoidal temperature waveform.

6745C

Table 6 summarizes the values of I" determined from the experimental data. The value
obtained from the 20 Hz point (9.356 X 107® m!5/sec) was used for compensating the rotating

wheel data presented in this report. The 8 Hz frequency was contained in a random background

temperature fluctuation present whenever the rig was running. The source of the random
temperature fluctuations (about 0.3K rms/\/Hz) was believed to be entrainment of ambient air
around the rotating disk and duct interface. Measurement of I" from the 8 Hz component present
in the 20 Hz test point and the 250 Hz test point yielded values of I' of 6.479 X 107 and
4.039 X 107® m'®/sec respectively.

33



0.29 y— 8 Hz

0.27

0.25

0.23

0.21

0.19

0.17

| I | I
0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8
I' (Normalized)

0.15

FD 312810

Figure 25. Transfer Function of the Large Thermocouple to the Small Thermocouple for
Normalized T" at Various Frequencies for the Rotating Wheel Experiment

TABLE 6. — SUMMARY OF I' VALUES MEASURED FOR ROTATING WHEEL
RIG
Test Point  Freq. Range Analyzed r
250 Hz 250 Hz —
250 Hz ~ 8 Hz Random 4.039 X 1076 m!®/sec
20 Hz » 20 Hz 9.356 X 107¢ m'®/sec
20 Hz ~ 8 Hz Random 6.479 X 1076 m!®/sec

6745C

Figure 26 depicts the uncompensated 76 pm (0.003 inch) thermocouple PSD plots for the
20-Hz test point and the ambient background noise. The signal to noise ratio (SNR) at any
specific frequency is the difference (in decibels) between the two curves at the specific frequency.
The SNR was about 22 dB for the small amplitude 8 Hz random background temperature
fluctuation and 55 dB for the 20 Hz fundamental frequency.

34

6754C




6754C

0 dB Ref 1 K?/Hz
60 Averages
0 e
-20
|
Decibels P
_40 -

|
D
o
|
il":—- —————ceE

/—20 Hz Test Point
A

ﬂm |

0 400 800 1200 1600 2000
Frequency — Hz

W Nwh

—80

FD 312811

Figure 26. Rotating Wheel Experiment: Power Spectral Density Plots for the
Uncompensated 76 um (0.003 Inch) Thermocouple for the 20 Hz Test Point
and Ambient

The SNR for the uncompensated 254 um (0.010 inch) thermocouple can be determined
from Figure 27. At 20 Hz, the SNR was about 60 dB and at 8 Hz the SNR was about 20 dB. The
254 um (0.010 inch) thermocouple was only used (in conjunction with the 76 pm thermocouple)
for the measurement of I'. In general, the SNR of the data were considered excellent for the
computation of the measured I'.

Figures 28 and 29 are the PSD plots of the uncompensated 76 um (0.003 inch)
thermocouple and the 6.4 pm (0.00025 inch) resistance thermometer respectively at the 250 Hz
test point. The corner frequency (—3 dB) of the resistance thermometer was 508 Hz. The
amplitudes of the 250 Hz component and its harmonics were typically 25 to 30 dB lower than
obtained with the resistance thermometer. Following compensation, the 76 um (0.003 inch)
thermocouple (Figure 30) and the compensated 6.4 pm resistance thermometer (Figure 31) PSD
plots are very similar. The fundamental 250 Hz component with an amplitude of about 66K rms
was the primary frequency for data comparisons. The harmonics at 500 Hz, 750 Hz, and 1000 Hz
and the wideband temperature fluctuations were of smaller amplitudes and thus more influenced
by noise signal levels. The SNR of the uncompensated 76 pm thermocouple was about 50 dB at
250 Hz, 22 dB at 500 Hz, 38 dB at 750 Hz, and 25 dB at 1000 Hz (Figure 32 compared to the
ambient background curve depicted in Figure 33). The SNR of the compensated 6.4 pm
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resistance thermocouple (compared to its compensated ambient background noise) was about
67 dB at 250 Hz, 45 dB at 500 Hz, 51 dB at 750 Hz, and 41 dB at 1000 Hz (Figure 34). Figures 35
and 36 depict the narrowband frequency spectra for the compensated 76 pm thermocouple and
the 6.4 pm resistance thermometer respectively. A narrowband frequency spectrum is the proper
analysis for the rotating wheel data which is predominantly composed of discrete (i.e.,
narrowband) frequency components. However, the log PSD plot was selected to be the primary
mode of data presentation because of its inherently larger dynamic range which permits
measurement of both large and small amplitude components without loss of readability from the
same data plot. As seen in Figure 36, the fundamental frequency (250 Hz) was the predominant
dynamic temperature component and its amplitude was about 66K rms (187K p-p).
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Figure 27. Rotating Wheel Experiment: Power Spectral Density Plots for the
Uncompensated 254 um (0.010 Inch) Thermocouple for the 20 Hz Test Point
and Ambient
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Figure 28. Rotating Wheel Experiment: Power Spectral Density Plot for the
Uncompensated 76 um (0.003 Inch) Thermocouple for the 250 Hz Test Point
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Figure 29. Rotating Wheel Experiment: Power Spectral Density Plot for the

Uncompensated 6.4 pum (0.00025 Inch) Resistance Thermometer for the 250 H:z
Test Point
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Figure 30. Rotating Wheel Experiment: Power Spectral Density Plot for the Compensated
76 um (0.003 Inch) Thermocouple for the 250 Hz Test Point
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Figure 31. Rotating Wheel Experiment: Power Spectral Density Plot for the Compensated
6.4 um (0.00025 Inch) Resistance Thermometer for the 250 Hz Test Point
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Figure 32. Rotating Wheel Experiment: Power Spectral Density Plot for the
Uncompensated 76 um (0.003 Inch) Thermocouple for the 250 Hz Test Point
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Figure 33. Rotating Wheel Experiment: Power Spectral Density Plots for the
Uncompensated 76 um (0.003 Inch) Thermocouple for the 20 Hz Test Point

and Ambient
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Figure 34. Rotating Wheel Experiment: Power Spectral Density Plots for the Compensated
6.4 um (0.0025 Inch) Resistance Thermometer and Ambient
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Figure 35. Rotating Wheel Experiment: Narrow Band Frequency Spectrum for the
Compensated 76 um (0.003 Inch) Thermocouple at 250 Hz Test Point
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Figure 36. Rotating Wheel Experiment: Narrow Band Frequency Spectrum for the

Compensated 6.4 pum (0.00025 Inch) Resistance Thermometer at 250 Hz Test
Point

Figure 37 depicts the compensation spectrum of the 76 pm thermocouple used for correcting
data at the 250 Hz test point. About 28 dB of signal compensation is required at 250 Hz and 40
dB at 1000 Hz. The resistance thermometer, with a corner frequency of 508 Hz, only requires
about 0.9 dB of compensation at 250 Hz and 6.9 dB at 1000 Hz.

Figures 38 and 39 depict the instantaneous time waveforms of the uncompensated 76 um
thermocouple and the uncompensated 6.4 pum resistance thermometer respectively over a
0.5 second time period at the 250 Hz test point. The 76 um thermocouple, with its inherently low
response, only indicates about an 8K p-p (2.1K rms) overall temperature fluctuation at a mean
temperature of 383K. The low level background wideband random temperature fluctuation is a
major portion of the overall signal. Although the random fluctuation is only a fractional part of
the actual gas temperature dynamics, the thermocouple response at 250 Hz is so poor that the
lower frequency band components in the random signal (where the thermocouple is more
responsive) contribute significantly to the overall signal. The amplitude of the wideband random
signal was about 0.3 rms/\/Hz over the entire 1000 Hz bandwidth. The 250 Hz component was
about 66K rms. The higher response uncompensated 6.4 pm resistance thermometer measured

temperature fluctuations of about 174K p-p (63K rms). Note that the random component is only
a small portion of the overall signal (Figure 39).
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Figure 38. Rotating Wheel Experiment: Uncompensated 76 um (0.003 Inch) Thermocouple
Time Record for the 250 Hz Test Point

The compensated time waveform for the 76 pm thermocouple is shown in Figure 40 and
that of the compensated 6.4 um resistance thermometer in Figure 41. The spike in the
compensated thermocouple data which occurs approximately 0.37 second into the record
(Figure 40) is an anomaly. Noise spikes of this type can be caused by such events as temporary
data file manipulations made to use the dual thermocouple program for processing the resistance
thermometer data. Time zero in the compensated thermometer time record corresponds to
0.125 second into the uncompensated resistance thermometer data record. This is inherent in the
process used to obtain the compensated thermocouple time record. The compensated thermocou-
ple and compensated resistance thermometer data results are very close considering the
magnitude of the compensation employed. The resistance thermometer showed around 194K p-p
(71.8 rms) overall which was about 22 percent larger than the thermocouple reading. The wave
shape and phasing of the two signals are almost identical (Figures 42 and 43).
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Figure 41. Rotating Wheel Experiment: Compensated 6.4 um (0.00025 Inch) Resistance
Thermometer Time Record for the 250 Hz Test Point
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Figure 42. Rotating Wheel Experiment: Compensated 76 pm (0.003 Inch) Thermocouple
Partial Time Record for the 250 Hz Test Point
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Figure 43. Rotating Wheel Experiment: Compensated 6.4 pym (0.00025 Inch) Resistance
Thermometer Partial Time Record for the 250 Hz Test Point

Tables 7, 8, and 9 contain detailed comparisons of the errors of the compensated 76 pm
thermocouple referenced to the compensated 6.4 pm resistance thermocouple. Evaluations were
made at 250, 500, 750, and 1000 Hz in the frequency domain. In the time domain, rms and peak-
to-peak levels were compared. Table 7 lists dynamic component errors in percent of reading.
Typically, the thermocouple data were 23 to 28 percent low in both the frequency and time
domains. Note that at frequencies other than 250 Hz, the actual gas path temperature
fluctuations were quite small (5K to 14K rms). When the mean temperature is included in the
error calculation (Table 8), the thermocouple error in percent of absolute temperature reading is
typically less than 3.5 percent low in both the frequency and time domains. Presenting results in
terms of temperature differences (Table 9) the thermocouple was 15K low at the 250 Hz major
frequency component and the overall (1000 Hz bandwidth) rms in the time domain was 16K low.
Note that at the low amplitude harmonics (500, 750, and 1000 Hz), the dynamic error in percent
of reading was between 28 percent and 3 percent but the error expressed as temperature
difference was less than 1.4K rms.
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Following failure of the available quantity of 6.4 pm resistance thermometers on the first
test point (250 Hz), a 9 um resistance thermometer was used to provide backup data in
conjunction with the dual thermocouple probe. Data were acquired at a variety of test points at
fundamental frequencies from 20 to 250 Hz. The 9 um resistance thermometer data were
processed at the 20 and 250 Hz test points. These data were used to evaluate the validity of using
a compensation spectrum for the 76 pm thermocouple derived from the 20 Hz test point to
correct data at the 250 Hz test point. As seen in Figures 44 and 45, the amplitude of the
fundamental frequency at 250 Hz was about 54.5K rms and at 20 Hz it was about 70.9K rms.
This represents about a 23 percent change in the level of temperature fluctuations. Figures 24
and 46 depict the instantaneous velocity fluctuations measured with a hot wire anemometer. The
velocity fluctuations were about 13.5 m/sec p-p at the 20 Hz and 10.5 m/sec at the 250 Hz test
point about a mean velocity of approximately 107 pm/sec (both test points).
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Figure 44. Rotating Wheel Experiment: Narrow Band Frequency Spectrum for the

Compensated 9 um (0.00035 Inch) Resistance Thermometer at the 20 Hz Test
Point

The differences in the test conditions at 20 Hz and 250 Hz are probably of little
consequence in the test results. However, the inability to measure the compensation spectrum
from the 250 Hz test point data is considered to be a drawback in this experiment.
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Figure 45. Rotating Wheel Experiment: Narrow Band Frequency Spectrum for the

Compensated 9 um (0.00035 Inch) Resistance Thermometer at the 250 Hz Test
Point

(4) Discussion of Results: Overall, the results of the rotating wheel test are considered to be
very good. The major source of the observed differences between the compensated 76 pum
thermocouple and the 6.4 pum resistance thermometer were probably due to an error in the
measurement of the thermocouple compensation spectrum (i.e., the aerodynamic parameter I').
A potential error in the compensation of the resistance thermometer data was observed. The
PSD of the compensated 9 um sensor at 250 Hz was about 17 percent lower in amplitude than
the compensated 6.4 um data at 250 Hz. The calculated corner frequencies were 508 Hz for the
6.4 um resistance thermometer and 315 Hz for the 9 pym.

Combustor Experiment. — The second experiment consisted of testing three thermocouple
wire probes and a resistance thermometer temperature standard in an atmosphere pressure

combustor as defined in Tasks 1a and 1b. In addition, an optical fiber thermometer was tested
with the above probes for comparison.

(1) Hardware and Test Configuration: The tests were conducted using an existing single
element laboratory burner that exhausts to the atmosphere. The burner operates with JP-4 jet
fuel and is normally used for high temperature studies of coatings and erosion. The burner can
run at temperatures in excess of 1922K (3000°F). The final test configuration of the subscale
combustor experiment is shown schematically in Figure 17. The test probes were bundled
together to maximize the spatial resolution as shown in Figure 47 and then mounted and tested
downstream of the combustor as shown in Figure 48.
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Figure 46. Plot of Velocity Versus Time at the 20 Hz Test Point for the Rotating Wheel
Experiment
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Figure 47. Test Probe Setup for the Subscale Combustor Experiment
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Figure 48. Combustor Test Firing

The three-wire thermocouples were fabricated by constructing a two-wire and a separate
single element probe as shown in the design in Figure 15. These probes were fabricated from
Type B (platinum/6 percent rhodium and platinum/30 percent rhodium) thermocouple material.
The two-wire probe had a 127 pm (0.005 inch) and a 254 pm (0.010 inch) diameter element. The
single wire probe had a 76 um (0.003 inch) diameter element. The probes shown in Figure 49
were the probes that were actually tested in the burner. The probes were also pre-test inspected
to define the dimensions. The results along with the print dimensions are shown in Figure 50.
The inspection was made by taking calibrated photographs through a microscope and measuring
the dimensions from the photograph. All of the dimensions were in quite close agreement with
the print dimensions except for dimension D which is the element height from the ceramic stick.
However, this is not important since the height can be adjusted by changing the relationships
between the two separate assemblies.

The temperature standard probe was a commercially available TSI Model 1226 anemome-
ter which was operated as a resistance thermometer. One probe was ordered with a 6.35 pm
(0.00025 inch) platinum-iridium resistance element which is the same as used in the rotating
wheel tests. However, it was felt that this element would not survive the burner environment so
three additional probes were ordered with 12.7 pm (0.0005 inch) elements of the same material.

In addition, an Accufiber high temperature optical fiber thermometer sensor (shown in
Figure 51) was mounted with the thermocouple and resistance thermometer probes and tested.
This probe consists of a 1270 pm (0.050 inch) diameter sapphire fiber with a platinum film on the
sensor tip.
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_"6.35 mml‘— L

Junction

Dia C
: Junction
Dia B
.- H—= Junction
Dia A

/Jr

| =)
Kl

Dim

FrXe—XOMMUOO>

Print
um (in.)

76.2 (0.003)
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2540 (0.100)

3810 (0.150)

5080 (0.200)

2286 (0.090)

3556 (0.140)

5080 (0.200)
381 (0.015)
381 (0.015)
508 (0.020)

Measured
wm {in.)

73.2 (0.0029)
123.6 (0.0049)
249.1 (0.0098)
3574 (0.1407)
3709 (0.146)
5055 (0.199)
2591 (0.102)
3556 (0.140)
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381 (0.015)
381 (0.015)
508 (0.020)
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Figure 50. Combustor Experiment Thermocouple Probe Pre-Test Inspection Summary
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Figure 51. Optical Fiber Thermometer Sensor Configuration
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A platinum/30 percent rhodium alloy impact tube for measuring the gas stream total
pressure was also fabricated and mounted with the probes and was used to evaluate the gas
stream local velocity.

The data acquisition system for these tests is shown in Figures 17 and 18. The system
consists of an FM tape record system which was previously developed in Reference 1 for the two-
wire thermocouples. In addition, T'SI anemometer signal conditioning equipment was used and
the signal was recorded on FM tape along with the thermocouples. The Accufiber system, shown
in Figure 18, was a Model 310 and its signals were also recorded on FM tape.
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(2) Test Program: The TSI Model 1226 resistance thermometers were checked out and
calibrated. The two thermocouple wire probes, the resistance thermometer, the optical fiber
thermometer probe, and a platinum impact tube for measuring total pressure were mounted
together and positioned downstream of the combustor exit nozzle. After an initial system
checkout, 11 tests were conducted as detailed in Table 10.

Test 1 was conducted without the combustor flowing. Data on each channel were recorded
on FM tape to establish the background noise signal levels. Test 2 was run with the 6.35 pm
(0.00025 inch) resistance thermometer but the element failed prior to insertion into the
combustor flow and no FM tape data were recorded. Test 3 consisted of trying again using the
larger 12.7 pm (0.0005 inch) resistance thermometer with the combustor conditions set at 1114K
(1545°F); however, the resistance element failed at insertion in the flow and no data were again
recorded. Test 4 was a repeat of Test 3 and again the resistance element failed. Two minutes of
three-wire thermocouple data were recorded. The probes were re-oriented to minimize the spatial
size and shading and mounted on the edge of the combustor flow stream for Test 5 where the
temperature was 742K (876°F). In addition, the combustor flow rate settings and conditions were
changed to reduce the flow velocities. The test was successful with the resistance element
surviving and two minutes of FM tape data recorded. For Test 6 the probes were positioned into
the center of the combustor flow and the temperatures increased to the desired level of 1159K
(1626°F). The resistance element survived for one minute before failing. FM tape data were
recorded for all the probes and were used in all the remaining analyses. All of the remaining tests
were conducted without a 12.7 pm (0.0005 inch) resistance thermometer since all of these had
failed. The remaining tests were conducted at higher temperatures to obtain additional data on
the three-wire thermocouples and the optical fiber thermometer probe.

(3) Data Analyses: Test point 6 (mean temperature 1159K) and 8 (mean temperature 1655K)
were selected for analysis. Ambient events with the burner off and the signal conditioning
amplifier gains set to correspond to test run values were processed to establish the SNRs.

The 76 pum (0.003 inch) thermocouple data were compared with the 12.7 um (0.0005 inch)
resistance thermometer at test point 6 and with the 127 pm (0.005 inch) thermocouple at test
points 6 and 8. All available resistance thermometer sensors failed prior to the 1655K test point.
The 254 pm (0.010 inch) thermocouple was only used in conjunction with the 76 pm
thermocouple to obtain an in situ measurement of the aerodynamic parameter I'" for possible use
in calculating the compensation spectrum. The combination of 76 pm and 127 pm thermocouples
were also used to measure I" at each test point. The values of I" measured by the two separate
combinations of thermocouples only differed by about 1.2 percent. Differences in the resulting
compensation spectra were negligible. All compensated thermocouple data presented in this
report were based on I' values measured from the 76 um and 127 pm combination.

At each test point, an approximation of the corner frequency for each thermocouple was
calculated based on the specific operating conditions outlined below.

@ Calculate mean gas velocity as follows:

* From the total pressure sensor and atmospheric pressure
readings calculate mean Mach No.:

(5% ]

M= (k-1) (6)
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and V = Mc

Where: k = Combustor gas ratio of specific heats
P, = Combustor gas total pressure
P, = Combustor gas static pressure
c = Combustor gas sonic velocity.

@ Calculate local thermocouple wire heat transfer film coefficient:
¢ Calculate local Reynold’s number:

Re = L_YLD (M

P = Combustor gas density

\Y = Combustor gas velocity

D = Thermocouple wire diameter
i = Combustor gas viscosity.

o Calculate film coefficient using the Hilpert correlation for a
cylinder in cross flow:

h = 0.615 Re%** %l ®)
Where: k = Combustor gas thermal conductivity.

® Calculate first order thermocouple time constant:

PCow VOL
. T = hA (9)
Where: p, = Thermocouple wire density
Cou = Thermocouple wire specific heat
VOL = Thermocouple wire junction volume
A = Thermocouple wire junction surface area.

o Calculate corner frequency:

1
Fo = 5o (10)

Estimated values of the thermocouple corner frequencies for both test points are presented
in Table 11. The measured values of I" were extracted from data analyzed over the 6 Hz to 10 Hz
bandwidth at the 1159K point and 6 Hz to 12 Hz at the 1655 kHz test point. Note that the
measurement of I' was made by analysis of data within the bandwidth defined by the estimated
corner frequencies of the large and small thermocouples. This meets the criteria established in
the preceding rotating wheel data analysis. Table 12 lists the measured value of I" obtained as a
function of frequency and the computed average I" used to generate the compensation spectrum.
The values observed appear to increase monotonically with frequency and exhibited a significant
30 percent change over the 6 to 12 Hz bandwidth. However, this observation may simply be due
to the fact that the frequencies evaluated all lie in contiguous spectral lines of the Fast Fourier
Transform (FFT). Although an appropriate windowing function was used prior to performing the
FFT, near spectral neighbors will influence each other (i.e., leakage effects). The spectral line
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separation of the FFT analysis performed on the data processed was 2 Hz. To increase the
spectral line separation for these data would require re-digitization of the data at a lower
sampling frequency. Investigation into a possible frequency dependency of I' was beyond the
scope of the current contract.

TABLE 10. — COMBUSTOR EXPERIMENT TEST CONDITIONS SUMMARY

Test No.

Test Description

1

10
11

Burner conditions — No flow
Recorded ambient background noise

6.4 um (0.00025 in.) resistance thermometer failed prior to insertion in flow

Burner conditions — 1114K (1545°F) 12.7 pm (0.0005 in.) resistance thermometer (S/N 43381) failed at
insertion into flow. No data recorded

Burner conditions — 1108K (1534°F) and 191 m/sec (625 ft/sec) 12.7 um (0.0005 in.) resistance
thermometer (S/N 43380) failed at insertion into flow. Recorded 2 minutes of three-wire thermocouple
data

Burner conditions — 742°K (876°F) and 30.7 m/sec (101 ft/sec). Re-oriented probes to decrease spatial
size and probe shading, installed 12.7 um (0.0005 in.) resistance thermometer (S/N 43377), and
positioned probes at edge of burner flow. Recorded 2 minutes of data on three- wire thermocouples,
resistance thermometer, and optical fiber thermometer probe

Burner conditions — 1159°K (1626°F) and 123 m/sec (406 ft/sec). Positioned probes in center of burner
flow and recorded 2 minutes of data on three-wire thermocouples, resistance thermometer, and optical
fiber thermometer probes before resistance probes failed

Same conditions as Test 6 except no resistance thermometer and re-set gains on Accufiber data.
Recorded three-wire thermocouples and optical fiber thermometer probes data

Burner conditions — 1655K (2519°F) and 205 m/sec (674 ft/sec). No resistance thermometer. Recorded
two minutes of three-wire thermocouples and optical fiber thermometer probe (wideload mode)

Repeated Test 8 except recorded optical fiber thermometer probe in normal, but signal processor on first
stage output

Repeated Test 8 except recorded optical fiber thermometer probe in normal, 1 kHz bandwidth
Repeated Test 8 except recorded optical fiber thermometer in normal hookup ratio mode

NOTE: All tests conducted using two-wire thermocouple probe S/N 2 (127 um (0.005 in.)) and 254 pum

(0.010 in.) and single thermocouple wire probe S/N 1 (76.2 um (0.003 in.))

6745C

TABLE 11. — ESTIMATED THERMOCOUPLE CORNER FREQUENCIES —
SUBSCALE COMBUSTOR

Test Thermocouple Corner Frequency
Point Diameter (Estimated)

- (K) (um) (Hz)

1159 76 10.4

1159 127 2.2

1159 254 1.6

1655 76 13.5

1655 127 6.0

1655 254 2.0

6745C
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TABLE 12. — MEASURED VALUES OF I AS A FUNCTION OF FREQUENCY

FOR COMBUSTOR EXPERIMENT

Thermocouple
Test Combination Frequency Measured Average
Point (K) (um) (Hz) Gamma (m’5/sec) Gamma (m!3/sec)
1159 254/76 6 7.92 X 107¢ 9.42 x 1078
8 9.59 X 1078
10 10.74 X 1078
1159 127/76 6 8.00 X 1078
8 9.71 X 1078 9.54 x 1078
10 10.80 X 1078
1655 127/176 6 7.32 X 1078
8 8.67 X 1078 9.00 x 1078
10 9.64 X 1076
12 10.38 X 108

The signal to noise ratios (SNR) of the uncompensated 76 um and 127 pm thermocouples
for the 1159K test point can be determined from Figures 52 and 53 respectively. The SNRs for
both the 76 pm and 127 pm thermocouples (neglecting obvious power line harmonics in the 127
um data) varied from about 52 dB at 20 Hz to 30 dB at 250 Hz and down to 15 dB at 1000 Hz.
The compensated 12.7 pm resistance thermometer SNR is depicted in Figure 54. Its SNR was

considerably better than those of the thermocouples.

6745C
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Combustor Experiment: Power Spectral Density Plots for the Uncompensated
76 um (0.003 Inch) Thermocouple at 1159K (1626°F) and Ambient
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Figure 53. Combustor Experiment: Power Spectral Density Plots for the Uncompensated
127 um (0.005 Inch) Thermocouple at 1159K (1626°F) and Ambient
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Figure 54. Combustor Experiment: Power Spectral Density Plots for the Uncompensated
12,7 um (0.0005 Inch) Thermocouple at 1159K (1626°F) and Ambient

As seen by comparison of Figures 55 and 56, the output of the uncompensated 12.7 um
resistance thermometer at the 1159K test point was significantly larger than that of the
uncompensated 76 pm thermocouple. The signals were predominantly wideband random. There
is a resonance around 20 Hz which was very evident in the resistance thermometer and just
discernible in the thermocouple PSD plot. The corner frequency of the resistance thermometer
was 195 Hz. The 76 um thermocouple corner frequency was about 10.4 Hz. Following
compensation, their PSD plots are very similar (Figures 57 and 58). At 1000 Hz, the
thermocouple output is about 3.4 dB higher than the resistance thermometer. Figures 59 and 60
depict the linear PSD plots of the compensated 76 pm thermocouple and the 12.7 um resistance
thermometer respectively and are included for ease of interpretation. The resonance around
20 Hz is about 23K rms/\/Hz.
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Figure 55. Combustor Experiment: Power Spectral Density Plot for the Uncompensated
76 um (0.003 Inch) Thermocouple at 1159K (1626°F)
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Combustor Experiment: Power Spectral Density Plot for the Uncompensated
12.7 um (0.0005 Inch) Resistance Thermometer at 1159K (1626°F)
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Figure 57. Combustor Experiment: Power Spectral Density Plot for the Compensated
76 um (0.003 Inch) Thermocouple at 1159K (1626°)
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Figure 58. Combustor Experiment: Power Spectral Density Plot for the Compensated
12.7 um (0.0005 Inch) Resistance Thermometer at 1159K (1626°F)
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Figure 59. Combustor Experiment: Linear Power Spectral Density Plot for the
Compensated 76 um (0.003 Inch) Thermocouple at 1159K (1626°F)
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Figure 60. Combustor Experiment: Linear Power Spectral Density Plot for the
Compensated 12.7 wm (0.0005 inch) Resistance Thermometer at 1159K (1626°)

The amplitude of uncompensated 76 um thermocouple PSD (Figure 55) is about 7 dB
higher than the uncompensated 127 wm thermocouple output at 1000 Hz (Figure 61). The
background power line harmonics are evident in the 127 um PSD plot at frequencies above
540 Hz. Following compensation, the 127 um and 76 pm thermocouple PSD plots (Figures 62
and 63) are almost identical (neglecting the obvious power line noise present in the 127 um
output). Note that the plot amplitude scalings for these plots are twice as sensitive as the plots
used to compare the compensated 12.7 um resistance thermometer with the 76 pm thermocouple.
Neglecting the power line noise, the compensated 76 pm and 127 um thermocouple PSDs agree
within approximately 1 dB up to 1000 Hz. The compensation spectrum for the 76 um
thermocouple at the 1159K test point is given in Figure 64 and that of the 127 pm in Figure 65.
Both were generated using the same value of the measured aerodynamic parameter, I" (9.54 X
1076 m'%/sec). At 1000 Hz, the compensation required was about 40 dB (i.e., a factor of 100) for
the 76 pm thermocouple and about 48 dB for the 127 um thermocouple. The resistance
thermometer required about 14 dB of compensation at 1000 Hz.

73



74

Decibels —20

-40

—60

-

Data Point M2
0 dB Ref 1 K%/Hz
60 Averages

400

800

Frequency - Hz

1200

1600

2000

FD 316056

Figure 61. Combustor Experiment: Power Spectral Density Plot of the Uncompensated

12,7 um (0.005 Inch) Thermocouple at 1159K (1626°F)
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Figure 62. Combustor Experiment: Power Spectral Density Plot of the Compensated
127 um (0.005 Inch) Thermocouple at 1159K (1626°F)
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Figure 63. Combustor Experiment: Power Spectral Density Plot of the Compensated 76 um
(0.003 Inch) Thermocouple at 1159K (1626°F)
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Temperature -

The time records of the compensated 76 um thermocouple (Figure 66) and the 12.7 um
thermometer (Figure 67) exhibit wideband random characteristics. The overall (p-p) amplitude
of the thermocouple (about 1040K p-p, 193K rms) is considerably higher than that of the
resistance thermometer (about 776K p-p, 147K rms). Time t=0 seconds in the thermocouple plot
corresponds to t=0.125 second for the resistance thermometer. The similarity of the two
waveforms is more readily apparent in the expanded time segments depicted in Figures 68 and 69
where the start times are the same. There is inherently good time phasing between the
waveforms. The primary difference is in the relative amplitudes of the various frequency
components.
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Figure 66. Combustor Experiment: Compensated 76 um (0.003 Inch) Thermocouple Time
Record for 1159K (1626°F)
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Figure 67. Combustor Experiment: Compensated 12.7 um (0.0005 Inch) Resistance
Thermometer Time Record for 1159K (1626°F)
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Figure 68. Combustor Experiment: Compensated 76 pum (0.003 Inch) Thermocouple Partial

Time Record for 1159K (1626°F)
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Figure 69. Combustor Experiment: Compensated 12.7 um (0.0005 Inch) Resistance

Thermometer Partial Time Record for 1159K (1626°F)

8754C




6751C

The compensated time records of the 76 pm and 127 pm thermocouples have very similar
waveforms which are depicted in Figures 70 and 71. Both records have the same start time. The
overall amplitude of the 76 pm thermocouple was about 1028K p-p (191K rms) and the 127 pm
was about 1152K p-p (207K rms). The partial time records (Figures 72 and 73) show very good
agreement. Differences are primarily at the amplitudes of the higher frequencies.
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Figure 70. Combustor Experiment: Compensated 76 um (0.003 Inch) Thermocouple Time
Record for 1159K (1626°F)

At the 1655K test point, no resistance thermometer data were available (all sensors had
failed). Results of comparing the 76 pm and 127 pm thermocouple data were very similar to those
obtained for the 1159K test point discussed above. Overall, the rms values of flowpath dynamic
temperature fluctuations increased about 40 percent with the low frequency resonance being less
pronounced. The SNR of the data signals improved slightly (3 to 4 dB) to about 17 dB at 1 kHz.
The uncompensated 76 um signal (Figure 74) was about 7 dB higher than the uncompensated
127 pm thermocouple (Figure 75). Following compensation, their PSD plots (Figures 76 and 77)
are very similar out beyond 1000 Hz. The measured aerodynamic parameter gamma was slightly
lower at the 1655K test point than at 1159K (y 9.00 X 107% m!5/sec). This indicates a slightly
higher thermocouple frequency response at the 1655K point. The compensation spectra for the
76 um and 127 pum thermocouples are depicted in Figures 78 and 79. The compensated dynamic
temperature time waveforms exhibit very similar characteristics over the entire record length
(Figures 80 and 81) and the expanded time segment (Figures 82 and 83).
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Figure 71. Combustor Experiment: Compensated 127 pm (0.005 Inch) Thermocouple Time
Record for 1159K (1626°F)
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Figure 72. Combustor Experiment: Compensated 76 um (0.003 Inch) Thermocouple Partial
Time Record for 1159K (1626°F)
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Figure 73. Combustor Experiment: Compensated 127 um (0.005 Inch) Thermocouple Partial
Time Record for 1159K (1626°F)
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Figure 74. Combustor Experiment: Power Spectral Density Plot of the Uncompensated
76 um (0.003 Inch) Thermocouple at 1655K (2519°F)
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Figure 75. Combustor Experiment: Power Spectral Density Plot of the Uncompensated
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127 pm (0.005 Inch) Thermocouple at 1655K (2519°F)
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Figure 76. Combustor Experiment: Power Spectral Density Plot of the Compensated 76 um
(0.003 Inch) Thermocouple at 1655K (2519°F)
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Figure 77. Combustor Experiment: Power Spectral Density Plot of the Compensated
127 pwm (0.005 Inch) Thermocouple at 1655K (2519°F)
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Combustor Experiment: Compensation Spectra for the 127 pm (0.005 Inch)
Thermocouple at 1655K (2519°F)
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Figure 79. Combustor Experiment: Compensation Spectra for the 76 pm (0.003 Inch)
Thermocouple at 1655K (2519°F)
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Figure 81. Combustor Experiment: Compensated 127 um (0.005 Inch) Thermocouple Time
Record at 1655K (2519°F)
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Figure 82. Combustor Experiment: Compensated 76 um (0.003 Inch) Thermocouple Partial
Time Record at 1655K (2519°F)
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Figure 83. Combustor Experiment: Compensated 127 um (0.005 Inch) Thermocouple Partial
Time Record at 1655K (2519°F)

The dynamic component error (in percent of reading) for the compensated 76 um
thermocouple referenced to the compensated 12.7 um resistance thermometer at the 1159K test
point and the compensated 127 pm thermocouple referenced to the 76 um thermocouple at both
the 1159K and 1655K test points are summarized in Table 13.

The 76 pm thermocouple error referenced to the 12.7 um resistance thermometer varied
from about +18 percent at 20 Hz to +48 percent at 1000 Hz (1159K test point). The error in the
rms level of time domain signal (over the entire 1000 Hz bandwidth) was about +33 percent and
the peak to peak was about +34 percent. The 76 pm and 127 um thermocouples exhibited much
lower errors when compared to one another. At the 1159K point, the errors were between 8 and
12 percent. At the 1655K point they varied from about 4 to 12 percent (neglecting the 2 percent
error value for the p-p time domain levels). The peak to peak time domain error measurements
were very subjective. The time resolution of the plots made it difficult to ensure that the 5
highest positive and negative amplitude peaks were being arbitrarily excluded from the
measurement (a technique intended to exclude noise spikes). High amplitude time domain noise
spikes were primarily due to cumulative error effects in the compensation process. That is, the
time domain waveform is the net result of the summation of all frequency components, thus
errors in the individual frequency components (amplitude and phase) will have a compounding
effect.
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Gas path temperature fluctuations in the subscale combustor rig varied from about
23K rms/\/Hz at 20 Hz to 8K rms at 200 Hz and were only 3K rms at 1000 Hz (1159K test
point). Thus, large values of percent of reading errors for the dynamic components represent only
a few degrees (Kelvin) of temperature error on a per \/Hz basis.

Differences between the compensated thermocouple data and the resistance thermometer
are felt to be mainly due to errors in the measurement of the aerodynamic parameter, I'
(thermocouple), and the calculation of the first order time response of the resistance
thermometer. Note that in the rotating wheel experiment the corner frequencies were 308 Hz and
508 Hz. In the combustor experiment, the calculated corner frequency was 195 Hz. Thus, with a
lower estimated corner frequency there would be more error in the combustor experiment.

Task 1e — Additional Data Analysis

Summary. — A commercially available high temperature optical fiber thermometer was used in
the combustor experiment to provide an additional measurement technique for data
comparisons. Per the vendor’s literature, the dynamic response of the device is characterized by a
—3 dB per octave frequency response function which would greatly extend the frequency
measurement range over that of conventional thermocouples. A Pratt & Whitney owned system
with a vendor specified bandwidth of 1 kHz for the signal conditioning circuitry was tested, in
conjunction with the dual thermocouples and resistance thermometer. The system was originally
purchased for a non-dynamic temperature measurement application. Data were obtained from
one sensor only and two test points were processed. Post-test inspection revealed deterioration of
the sensor’s sputtered thin film element had occurred during the test series. Based on its average
temperature readings, the deterioration was believed to have occurred during or following
processing of the second test point. The uncompensated optical fiber thermometer data from this
experiment were observed to exhibit about —3 dB per octave roll off characteristics over only a
limited frequency bandwidth relative to the compensated 76 pm thermometer data. At other
bandwidths, the roll off rate was about —6 dB per octave. The corner frequency of the optical
fiber thermometer was less than 0.04 Hz for the test points processed. Compensated data from
the optical fiber thermometer differed from those of the compensated 76 pm thermocouple by as
much as +165 percent.

Hardware and Test Configuration. — The optical fiber thermometer system was set up for
wideband dynamic temperature operation per the vendor applications note (Reference 3). The
maximum sampling rate of the system is 71 samples per second. Thus, wideband (1 to 1000 Hz
bandwidth) operation requires external (user provided) data analysis equipment.

The optical fiber probe is an optical pyrometer in which the thermal radiation from a thin
film element sputtered on the end of a sapphire rod serves as a thermal radiator per the vendor
literature. The key element of the device is that the sapphire fiber remains transparent and non-
emitting in the optical and near infrared at temperatures up to its melting point. The thermal
radiation from the platinum film is transmitted via the sapphire rod and thence a fiber optic
cable to photodetectors. The photodector signals are digitized and processed in the system
computer to yield calibrated temperature readings derived from Planck’s equation for blackbody
radiators. The system incorporates various calibrations to account for the small but finite
emissivity of the probe, transmission losses in the optical path, zero and gain of the
photodetectors and other electronic components, etc.

Figure 18 depicts the setup used in the combustor experiment for test stand operation and
FM tape recording. The output of the detector was coupled directly to the FM tape for operation
in the wideband mode. During the final three test points, the configuration was changed to
operate the system: (1) in the single mode with the signal processor still connected to the first
stage output and the tape recorder to the detector output; (2) in the single mode with the detector
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output connected to the signal processor and to the tape recorder; and, (3) same setup as (2) with
system operating in the ratio mode. Checks were made to ensure that the recorder input
impedance and grounding were compatible with the optical thermometer detector output.
Information on the FM tape recorder setup is contained in Table 2. During testing, the data
signal was double recorded on FM tape channels set for different full-scale record levels. The
data levels for one of the tape channels was optimized by adjusting the amplification of the
optical fiber system via its computer control software at each steady state test point prior to FM
tape recording. The system gain settings and linear sensitivity factors for scaling the dynamic
signals from voltage to temperature were viewed live on the computer display terminal and hand
recorded at each rig test point. Additionally, system diskette recordings were made to provide
computer storage of average temperature readings and sensitivity factors for the dynamic data.

Figure 47 depicts the probe installation relative to the other test sensors. Care was taken to
ensure that the sensors were not shading one another in the flowpath. The main body of the
optical fiber sensor was encased in a ceramic stick to provide mechanical support. The closest
edge of the temperature sensing platinum film was about 0.81 cm from the body of the ceramic
stick. The probes were grouped within a 0.41 cm diameter plane about 0.28 meter (3.7 L/D)
downstream of the 0.076 meter diameter nozzle. Figure 48 depicts the installation. Gas path
characteristics within the probe grouping were assumed to be independent of spacial location.

Test Program. — The optical fiber thermometer data were recorded simultaneously with the
dual thermocouple and resistance thermometer probes during the combustor rig tests. Table 10
lists the specific test points. At the 1655K test point, the optical fiber thermometer system was
operated in four different configurations:

(1) Wideband mode as depicted in Figure 18.

(2) Single mode with the signal processor (sampling voltmeter) connected to
the detector first gain stage output

(3) Single mode with the signal processor connected to the detector output
(4) Ratio mode with the same configuration as in (3).

Configurations (2) through (4) were recorded as a back-up to the wideband mode. The optical
fiber system bandwidth was 1000 Hz for all configurations. The concept for processing
configurations (2) through (4) was to playback FM tape recorded data at reduced tape drive speed
and input the signals into the optical fiber thermometer signal processor (sampling voltmeter)
for normal processing at effectively higher sampling rates. However, this technique was not used
in the data processing.

Overview of Data Analysis. — The optical fiber thermometer data were recorded on FM tape
in conjunction with the dual thermocouple and resistance thermometer signals. Post-test, FM
tape data were digitized on a Hewlett Packard model 5451C Fourier Analyzer in an off-line data
processing center to generate a digital magnetic tape. The 76 um thermocouple signals were
digitized simultaneously with the optical fiber thermometer data to ensure time correlation. The
signals were passed through multiple elliptical anti-aliasing filters set to 1250 Hz corner
frequencies (—3 dB) prior to digitizing.

Data were digitized in blocks of 2048 samples. The analog to digital converter (ADC)
sampling rate was 4096 Hz. Calibration events for ac and dc signals were reproduced from FM
tape and read with a precision digital voltmeter for use in establishing the record/reproduce
system calibration.

6751C



The digital tapes were read into a mainframe IBM mode 3090 computer for data processing.
Temporary utility software routines were written to scale the optical fiber dynamic data to
temperature and merge it with the dual thermocouple data processing program to ensure
commonality of analysis routines.

Two techniques were used to scale optical fiber thermometer data to temperature. One
technique used the linear sensitivity factor provided by the optical fiber thermometer system.
The other technique entailed implementing curve fits of tables of nonlinear detector output
voltage as a function of temperature and the optical spectral bandwidth (i.e., basic blackbody
relationships) which were provided by the vendor. For these conversions, the average
temperature readings of the optical fiber thermometer system were used in conjunction with the
dynamic signals. The two techniques gave essentially identical results. All data presented in this
report were scaled using the curve fits of the basic blackbody relationships.

Data were processed on the IBM computer to yield compensated and uncompensated PSDs
and uncompensated dynamic time waveforms scaled to temperature (K). The PSD functions
were compensated digitally in the IBM computer using the theroretical frequency response
function provided in the vendor applications note (Reference 3).

h
6.283k, p, ¢, f * (11)

CR

Where: k, = Thermal conductivity of sapphire (Btu/hr-ft-°F)
P, = Density of sapphire (Ibm/ft?)
c, = Heat capacity of sapphire (Btu/lb_-°F)
f = Frequency of oscillations (cycles/hr)
h = Film coefficient (Btu/hr/ft>-°F).

The value of the film coefficient was calculated based on specific gas path properties at each test
point. The properties required were: pressure, velocity, density, and viscosity. The equation for
the calculation of h is:

- = Nu = 0.48Re"%
g (12)

Where: D = Sensor diameter
Nu Nusselt number
k, = Thermal conductivity of gas path
Re = Reynold’s number.

To compensate the PSD function, the amplitude of the frequency response function Y(f)
was calculated over the bandwidth of the PSD. Then, Y(f) was converted to power by performing
a self multiplication. The PSD was then compensated frequency by frequency through division

by YZ(f):

Compensated PSD = Unco"?[P;?gaYtt(égJPSD (f)

(13)

PSD plots in this report are depicted out to the Nyquist frequency (2048 Hz). Data beyond
about 1000 Hz will be noticeably attenuated by the anti-aliasing filters (—3 dB at 1250 Hz) used
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during digitization. The entire frequency bandwidth is displayed to provide insight into system
noise floors.

In the previous section on data analyses, the compensated 76 pm thermocouple data were
compared with the compensated 12.7 pm resistance thermometer. The 76 pm thermocouple
power spectra density was between 1.4 and 3.4 dB higher than the resistance thermometer (out to
1000 Hz). The slope (dB/octave) of the thermocouple PSD was generally the same as that of the
resistance thermometer. Thus, the compensated 76 pm thermocouple data were judged to provide
a good measurement of the relative gas path dynamic characteristics out to 1000 Hz.

Two types of data analyses were made between the thermocouple and the optical fiber
thermometer:

(1) The transfer function between the uncompensated optical fiber thermome-
ter and compensated thermocouple (gas path spectrum).

(2) 'The percent of reading difference between the compensated optical fiber
thermometer and the compensated thermocouple dynamic components.

The transfer function analysis normalizes the output of the uncompensated fiber optic
thermometer to the gas path (as characterized by the compensated thermocouple) to provide
insight into its frequency response. The transfer function gain was computed as:

Transfer yUncompensated Optical Fiber Thermometer PSD
Function = 20 log,,

Cain yCompensated Thermocouple PSD (14)

The percent of reading difference between the compensated optical fiber thermometer PSD and
the compensated thermocouple data provides end results comparison and was calculated as:

yCompensated Optical Thermometer PSD )

% Diff - (
o Litierence yCompensated Thermocouple PSD

x100 (15)

For these analyses, the optical fiber thermometer PSD data were corrected for its 1000 Hz (-3
dB) bandwidth and the thermocouple data for the 5 Hz signal conditioning amplifier ac coupling
as follows:

(a) Optical fiber thermometer (single pole lowpass filter)

. 1
ain = 20 lo [—————]
& o LT + (/tep (16)
Where: fc = 1000 Hz
f = Frequency.
(b) Thermocouple ac coupling (single pole highpass filter)

gain = 20 log,, [————l——]

JL + ({/fcy (17)

Where: fc = 5 Hz
f = Frequency.
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Data corrections for the optical fiber thermometer bandwidth ranged from 3.01 dB at
1000 Hz down to 0.01 dB at 50 Hz. Corrections for the thermocouple ac coupling ranged 8.60 dB
at 2 Hz down to 0.00 dB at 70 Hz.

Data Analysis.

(1) 1159K Test Point: Figures 84 and 85 depict the SNRs for the uncompensated and
compensated optical fiber thermometers. In Figure 85, the ambient background noise was
compensated with the same function used for the test point. The SNR typically varied from
about 30 dB at 20 Hz to 11 dB at 1000 Hz. The calculated corner frequency of the optical sensor
was about 0.014 Hz at the test point conditions and the 76 um thermocouple corner frequency
was about 10.4 Hz.

The uncompensated PSD functions of the optical fiber thermometer and the 76 pm
thermocouple are shown in Figures 86 and 87 respectively. The dynamic temperature measured
by the thermocouple is considerably larger across the entire frequency bandwidth.

0 dB Ref 1 K2/Hz
60 Averages

—20

/—— 1159K (1626°F) Test Point

Decibels ~40

Ambient

|

400 800 1200 1600 2000
Frequency - Hz

—80
0

FD 316079

Figure 84. Combustor Experiment: Power Spectral Density Plots of the Uncompensated
Optical Fiber Thermometer at 1159K (1626°F) and Ambient
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Figure 85. Combustor Experiment: Power Spectral Density Plots of the Compensated
Optical Fiber Thermometer at 1159K (1626°F) and Ambient

The transfer function (gain) of the uncompensated optical fiber thermometer to the
compensated 76 pwm thermocouple is shown in Figure 88. This indicates that the frequency
response roll off characteristics for this specific optical thermometer sensor at these test
conditions were approximately —6 dB/octave to 12 Hz, —3 dB/octave between 12 and 150 Hz,
and —6 dB/octave between 150 Hz and 1000 Hz (the limit of this experiment).

The compensated PSDs for the optical fiber thermometer and the 76 pm thermocouple are
given in Figures 89 and 90. The compensation spectrum for the optical thermometer is depicted
in Figure 91. At 1000 Hz the compensation is about 52 dB. Figure 92 is a plot of the percent of
reading difference between their dynamic components and also indicates the level of temperature
fluctuations present in the gas path (as measured by the compensated 76 pm thermocouple). The
optical fiber thermometer read a maximum of approximately 200 percent higher than the
thermocouple at 4 Hz and a minimum of 30 percent higher at 1000 Hz. The amplitude of dynamic

fluctuations in the gas stream varied from about 23K rms/\/Hz at 20 Hz to 3K rms/\/Hz at
1000 Hz.

Figures 93 and 94 are the uncompensated time records for the optical fiber thermometer
and 76 pm thermocouple respectively. The rms level of the thermocouple was about 41K. The
optical fiber thermometer read about 5.9K rms.
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Figure 86. Combustor Experiment: Power Spectral Density Plot of the Uncompensated
Optical Fiber Thermometer at 1159K (1626°F)

(2) 1655K Test Point: The SNR of the optical fiber was considerably improved at the 1655K
point. The energy output of the sensor increased dramatically as the mean temperature
increased. At about 20 Hz the SNR (Figure 95) was approximately 45 dB and at 1000 Hz it was
about 19 dB. The calculated corner frequency of the optical sensor was about 0.036 Hz. The
corner frequency of the 76 um thermocouple was approximately 13.5 Hz. The calculated
compensation spectrum for the optical fiber thermometer is shown in Figure 96. At 1000 Hz, the
compensation is about 47 dB.
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Figure 87. Combustor Experiment: Power Spectral Density Plot of the Uncompensated
76 um (0.003 Inch) Thermocouple at 1159K (1626°F)

104

6751C




6751C

~ -6 dB/octave

‘\ ~ 12 Hz
20— ~ -3 dB/octave ~ 150 Hz
30— ~ -6 dB/octave
Gain - |
dB -40
50—
V Optical Fiber PSD
Galn = 20 Log1o
N V' Compensated
Thermocouple PSD
1 10 100 1000
Frequency - Hz

FD 316083
Figure 88. Combustor Experiment: Transfer Function of the Uncompensated Optical Fiber

Thermometer to the Compensated 76 um (0.003 Inch) Thermocouple at 1159K
(1626°F)
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Figure 89. Combustor Experiment: Power Spectral Density Plot of the Compensated Optical
Fiber Thermometer at 1159K (1626°F)
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Figure 90. Combustor Experiment: Power Spectral Density Plot of the Compensated 76 pm
(0.003 Inch) Thermocouple at 1159K (1626°F)
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Figure 91. Combustor Experiment: Compensation Spectrum for the Optical Fiber
Thermometer at 1159K (1626°F)
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Figure 92. Combustor Experiment: Dynamic Components Comparison of the Compensated

Optical Fiber Thermometer Referenced to the Compensated 76 um (0.003 Inch)
Thermocouple at 1159K (1626°F)
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Figure 93. Combustor Experiment: Uncompensated Optical Fiber Thermometer Time Record
at 1159K (1626°F)
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Figure 94. Combustor Experiment: Uncompensated 76 pum (0.003 Inch) Thermocouple Time
Record at 1159K (1626°F)
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Combustor Experiment: Power Spectral Density Plots of the Uncompensated
Optical Fiber Thermometer at 1655K (2519°F) and Ambient
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Figure 96. Combustor Experiment: Compensation Spectrum for the Optical Fiber
Thermometer at 1655K (2519°F)

The PSD plots of the uncompensated 76 yum thermocouple and the uncompensated optical
fiber thermometer are shown in Figures 97 and 98. The amplitude of the thermocouple PSD was
considerably greater than the optical fiber thermometer.

Figure 99 is the transfer function {gain) of the uncompensated optical fiber thermometer to
the compensated thermocouple. The observed frequency response function roll off rate (for this
specific probe and test condition) was very similar to those obtained at the 1159K test point. The
slopes were about —6 dB per octave out to 12 Hz, —3 dB per octave between 12 and 250 Hz, and
—6 dB per octave between 250 and 1000 Hz.

The compensated PSDs are given in Figure 100 (optical thermometer) and 101 (76 pm
thermometer). The percent of reading difference between their dynamic components are
contained in Figure 102. The compensated optical fiber thermometer data read about 102 percent
higher than the thermocouple at 4 Hz and 38 percent lower at 1000 Hz. The gas path temperature
fluctuations (as measured by the compensated 76 um thermocouple) varied from a maximum of
about 20K rms/\/Hz at 20 Hz to 4.5K rms/\/Hz at 1000 Hz.
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Figure 97. Combustor Experiment: Power Spectral Density Plot for the Uncompensated
76 um (0.003 Inch) Thermocouple at 1655K (2519°F)

Uncompensated time records for the optical fiber thermometer and thermocouple are
depicted in Figures 103 and 104. The rms level of the thermocouple was about 38.5K rms and the
optical fiber thermometer was about 10.6K rms.
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Figure 98. Combustor Experiment: Power Spectral Density Plot for the Uncompensated
Optical Fiber Thermometer at 1655K (2519°F)
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Figure 99. Combustor Experiment: Transfer Function of the Uncompensated Optical Fiber

Thermometer to the Compensated 76 um (0.003 Inch) Thermocouple at 1655K
(2519°F)
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Figure 100. Combustor Experiment: Power Spectral Density Plot for the Compensated
Optical Fiber Thermometer at 1655K (2519°F)
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Figure 101. Combustor Experiment: Power Spectral Density Plot for the 76 um
(0.003 Inch) Thermocouple at 1655K (2519°F)
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Figure 102. Combustor Experiment: Dynamic Component Comparison of the Compensated
Optical Fiber Thermometer Referenced to the Compensated 76 pm (0.003)
Thermocouple at 1655K (2519°F)
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Figure 104. Combustor Experiment: Uncompensated 76 pm (0.003 Inch) Thermocouple
Time Record at 1655K (2519°F)

Discussion. — Post-test inspection of the optical fiber sensor revealed a general gritty
appearance and slight crinkling on the backside of the sputtered thin film temperature radiating
element. Table 14 gives the specific sensor test history.

Table 15 lists the mean gas path temperatures measured by the optical fiber thermometer
and the 254 pm thermometer as a function of the cumulative test time on the optical sensor. The
data analyzed for this report were taken at 65 minutes cumulative test time (1159K test point)
and 70 minutes (1655K). Differences between the average temperature readings of the 254 um
thermocouple and the optical thermometer at these two points are primarily due to the difference
in radiation losses. At the 1655K point, the radiation loss from the optical fiber was calculated to
be 67K greater than the radiation loss of the thermocouple. Between 70 and 87 minutes of
cumulative test time (continued steady state operation at 1655K) the average temperature
readings of the optical fiber thermometer decreased precipitously. Based on this, the degradation
observed in the optical sensor post-test probably occurred between 70 and 87 minutes of
cumulative sensor run time. Additionally, analysis of the 1159K and 1655K test points produced
very similar resuits.
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TABLE 14. — HIGH TEMPERATURE OPTICAL FIBER THERMOMETER
SENSOR HISTORY — COMBUSTOR RIG TEST DATA

¢ Pretest:
. 1159K (1626°F)
. 1655K (2619°F)

Post-Test Visual Inspection:

New Sensor

65 Min Total Accumulated Time

105 Min Total Accumulated Time
o Gritty Appearance

o Slight Crinkling (Backside)

Table 16 summarizes the comparisons between the optical fiber thermometer and the
76 um thermometer. All results were obtained from a single optical thermometer sensor analyzed

at two test points.
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Task Il — Reduction of Execution Time of the
Dynamic Gas Temperature Measurement Data Reduction Package

Summary. — In Task II, the computer algorithms were reviewed to determine a means of
reducing the computer processing times. The use of input waveforms (to the finite different
model) containing multiple frequencies was determined to be a viable technique offering the
potential for an order of magnitude (or better) reduction in processing time. Various types of
input signals were investigated and evaluated for possible use in computing the theoretical
transfer function of the large diameter thermocouple to small diameter thermocouple as a
function of the aerodynamic parameter I and for computing the compensation spectrum from
the measured value of I'. Finite bandwidth impulse functions were found to be acceptable. The
technique consisted of perturbating the model with an impulse time waveform of fixed frequency
bandwidth. The resulting output time waveform could then be Fast Fourier Transformed along
with the input waveform and the resulting spectra manipulated to yield a specific frequency band
of the compensation spectrum. By inputting impulse functions of different bandwidths (typically
six) the entire compensation spectrum could be generated. It was estimated that this technique
could reduce the nominal 65 minutes of original computer processing time required to compute
the transfer functions and compensation spectrum to less than 7 minutes. The compensation
spectra generated via the selected finite bandwidth impulse functions were typically within +0.1
dB (+1.1 percent) of the compensation spectra generated using the original program over the
frequency band of 0 to 2048 Hz for both the 76 pm (0.003 inch) and the 250 pm (0.010 inch)
thermocouple models.

Ultimately, the use of discrete sinusoids for pertubation of the finite differences model as in
the original program was retained. In Task III it was determined that the program execution time
in the IBM computer was significantly faster than had been estimated. This precipitated the
decision to retain use of the discrete sinusoids which is a simpler procedure.

Discussion. — The original algorithm for the finite differences computer model used sinewave
gas stream temperature fluctuations as the model boundary condition. To generate the entire
compensation spectrum, the model is iterated at various discrete frequencies contained within
the compensation spectrum (at each spectral line up to line number 50 and every 10 lines
thereafter). This entails evaluation of typically 148 independent frequencies with several
thousand iterations of the model required at each frequency. By using an input waveform
containing multiple frequencies, the required frequency domain information (gain and phase)
could be obtained for many frequencies simultaneously through FFT analysis and manipulation
of the input and output waveforms. Thus, the number of independent evaluations of the model
could be reduced substantially. The additional time required to perform the FFT analysis would
not be a major factor in the overall processing time.

During implementation of the impulse function into the computer code, an error in the
original coding for the { ’(7) equation was discovered and corrected. The “(TR-T6)” term in the
ZP(7) equation on page 93 of Volume II “Operation and Program Manual,” NASA CR-168267
(Reference 1) should have been “(TR-T7).” Figures 105 and 106 depict the gain and phase errors
for the 76 um and 254 pm thermocouples due to the erroneous coding. The errors were minimal:
7.6 percent gain error and 3.3 degrees phase error maximum over a portion of the compensation
spectra. These errors are inconsequential to results reported in the original contract.
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Both the 76 pm (0.003 inch) and the 254 pm (0.010 inch) thermocouple finite differences
models were used in evaluating various types of input functions. The 254 um (0.010 inch) model
was the most severe test due to the larger dynamic range of its frequency dependent gain function
and an inherently lower amplitude response to an impulse. The compensation spectra derived
from each input function were compared with the corresponding benchmark compensation
spectrum generated by use of discrete sinewaves using the original computer program with
corrected computer code for computation of { ’(7). The majority of the tests were run on a
Hewlett Packard model 5451C Fourier Analyzer (single precision). Various types of FFT
“windowing” functions were evaluated to minimize non-periodicity effects encountered with
certain waveforms and lengths of the time records (Tg,).

During initial tests with unit impulse functions, an anomaly in the phase of the
compensation spectra was observed. As the frequency was increased from dc, the phase would
generally track results obtained with the original program up to a specific channel in the
spectrum and then smoothly decrease to 0 degree at the Nyquist frequency. It was first thought
that this effect was due to precision or truncation errors in the computations. Investigations were
made using double precision computations on the IBM computer with both discrete sinewave and
unit impulse input functions. In these tests, the number of incremental time steps per period of
the model input waveform (i.e., the effective sampling rate) was varied. It was found that the
phase measurement asymptotically approached the correct reading as the number of samples per
period was increased. This effect was the same for both discrete sinewaves and the unit impulse.
A minimum rate of 128 samples/period was selected for use in Task III. This will limit phase
errors to less than 1 degree. '

The gain function did not exhibit any similar dependency upon sampling rate. In the
original program, the sampling rate for frequencies below 62 Hz was determined from the
following expression:

Number of samples/period = period _ 1/frequency

5x107* 5x10™* (18)

Thus the sampling rate ranged from 1000/period at 2 Hz to 33/period at 60 Hz. At all frequencies
above 62 Hz, the sampling rate was 32/period. Based on the results of Task II investigations, the
maximum phase error in the original program was 4.8 degrees (at 102 Hz for the 76 pum
thermocouple).

If an impulse function were used to perturbate the model, the gain and phase information
used to generate the compensation spectrum would be extracted by FFT analysis of the input and
output from the model. The sampling rate would be determined by the number of elements in the
time record (hereafter called block size) and the time length of the record (T, ). The relations
between block size, incremental time step (At), FFT frequency line separation (Af), and sampling
frequency (fs) is as follows:

Trec
At = Flock size

f, = 1/At = (Af) (block size)

As documented in the original contract report (NASA CR-168267), compensating time
domain data to 1000 Hz (statement of work frequency range) requires compensation to about
2000 Hz. In the computer coding, a fixed block size (i.e., the record length) would be used and the
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sampling rate could be established by selecting either the Af or At parameter. With a fixed block
size, a high sampling frequency (to meet the 128 samples/period minimum) results in a
correspondingly high value of FFT frequency line separation (i.e., reduced frequency resolution).
Proper measurement of I" requires a frequency resolution of about 2 Hz up to approximately
40 Hz for the 254 pm/76 pm thermocouple pair.

With a block size of 4096, a frequency resolution of 2 Hz would dictate a sampling rate of
8192 Hz. Thus, the highest frequency that would be sampled a minimum of 128/period would be:

8192
155~ = 64 Hz
128 (20)

To obtain a minimum of 128 samples per period of 2048 Hz would require a sampling rate of;

128 x 2048 = 262,144 Hz
(21)

which would yield a frequency resolution of 64 Hz (block size 4096).

Thus, both criteria, high sampling frequency and small frequency line separation, cannot be
met in a single analysis of practical block size (4096). A block size of 131,072 would be required to
meet both criteria simultaneously. A technique was developed that would provide reasonable
tradeoffs in frequency resolution to meet sampling criteria by performing the analysis in
frequency bands (Table 17).

TABLE 17. — COMPENSATION SPECTRUM COMPUTATION BANDS FOR
FINITE BANDWIDTH IMPULSE FUNCTION (4096 BLOCK SIZE)

Band

No. Frequency Band Af Trec
1 0 to 64 Hz 2 Hz 500 ms
2 64 to 128 Hz 4 Hz 250 ms
3 128 to 266 Hz 8 Hz 125 ms
4 256 to 512 Hz 16 Hz 625 ms
5 512 to 1029 Hz 32 Hz 31.25 ms
6 1024 to 2048 Hz 64 Hz 15.625 ms

6745C

There are various types of waveforms that possess multiple frequencies. These waveforms
are the unit impulse, finite bandwidth impulse, and narrowband and wideband random.
Additionally, other types of waveforms with desired frequency content could be generated
digitally in the computer (such as a waveform with frequency components of amplitudes
generally inverse to the thermocouple response which would yield a smaller dynamic range in the
output of the model across the frequency band).

Following extensive tests with various waveforms, use of the finite bandwidth impulse
function was determined to be a viable approach. The problem with the pure unit impulse was
non-periodicity effects at the higher sampling rates (particularly for the 254 pm thermocouple).
As the sampling rate was increased, the time length of the data record decreased. If the output
waveform amplitude does not decay to zero by the end of the data block, the frequency
components become non-periodic in the FFT and “leak” into near frequency channels producing
sizeable errors in the gain and phase functions. The lower spectral lines in the FFT are affected
most. However, in severe cases, the effects extend into the higher spectral lines. Attempts to
“window” the output function to ensure periodicity and gain accuracy were unsuccessful. For the
unit impulse function, various exponential windows were evaluated but the results were too
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inaccurate. Attempts to use more conventional FFT windows (the typical bell shaped windows)
were also unsuccessful. Use of a windowing function entails application of a scaler amplitude
correction factor. The correction factor only produces accurate results when the signal to be
analyzed has the same amplitude characteristics over the entire time length of the data record
(which the impulse does not).

The narrowband random input function in conjunction with a conventional window
appeared to be promising. However, a random signal by nature would require averaging
(increasing analysis time) since all frequencies do not exist simultaneously within a given time
period. Tests with an input signal whose amplitude vs frequency characteristics were such that
the amplitude increased in a ramp fashion as frequency increased did not produce any better
results than the unit impulse, again due to non-periodicity effects.

By generating impulse functions through a bandpass (rather than lowpass or allpass) digital
filter, it was possible to minimize the effects of non-periodicity. Elimination of the low
frequencies within the impulse function minimizes the amplitude of the model’s output waveform
at time t = Ty, since the lower the frequency the higher the output from the model. Additionally,
by increasing the block size from 2048 (original contract) to 4096, the sampling rate for a fixed
time length could be doubled. Thus, a time length of 15.625 ms could provide 128 samples at
2048 Hz at a block size of 4096. It would take a time length of 7.8125 ms to provide the same
number of samples at 2048 block size. The longer the time length of the record, the greater the
decay of the amplitude of the output signal at time T, . Logic could be incorporated into the
software to warn the operator if non-periodicity was a potential problem. Such logic would key on
the dc term from the FFT analysis. The technique described below was arrived at by
experimentation. For the low frequency band of the compensation spectrum, a low pass digital
filter will be used to generate the impulse function. The sampling requirements (Table 17) are
met with time record lengths sufficient to permit complete decay of the impulse function to about
zero amplitude at the finite differences model output for both the 254 ym and 76 pum
thermocouples. The bandpass filter would be used for all other frequency ranges. Table 17 lists
the frequency ranges and the time lengths of the data records for generation of the compensation
spectrum and is applicable for both the 254 pm and 76 pm thermocouples.

The procedure for generating the impulse functions is as follows:

1. Establish two initialized (zero amplitude) rectangular coordinate frequency
domain data blocks of 2048 positive frequency elements. In one data block,
designated as the lowpass function, enter unity amplitude for the “real”
terms of spectral elements 0 through 32. In the other data block, designated
as the bandpass function, enter unity amplitude for the real terms of
spectral elements 20 through 32.

2.  Perform an inverse FFT on each data block to obtain their corresponding
time domain waveforms. Note that these waveforms are generic in nature.
The amplitude of each element in the time domain data block for the
lowpass function (and the bandpass function) is completely independent of
any assigned sampling parameters (i.e., At, Af, etc.). Thus, these functions
need only be generated once and established as a permanent part of the
software in look-up table format. The frequency content of these wave-
forms is established by assignment of the desired sampling parameters
utilized in the iteration of the finite differences model.

3. Shift the data within each datablock by 3840 channels. The data will wrap
around producing the waveform (bandpass configuration) depicted in
Figure 108. The purpose of this shift is to have the highest amplitude
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10.

11.

12.

excursions within the time data record occur early in time within the time
data record. The frequency domain effect (of the shift) is simply to modify
the phase characteristics.

Multiply the elements in each data block by an exponential of the form
e700024n (where n = the element number within the data block). Figure 109
depicts the resulting waveform of the bandpass function. This is to force
each input function to zero amplitude at a time much less than Ty, to
ensure that the output of the model is zero at time t = Ty, . If the output of
the model is non-zero at t = Ty, errors will be introduced in the analysis
due to non-periodicity effects in the FFT analysis to be made.

Save the data blocks for the two time domain functions obtained in step 4
for use in perturbating the finite differences model.

Perform FFTs on the two data blocks obtained in step 4 above and retain
for use in step 9 below to normalize the model’s output. Do not apply any
windowing function. Note that the frequency content of the impulse
functions have been extended by application of the exponential (step 4).
The input function now provides frequency content (excitation for input to
the model) over a wider range of spectral lines than entered in step 1 above,
Figure 110 depicts the extended spectral line content of the bandpass
impulse function.

Using the sampling parameters specified for band 1 in Table 17, calculate
the appropriate time dependent parameters for the finite differences model.
Iterate the model using the amplitude values and their corresponding times
from each sequential element throughout the range of the data block for the
lowpass impuise waveform function obtained in step 5. Establish a time
domain data block containing the resultant corresponding output values
from the model for each iteration. Figure 111 depicts a typical time
waveform at the model output.

Perform an FFT on the model output waveform obtained in step 7. Do not
use a windowing function.

Perform a complex division on the frequency spectrum obtained in step 8
by the corresponding input impulse function frequency spectrum obtained
in step 6. This yields the transfer function (gain and phase) of the
thermocouple output to the gas path input.

Save the transfer function information for the specific frequency band
analyzed in steps 7 through 9 for use in generating a composite frequency
spectrum.

Repeat steps 7 through 10 for each bandpass frequency band in Table 17.
Use the generic bandpass input waveform function using the applicable
sampling parameters (Table 17).

Using the transfer function results from step 10, generate the composite
frequency spectrum in a data block containing 1024 positive frequency
elements with a spectral line separation of 2 Hz. Use a linear interpolation
to compute the phase values at frequencies not evaluated above and a log
function interpolation to compute the gain (amplitude) terms. A log
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function is recommended for gain interpolation since the log of the gain is
approximately linear with log frequency (i.e., the slope of the gain function
is typically about —6 db/frequency octave at the higher frequencies where
interpolation would be necessary).

Note that the standard 254 um/76 pm thermocouple analog data would still
be acquired using a time domain data block size of 2048 (i.e., 1024 positive
frequency elements) and compensated using an FFT spectral line resolu-
tion of 2 Hz.

50—
40—
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Figure 107. Time Domain of Finite Bandwidth Impulse Function Obtained in Step 2 of
Generation Process

For computation of the theoretical transfer functions of the large thermocouple to the small
thermocouple as a function of the aerodynamic parameter, I', the above technique would be used
with the lowpass configuration (spectral lines 0 through 32). Following computation of the
transfer function of the large thermocouple to gas stream and small thermocouple to gas stream
perform a complex division of these two transfer functions to yield the transfer function of the
large diameter to small diameter thermocouples.
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Figure 108. Time Domain Waveform of Finite Bandwidth Impulse Function Obtained in
Step 3 of Generation Process
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Figure 109. Time Domain Waveform of Finite Bandwidth Impulse Function Obtained in
Step 4 of Generation Process
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Figure 110. Frequency Spectrum of Finite Bandwidth Impulse Function

|

2.0

1.6
1.2
08I T

1
1

0.4
Ampiitude - 0 N

volts
-0.4 H

-0.8 I

-1.2

-2.0
Time —e
FDA 316106

Figure 111. Typical Time Domain Output of Model Pertubated With Finite Bandwidth
Impulse Function

Figures 112 and 113 depict the gain accuracy of the composite compensation spectra for the
254 ym and 76 pm thermocouple models generated by the above procedures. These data were
generated on the Hewlett Packard Model 5451C Fourier Analyzer in single precision. Gain errors
between the spectra generated from the finite bandwidth impulse functions compared with the
compensation spectra generated from discrete sinusoids using the original computer program
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were typically less than 1 percent. This is excellent considering the use of single precision
computations. Figure 114 depicts the phase function obtained from the finite bandwidth impulse
and the original program. The results from the finite bandwidth impulse are the most accurate
because sampling in the original program was inadequate.
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Figure 114. Comparison of Phase Function Computed With Original Program and Fixed
Bandwidth Impulse — 76 wm Thermocouple

Task Il — Reprogramming of Dynamic Gas Temperature Measurement System
Data Package into FORTRAN IV

Summary. — In Task III, the data processing program which was originally written for a
Hewlett Packard model 5451C Fourier system was re-written in FORTRAN IV and implemented
on IBM computers at Pratt & Whitney and at NASA-Lewis Research Center. Processing time
was decreased from about 121 minutes as implemented in the Fourier system to less than 4
minutes in the IBM model 3090 computer (120 records). The finite bandwidth impluse function
technique for pertubation of the thermocouple model developed in Task II was rejected in favor
of retention of discrete sinusoids as originally implemented when the decrease in processing time
on the IBM computer was found to be much greater than estimated.

Discussion. — The original data processing program was developed on a Hewlett Packard
model 5451C Fourier Analyzer system. The software made extensive use of the analyzer’s specific
programming features. In Task III, the processing program was written entirely in FORTRAN
IV to permit more generalized implementation on other computer systems and to reduce
computer processing time.

In Task II, an algorithm to reduce the computer processing time by evaluating the
thermocouple model at multiple frequencies simultaneously was developed but was not
implemented in the final version of software. Execution of the original algorithm in the IBM
computer was much faster than had been predicted.

The merging of high level HP keyboard routines and user written FORTRAN languages in
the original program implemented on the HP Fourier system were user friendly but very
inefficient in processing speed.
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The software to determine the delta time increment for the evaluation of the finite
differences model was modified to ensure a minimum of 128 samples per period for each
frequency evaluated. This was to ensure adequate sampling necessary for accurate phase
measurement. In Task II it was determined that a minimum of 128 samples were required to
compute the phase angle to within 1 degree. Additionally, the program was upgraded to process
both Type K and Type B thermocouple data.

Variations in thermocouple properties (density, heat capacity, and thermal conductivity)
were investigated to determine errors incurred due to modelling only one-half of the
thermoelement. The nine-node computer model shown in Figure 115 was originally chosen for
the simplicity and rapidity of calculation; however, it was recognized that property variations
between different legs of the thermoelement would cause differences in calculated compensation
spectra. An example of an Instrument Society of America (ISA) Type B (Pt/6Rh-Pt/30Rh)
thermocouple was prepared to assess the magnitude of the expected differences. Three
compensation cases were run using the same thermocouple experimental data. The first case
involved compensating measured data assuming Pt/6Rh properties in the model. The second
case used Pt/30Rh properties, and the third case used average properties.

Thermocouple
d ‘1 / Element

Ceramic
Probe Body

Support Wire
/{i ’

00\e1 02 03 0+ @5 @5 O7 @: @9

Junction

R —

FDA 316110

Figure 115. Nine-Node Finite Difference Model

Results of the calculations are the compensation spectra shown in Figure 116. The Pt/30Rh
compensation spectrum is larger than the Pt/6Rh spectrum by about 15 percent over the 0 to 1
kHz bandwidth; the average properties spectrum lies approximately midway between the two.
These results indicate the Pt/30Rh material to be more responsive to gas stream dynamic
components; its response therefore requires smaller compensation. This is to be expected from
comparison of Pt/6Rh and Pt/30Rh properties. Thermal diffusivity, the combination of thermal
conductivity, density, and specific heat, is approximately 15 percent lower for Pt/30Rh than
Pt/6Rh at 1500°F. Pt/6Rh with higher thermal diffusivity is therefore less responsive to
temperature changes. The associated gammas varied approximately +7 percent from the
22.13 X 1078 m'®/sec value based on average material properties. This indicates approximately a
one-to-one relationship between an error in the measurement of gamma and error in its
compensation frequency spectrum.
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Figure 116. Calculated Thermocouple Response for Pt/6Rh, Pt/30Rh, and Average Material
Properties

The processing software was modified to use average material properties. This approxima-
tion results in additional measurement uncertainty. A more complete model considering both
halves of the thermocouple simultaneously, each with individual properties, involves complexity
of additional equations and increased computer execution time, and is beyond the scope of this

effort. Depending on measurement uncertainty considerations, such a model may be necessary
for future programs.

For software checkout, F100 engine FM tape data were digitized and then processed in the
mainframe [BM computer (model 3090) at Pratt & Whitney. There were slight differences from
the original contract results. These were attributed to the minor error in the original software
finite differences model (previously described) and the implementation of average thermocouple
properties. Additionally, mathematically generated sinusoidal data records with predetermined
parameters (amplitude, system gain, test point conditions, etc.) of 8 Hz and 200 Hz were used to
verify proper program execution. Discrete sinusoids (narrowband signals) such as the 8 Hz and
200 Hz test cases will exhibit a discontinuity in the compensated time record and a small
amplitude modulation. Figures 117 and 118 depict the compensated time records for 76 pm and
254 pm thermocouples at 8 Hz. The effect is most noticeable in the frequency band near the
corner frequency of the thermocouple where the change in the gain function per spectral line of
the compensation spectrum is highest. The effect is inherent in the use of discrete Fourier
Transforms. The FFT of the sinusoid will indicate significant energy in the first couple of
spectral lines above and below the true frequency. These components should be compensated by
the same gain and phase as the true frequency. However, they are compensated as if they were
the true frequency. For the 8 Hz sinusoid, the effects are more pronounced in the 254 um
thermocouple (Figure 118) with a corner frequency of about 4 Hz than the 76 pm (Figure 117)
with a corner frequency of about 23 Hz. At higher frequencies (relative to the thermocouple
corner frequency and the spectral line frequency separation) the effect will be negligible.
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Figure 117. Compensated Time Waveform for 76 ym Thermocouple for an 8 Hz Sinusoid
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Figure 118. Compensated Time Waveform for 254 um Thermocouple for an 8 Hz Sinusoid

The software was implemented at the NASA-Lewis Research Center on an IBM computer.
On-site support was provided to interface the thermocouple data processing software with
NASA’s front end digitization system. The 8 Hz sinusoidal data case was run to ensure proper
program execution. The F100 FM tape data from Reference 1 were digitized at NASA and
processed in their computer to provide an end to end checkout. These results were compared with
those obtained at Pratt & Whitney to ensure common results.
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Task IV — Data Acquisition

P&W personnel provided on-site support at NASA-Lewis Research Center to review and
assist in the setup for data acquisition of dual wire thermocouple data during the testing of a high
pressure burner rig. This effort involved reviewing the setup in terms of equipment, amplifiers,
filters, and scaling. The task was completed with the successful acquisition of data having a
sufficient signal-to-noise ratio to achieve the required accuracy.
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DISCUSSION OF RESULTS

The results of the two experiments (rotating wheel and subscale combustor) of Task I were
effective in verifying the accuracy and frequency response of the dynamic gas temperature
measurement system previously developed in Reference 1. Detailed discussions of the compen-
sated data from the two-wire thermocouple probes and fine wire resistance thermometer
temperature probe standards are presented in the Task 1d and le technical discussion sections.
However, a brief review of these results can be summarized as follows.

Rotating Wheel Experiment

At the 250 Hz test condition (the primary analysis point) the 76 pm (0.003 inch)
thermocouple compensated data were approximately 23 percent lower than the compensated
6.4 um (0.00025 inch) resistance thermometer temperature standard. This variation is greater
than originally predicted for this experiment; however, these results are not unreasonable when
the uncertainties associated with the detail components of the rotating wheel apparatus are
considered. A large amount of the observed difference may be attributed to the fact that the
aerodynamic parameter, I" , used for compensating 250 Hz data was extrapolated from lower
frequency data at 20 Hz. During the data analysis it was determined that temperature
fluctuations of sufficient magnitude were not present in the 250 Hz test data spectrum. It has
been demonstrated that the data must contain temperature fluctuations at frequencies generally
lying between the corner frequencies of the large and small diameter thermocouples to ensure
adequate sensitivity for the measurement of T

Subscale Combustor Experiment

Results from the subscale combustor tests were good, especially when considering the level
of the gas path temperature fluctuations. In the region of 20 Hz, where the temperature
fluctuations were approximately 23K rms/\/Hz, the compensated 76 pm thermocouple read
approximately 18 percent greater than the compensated 12.7 um (0.0005 inch) resistance
thermocouple temperature standard. At all higher frequencies, where the dynamic temperature
amplitudes ranged from approximately 8K rms/\/Hz down to 3K rms/\/Hz, the compensated
76 pm thermocouple was 41 to 48 percent higher than the 12.7 um resistance thermometer.
Although the percent of reading errors for the dynamic components appear high, they are
relatively low in actual temperature differences.

The compensated 76 um (0.003 inch) and 127 pm (0.005 inch) thermocouples produced
much closer results when compared. The maximum error between the two was only 12 percent of
reading.

Comparison of the high temperature optical fiber thermometer (compensated and
uncompensated) with the compensated 76 um (0.003 inch) thermocouple showed larger
differences than the comparison of the 76 pm (0.003 inch) thermocouple to the 12.7 um
(0.005 inch) resistance thermometer. Compensated optical fiber thermometer data varied from

38 percent lower to 199 percent higher than the corresponding compensated 76 pm thermocouple
data.

Using the compensated 76 pm thermocouple to represent the true gas path frequency
characteristics, the transfer function of the uncompensated optical fiber thermometer to the
compensated thermocouple exhibited a gain function roll-off rate of approximately —3 dB per
octave over a limited frequency range. For the average test point conditions this frequency range
was from approximately 12 to 150 Hz. For the second test condition this range was
approximately 12 to 250 Hz. At all other frequencies out to the range of the analysis (1 kHz), the
roll-off rate was approximately —6 dB per octave. These results however, were obtained using a
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single optical fiber thermometer sensor which was observed to have deteriorated during testing.
Post-test inspection of the sensor revealed that the platinum coating on the tip had deteriorated
sometime during the test and may have affected the sensor performance.

Computer Programming Efforts

The results of the computing program software development have similarly been discussed
in detail in these Tasks; however, a brief review of these results can be summarized as follows.

In Task II, the computer algorithms originally developed for the Hewlett-Packard Fourier
Analyzer System used in Reference 1 were reviewed to determine a means of reducing the
processing time. The result of these efforts were the development of an input function for use in
the IBM computer program developed in Task III. Ultimately the original program’s use of
discrete sinusoids for pertubation of the finite element model was retained. It was determined in

Task III that the program execution time of the IBM computer was significantly faster than
anticipated.

In Task III, the original program of Reference 1 was rewritten in FORTRAN IV and
implemented on IBM computers at P&W and NASA-Lewis. Processing time was decreased from
approximately 121 minutes for the original program to less than 4 minutes on the IBM computer.
Detailed descriptions of the program developed are presented in Volume II of this report.

Recommendations

Directions for further work in this measurement technique fall into two general categories:
1) fine tuning and optimization of the measurement method, and 2) fundamental aspects of heat
transfer. These are outlined below:

1. Measurement uncertainty contribution, both precision and bias, should be
determined for each source in the experiment and compensation method.
The need for the dynamic temperature sensor is to optimize thermoelement
diameter ratio and frequency range for determining I', and to improve the
experimental setup and other factors to minimize uncertainty in the
compensated gas stream measurement. Such an uncertainty analysis would
involve propagation of uncertainties for time-dependent quantities, and
would require combining measurement uncertainties in both time and
frequency domains. The physical significance of uncertainty of a given
spectral line in the temperature spectrum merits careful consideration.
Lastly, the uncertainty of the resistance thermometer data needs to be
determined for meaningful comparisons with dynamic temperature sensor
data.

2. The finite-difference model should be extended to include material
properties for both halves of the thermoelement. Use of average properties
simplifies the model but compromises uncertainty in the compensation
method. The average properties vs individual properties change would
determine the corresponding measurement uncertainty contribution, and
allow cost vs complexity tradeoffs to be made for the compensation scheme.

3.  The variation of I" with frequency should be investigated. The I" values
used in this work were averaged over the practical working bandwidth.

Investigation of frequency dependent effects were beyond the scope of this
work.
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4.

Values of hg implicit in I" should be determined explicitly. The measure-
ment technique developed here offers a novel possibility for measuring hg
for a cylinder in crossflow in a combustion stream.
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CONCLUSIONS

The accuracy of the dynamic gas temperature measurement system has been demonstrated
in laboratory experiments. Differences between reference sensor and compensated dynamic gas
temperature sensor data were small in comparison with experimental mean gas temperatures.
The compensation technique developed is among the first available for correcting transient
effects of both conduction and convection.

The dynamic gas temperature measurement system offers measurement capabilities
previously unavailable for gas turbine engines. Structural adequacy of the probes demonstrated
in previous work is now more meaningful in combination with measurement fidelity verification.
The method can potentially be adapted to transient engine acceleration combustor exit
temperature measurements, associated blade and vane cooling flow temperature measurements
during transients, as well as used for measurement of steady-state engine dynamic gas
temperature signals.
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Symbol

QO

pw

= a O

5|

F/A

=""a

LIST OF SYMBOLS
Description
Constant in finite-difference 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 pm (0.003 in.)
thermocouple element

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

Constant in finite-difference transfer function
equation = d? /8 a AT

Constant in finite-difference transfer function
equation = D?/4 A

Radian frequency = 2 = f

Specific heat of thermocouple wire

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

Constant in finite-difference transfer function
equations =d?/4 &

Young’s Modulus

Constant in finite-difference transfer function
equations = I’ D* A/2 a

Free stream gas fuel-air ratio
Frequency
nth frequency window in frequency space

Constant in finite-difference transfer function
equations = " d#8/2 1

Thermocouple signal gain
Design safety factor for vibrational stress

Measured FFT spectrum of smaller diameter
thermocouple

Probe ceramic height

Measured transfer function (FFT frequency response

function) of larger diameter thermocouple with
respect to smaller diameter thermocouple

Convective film coefficient of thermocouple element

Convective film coefficient of thermocouple support

wire

Units

Meters-sec/K

) =

K
Meters-sec/K
Meters

Radians/sec
Cal/grams-K
Meters
Meters
Meters

Newton/Meters?
Meters

Dim-less
Hz

Hz
Meters

Dim-less
Dim-less

K
Phase — degrees

Meters

Gain — dim-less
Phase — degrees

Watt/m’K
Watt/m?K
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|l

"

- o

Mo M

n

-2

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
Cyclic frequency — subscript
Number of ensemble averages

Convective heat transfer Nusselt number for the
thermocouple wire

Gas total pressure

Gas Prandtl number

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
thermocouple 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,
l/ﬁ l/2 1/2

PTE UZ /(ug/pg) pw CPW

Gas stream ratio of specific heats

Coherence function

Finite difference model spacing of the thermocouple
support wire

Seconds

Cal/sec-Meter-K
Cal/sec-Meter-K
Cal/sec-Meter-K

Meters
Meters

Dim-less
Hz
Dim-less

Dim-less

Newton/Meter?

Dim-less

Newton/Meters?

Dim-less
K
K
K

K
K

Seconds
Meters/sec

Dim-less

Units

Meters?/sec
Meters®?/sec

Dim-less
Dim-less

Meters
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AT
At

een’or

T]ln

n2n

o(f)

Temperature difference
Time step

Finite difference 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,

Fin efficiency function = /4 Nu Kg/D"ke

Phase shift of the 76 pm (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 f,

Peak amplitude of the smaller diameter thermocouple

at frequency f,

0,, as a function of frequency

Peak amplitude of the larger diameter thermocouple

at frequency f,

0,, 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;

A,, as a function of frequency

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

A,, as 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

K

sec

Meters

%
Gain — dim-less

Phase — degrees

1/Meters
Degrees

Degrees
K

K
K

K
Dim-less

Degrees

Degrees
Degrees

Degrees

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

Degrees

Dim-less
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