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FOREWORD

This Final Report presents the results of a development program conducted by
Pratt & Whitney to develop heat flux sensors suitable for installation in hot
section airfoils of advanced aircraft gas turbine engines. This effort was
conducted for the National Aeronautics and Space Administration under Contract
NAS3-23529. This orogram was conducted under the direction of Mr. Raymond
Holanda who served as the NASA Program Manager. The Program Manager at United
Technologies Corporation, Pratt & Whitney, was Mr. William H. Atkinson. Dick
Strange and Marcia Cyr contributed significantly to the analytical effort. The
cylinders were instrumented by Bob Guenard. Fred Fries and Bob Williston rar
most of the cylinder in cross flow tests.
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SECTION 1.0
SUMMARY

The overall objective of this two phase program is to develop heat flux
sensors suitable for installation in hot section airfoils of advanced aircraft
gas turbine engines. The first phase consisted of design, fabrication,
calibration and testing of two heat flux sensor types (Ref. 21). The second
phase, which is covered in this report, tested these sensors and other sensor
types in a cylinder in cross flow experiment conducted in an atmospheric
pressure combustor test rig to evaluate the performance ¢f the sensors.

A lTiterature survey conducted into cylinder-in-cross-flow tests and
measurement methods indicated testing of heat flux sensors was mostly done at
low temperatures and low Mach numbers. Although this information provided the
basis for analytical predictions in the current test program, it was not
directly applicable since the combustor exit environment has higher
temperatures and higher Mach numbers. Sensor types deveiopec under phase I
were used as well as a transient slug sensor type. The results from these
sensors were compared to other measurements and with analytical predictions.
The results for the cylinder-in-cross-flow test program are identified below:

o Sensor types developed under Phase I demonstrated the capability to
withstand hot section environmental conditions.

o Sensor types from Phase 1 showed reasonable agreement in heat flux
measurements.

o Non-one-dimensional heat flow was shown to present serious problems in
the interpretation of the heat flux sensor data.

o The results from the sputtered thermocouple sensors were unrealistically
high and possible causes were identified.
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SECTION 2.0
INTRODUCTION

Designing durable turbine airfoils which use a minimum amount of cooling air
requires detailed knowledge of heat flux characterist.cs within the hot
section of advanced aircraft gas turbine engines. To acquire this knowledge,
accurate and durable heat flux sensors need to be developed. These sensors
would provide a diagnostic tool enanling the modification and verification of
analytical procedures used .o design turbine airfoils having improved
durability and longer life. These, in turn, would promote a longer component
life while minimizing the amount of cooling required, thus advancing fuel
efficiency and reducing maintenance costs.

Considerable development has been done on both low and high temperature heat
flux sensors for such diverse purposes as basic boundary layer experiments,
solar power and energy conservation investigations, research on thermal
protection systems for advanced aircraft and spacecraft, and application in
advanced aircraft combustors. However, none of these applications combines the
requirement for materials compatibility, miniaturization, and survivability in
a hostile environment that is necessary for a viable turbine airfoil heat flux
sensor. Due to the inherent limitations of current sensors, it has been
impossible to collect hard empirical data relating to the heat transfer taking
place in operating turbine airfoils in aircraft gas turbine engines. As an
undesirable alternative, investigators have been forced to rely on heat flux
predictions derived from ad hoc analytical models, which are in themselves,
unverifiable due to the very lack of empirical data.

As part of the HOST program, development of heat flux sensors suitable for use
on turbine airfoils was initiated at Pratt & Whitney under Contract
NAS3-23529. The objectives of this program were to develop heat flux sensors
for gas turbine blades and vanes and demonstrate a variety of heat transfer
measurement methods on a test piece of simple geometry in an atmospheric
pressure combustor rig. The second phase of this program, the cylinder in
cross flow experiment, which is reported herein, was designed to demonstrate
the performance of various heat transfer measurement techniques by determining
the heat transfer coefficient to a cooled cylinder in an atmospheric pressure
combustor rig. The rig was characterized and heat flux sensor data was
obtained up to gas stream temperature of 1700K and velocities to Mach 0.74.
The experizant included various methods for measuring heat flux and determining
the heat transfer coefficient:

ke A method based on measuring the temperature difference across an
internally cooled wcll(Steady - state sensors including the embedded
thermocouple and Gardon gauge sensors deveioped under Phase 1 of this
contract).

2. A method based on a step change in heat flux (slug calorimeter)
3. A method based on fluctuating gas and surface temperature

measurements using a dynamic gas temperature probe of dual wire
design and a sputtered thin film surface thermocouple.
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SECTION 3.0
SURVEY AND EVALUATION OF CYLINDER IN CROSS FLOW EXPERIMENTS
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A survey was conducted to identify various heat transfer measurement tech-
niques that could be used for the cylinder in cross flow experiment. This
survey consisted of a literature search, consultation with authorities in the
field of heat transfer measurements, and a review of state-of-the-art sensois.

LITERATUKE SURVEY

The United Technologies Research Center Library was used to conduct a computer
assisted literature survey on heat-transfer measurements for cylinder in cross
flow experiments as well as the modeling of those experiments. A complete
listing of the literature reviewed is contained in Appendix A.

As described in the literature, most testing was conducted at low temperatures
in wind tunnels with grids placed upstream of the cylinders to generate free
stream turbulence. The cylinders were typically heated with strip heaters to
permit measurement of heat transfer rates. Dils and Follansbee (Ref. 4),
however, conducted the experiment with an unheated cy!inder downstream of a
combustor. In both types of experiments, gas temperature fluctuations were
measured by means of fine wire thermocouples and surface temperatures were
measured with embedded thermocouples (Ref. 19) or sputtered thermocouples
(Ref. 4). Velocity measurements of the exhaust gas were made by laser
velocimetry (Ref. 4) and hot wire anemometry (Refs. 19, 12). From these
measurements, calculations can be made for the turbulent shear stress of the
cylinder, frequency spectra, and boundary layer shape parameters (Ref. 28).

Heat flux to cylinders in cross flow is influenced strongly by the free stream

turbulence (Ref. 10). As turbulence is increased, the heat transfer

coefficient increases. This correlation can be found by using the parameter |
TuRe'"* where Tu is the turbulence intensity and Re is the Reynolds number

as shown in Figure 1 (Ref. 7). These observations have been confirmed at low

Reynolds numbers in cold flows as well as at high Reynolds numbers in hot

flows. The heat transfer coefficients found in hot flows are uniformly higher

than those found in low-turbulence cold flows.
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Figure 1 Effect of Turbulence Intensity on Heat Transfer-Adapted from

Reference 7
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CONSULTATIONS

Discussions in the fields of heat flux and fluid flow measurements were held
with authorities from educational institutions, industry and the government.
None were aware of the existence of commercially available heat flux sensors
that would survive in the gas turbine hot section. .

SURVEY OF STATE-OF-THE-ART INSTRUMENTATION

In parallel with the literature survey, a survey was conducted of the
commercially available instrumentation for heat flux measurements in an
atmospheric pressure combustor rig. This survey showed that there were no
commercially available sensors that possessed the characteristics of high
temperature capability, extreme ruggedness, nonperturbing qualities, and small
size demanded by this application. However, it was found that the heat
transfer coefficient could be obtained by combining the fine dual wire
thermocouple probe and the sputtered thermocouple surface temperature sensor,
two experimental methods that were developed at Pratt & Whitney under NASA
contracts NAS3-22002 and NAS3-23154.
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SECTION 4.0
HEAT FLUX SENSOR DESIGN

Foliowing evaluation of various sensor types, two types of steady st>te heat
flux sensors were chosen by NASA to be designed for use in turbine biades and
vanes and for the cy'inder in cross flow experiment. These were e nedded
thermocouple sensors and Gardon gauge sensors. The development ¢r these
sensors is described in Reference 22 (MNASA contractor report CR-168297). The
third sensor, a slug calorimeter sensor for transient measurements, was chosen
to be included in the cylinder.

CHOICE OF TEST GEOMETRY

For the atmospheric prescure combustor test, a simple geometry was selected to
allow comparison with thecretical calculations and published data. Published
test and theoretical data was available only for simple geometries such as
plates in channel flow or cylinders and spheres in cross flow. A cylindrical
test piece was chosen because: 1) cylinders are well documented in the
literature, 2) they could be easily supported in front of a combustor and 3)
they are representative of airfoil leading edge geometries. The cylinder size
was determined by trade offs among many factors. Small cylinders would
maximize the heat transfer coefficient, minimize combustor blockage and
minimize Reynoids number which, in turn, minimizes the turbulence effects.
However, larger cylinder sizes were favored due to construction
considerations. Angular resolution of the sensors also decreased with
decreasing cylinder diameter. Therefore, if the sensor is required to cover no
more than + 6 degrees of the cylinder surface and a minimum practical sensor
diameter of 1.5 mm is used, then at least a 1.5 cm diameter cylinder is
needed. A compromise was reached with Hastelloy-X tubing, which has an outside
diameter of 1.6 cm and a wall thickness of 1.5 mm.

Calculations were performed to determine the necessary internal heat transfer
coefficient to cool the cylinder. RBased on those calculations the test
cylinder was designed to be cooled by channel flow to increase the internal
heat transfer coefficient. This was accomplished by inserting an internal
tube with a 0.8 cm outside diameter into the center of the larger cylinder
which restricted the coolant flow to an annulus.

Mechanical Design

Embedded thermocouple sensors require installation of lead wires in both the
hot and cold side of the tube wall. These sensors were designed with three
single conductor swaged wires to maximize the thermocouple wire size to
increase durability while keeping the required slots small. Figure 2
illustrates the design for the embedded thermocouple sensors. In this design,
both an Alumel and Chromel wire are embedded on the cold side of the tube and
an Alumel wire is embedded on the hot side. The sensor output is obtained as a
differential signal from the Alumel wires. The Chromel/Alumel thermocouple
yields a reference temperature.
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EMBEDDED SWAGED WIRE THERMOCOUPLES

™7
CHROMEL - ~ ALUMEL
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ELECTRICAL SCHEMATIC EMBEDDED THERMOCOUPLE SENSOR
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Figure 2 Schematic of the Embedded
Thermocouple Heat Flux Sensor
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ELECTRICAL SCHEMATIC GARDON GAUGE SENSOR
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12 SENSOROUTPUT
13 - REFERENCE TEMPERATURE

Figure 3 Schematic of the Gardon
Gauge Heat Flux Sensor

The Gardon gauge sensors require installation of lead wires on only the cold
side of the tube. To minimize machining and maximize durability, these sensors

were designed with a single sheathed three conductor cable.

Figure 3 shows a

schematic of the Gardon gauge senscrs. In this design, two Alumel wires and
one Chromel wire are installed in a single sheath that is embedded in the cold
side surface. This unique three conductor cable was produced to our

specifications by Idaho Labs'.

The sensor was formed by electro-machining the cavity into the tube. One
Alumel lead was attached to the bottom center of the cavity; the other Alumel
lead and the Chromel lead were attached to the wall of the cavity near the
bottom. Sensor output was obtained from the two Alumel wires, while a
reference temperature was obtained from the Chromel and Alumel wires attached
to the wall. The cavity made for the Gardon gauge was filled with a ceramic
cement which provided aerodynamic integrity on t-e cold side as well as
support and oxidation protection for the fine thermocouple wires.

1

Idaho Laboratories Corporation
2101 Hemmert Avenue
Idaho Falls, ID 8340]



The slug calorimeter sensors required installation of lead wires only on the
cold side of the tube. Thermocouple wire size was maximized to increase
durability by using two single conductor swaged wires. Figure 4 shows a
schematic for the slug calorimeter sensor. In this design, a slug was formed
from the base material bty eloxing a ring around the sensing area. The Chromei
and Alumel wires were then resistance welded to the cold surface of the slug.
The eloxed ring was then filled with a ceramic cement to provide thermal
insulation, ensure one-directional heat flow, and to restore aerodynamic
integrity.

SLUG CALORIMETER

CERAMIC
= INSULATING
MATERIAL

COLD SIDE

CYLINDER WALL

ey
0.147CM
( HOT SIDE

CHROMEL

ALUMEL
COLD SIDE

7

Figure 4 Schematic of Slug Calorimeter Heat Flux Sensor
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SECTION 5.0
FABRICATION OF HEAT FLUX SENSORS

FABRICATION OF SENSORS INTO CYLINDER

The procedures for the fabrication of embedded thermocouple sensors and Gardon
gauge sensors into turbine airfoils were developed under Phase 1 of this
contract and are described in Reference 22. The procedures were adapted for
the installation of sensors into the test pieces used during this second phase
of the contract.

The test pieces used in the heat transfer experiment were cooled Hastelloy-X
cylinders, 16 mm in diameter with a 1.5 mm wall thickness. The cylinager was
cut in half along the axis of the cylinder to allow access for the
installation of the sensors. The sensors were then eloxed into the cylinder
with a 51 mm space between sensors. This distance was chosen so that the
individual sensors could be centered in the combustor gas path without heating
the other sensors. Figure 5 shows the cylinder halves and the machined sensor
areas as well as the leadwire conduit tube.

EMBEDDED
THERMOCOUPLE
SENSOR

Figure 5 Cylinder Halves and Leadwire Conduit Tube



The embedded thermocouple sensor, the Gardon gauge sensor, and the slug
calorimeter selected for testing were fabricated into the cylinder wall.
Figures 6 through 9 show a sequence of photographs taken during installation
of the embedded thermocouple sensor. The embedded thermocouple sensor was
formed by machining a groove into the hot side wall and two grooves into the
cold side wall to accept the thermocouple wires. The grooves were 0.3 mm wide
and 0.3 mm deep and were cut by electrical discharge machining. At the
thermocouple junction end of the groove, the depth was reduced to 0.13 mm to
keep the thermocouple junctions as close to the surface as possible. The
Alumel-Alumel junctions were directly opposite each other on the cylinder wall
and the grooves were approximately 90 degrees apart to reduce the structural
impact. The thermocouple wire used was 0.25 mm diameter single conductor
swaged Chrome! and Alumel wire. The swaged thermocouple wires were installed
in the grooves and held in place by fillet wires of Chromel P, which were
resistance welded in place as shown in Figures 6 and 7. After the
thermoelectric junctions were made by resistance welding, the area around the
thermocouple junction was filled with powdered MgO insulation material to
protect the thermoelectric junctions. A Hastelloy-X cap was then welded over
the sensing area. After the wires and caps were installed, the area was
manually smoothed to restore aerodynamic integrity. The completed embedded
thermocouple sensor is shown in Figures 8 and 9.

Figure 6 Cold Side of Embedded Thermocouple Sensor After Installation of
Leadwires
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Figure 7 Hot Side of Embedded Thermocouple Sensor After Installation of
< Leadwires
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1o Figure 8 Cold Side of Completed Embedded Thermocouple Sensor
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Figure 9 Hot Side of Completed Embedded Thermocouple Sensor

Figures 10 through 12 show a sequence of photographs taken during construction
of the Gardon gauge sensor. The Gardon gauge sensor was fabricated by
machining a cavity 1.5 mm in diameter into the cold side surface to a depth
that left a sensor foil .22 mm + .04 mm thick at the bottom of the cavity.
This dimension was determined by using Pratt & Whitney's TCAL program to
optimize the sensor performance. A curvature was used on the end of the tool
to produce a uniform thickness at the bottom of the hole in the curved tube
wall. Next, a 0.55 mm deep groove was machined into the cold side wall for th2
leadwire. Special eloxing tools were required to maintain constant dimension,
for the curved surfaces of the cylinder. The wive used to fabricate these
sensors was a three conductor swaged wire 0.5 mm in diameter with two Alumel
and one Chromel conductor. The thermocouple wire was installed in the channel
utilizing the technique discussed above using Chromel P as a fillet wire. One
Alumel wire was attached by resistance welding in the center at the bottom of
the cavity and another Alumel wire was attached to the sidewall of the cavity
near the bottom. The Chromel wire was attached to the sidewall near the bottom
of the cavity directly opposite the Alumel wire as shown in Figure 10. The
area where the leadwire was installed was ground relatively smooth as shown in
Figure 11. The cavity of the Gardon gauge was filled with M-Bond GA100 ceramic
cement. This cement provided both structural protection and oxidation
resistance for the small wires. After the ceramic was given an oven cure, the
surface was manually smoothed to restore aerodynamic integrity. Figure 12
shows the completed Gardon gauge sensor.
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Figure 12 Completed Gardon Gauge

The construction of the slug calorimeter is shown in Figures 13 through 15.
The slug calorimeter sensor was fabricated by machining a ring .19 mm wide and

.25 mm deep around a slug of material 1.5 mm in diameter on the cold side
surface of the cylinder. Two grooves .3 mm wide and .3 mm deep were machined :
into the cold side wall for the leadwires. The wires used for these sensors 4

were .25 mm single conductor swaged Chromel and Alumel wires. Tha
thermocouples were installed in the groc-es and held in place with fillet
wires of Chromel P. The thermocouple junction was made at the side of the slug
on the cold surface as shown in Figure 13. After the thermoelectric junction
was made, the surface was manually smoothed to restore aerodynamic integrity
(Figure 14). The ring was then filled with M-Bond GA100 ceramic cement to
provide thermal isolation for the sensor area. The cement was then given an
oven cure. The completed slug calorimeter sensor is shown in Figure 15.

Following fabrication of the sensors a leadwire conduit tube was installed in
the cylinder and the sensor leads were led out through it (Figure 16). Spacers
were installed on the leadwire conduit tc keep it centered in the cylinder.
The cylinder halves were welded together as shown in Figure 17. The completed
cylinder test piece is shown in Figure 12.
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Figure 17 End View of Cylinder After Welding

Figure 18 Completed Cylinder
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FABRICATION OF DYNAMIC GAS AND METAL TEMPERATURE SENSORS OF POOR QUALITY

The probe thet was to be used to measure dynamic gas temperature fluctuations
was the dual fine wire thermocouple probe that was developed at Pratt &
Whitney under NASA Contract NAS3-23154. This probe is shown in Figure 19.
Details of the construction of these probes can be found in Reference 25.

The cylinders for the sputtered thermocouple surface temperature sensors were
made from solid NiCoCrAlY rods. The rods were cast in Pratt & Whitney's
Material Laboratory as 31 cm long 1.9 cm diameter rods. The rods were ground
to a diameter of 1.6 c¢m and drilled with carbide tipped tools to produce a .6
cm hole for coolant flow. The thermocouples were sputtered onto the cylinder
as described in Reference 27. The completed cylinder with sputtered
thermocouple installed is shown in Figure 20.

Figure 19 Dual Fine Wire Thermocouple Frobe

Figure 20 Cylinder with Sputtered Thermocouple Surface Temperature Sensors
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SECTION 6.0
CALIBRATION

After fabrication, a program was undertaken to provide calibrations of the
heat flux sensors to determine the output versus transmitted heat flux
relationship. Due to variations between sensors because of manufacturing
tolerances, individual sensor calibrations were performed to obtain maximum
accuracy.

CALIBRATION TEST FACILITY

A quartz lamp bank test facility was used for all testing. The cylinders were
cooled with internal cooling air. The reat source was a quartz lamp bank with
six parallel quartz halogen bulbs each rated at 6 KW. The buibs were 25.4 cm
long and the width of the lamp assembly was 7.6 cm. This lamp assembly was
capable of producing a maximum heat flux incident on the sensors of 1.7
MW/in?. During routine operation, the lamp was operated to approximately 1.0
MW/m* to maximize lamp life.

A photograph of the lamp face is shown in Figure 2i. The reflector on the lamp
is water cooled and the bulbs are air cooled to permit continuouc operation.
The cylinder under test was positioned below the lamp ana was surrounded with
polished water-cooled shields to concentrate the energy onto the cylinder. The
cylinder was positioned so that the surface of the sensors was parallel to the
plane of the lamps and as close to the lamps as possible. The heat flux
output of the iamp was monitored by a reference heat flux sensor mounted in
the shieid. After the shields were positioned for the cylinder calibration,
the cyiinder was removed from the lamp assembly and a second reference sensor
was mounted at the location the cylinder would occupy during calibration. A
calibration of the assembly was then performea to determine the relztionship
hetween the heat flux incident at the cylinder sensor location to that at the
reference sensor location. This relationship was used to correct the data
measured by the reference sensor during the cylinder calibration. The
position of the two reference sensors was exchanged and the calibration was
repeated to eliminate the effect of any bias between the two sensor on the
reference sensor calibrations.

SENSOR CALIBRATIONS

In order to calibrate the sensors on tne cylinder, the completed cylinder was
positioned under the lamp bank with the sensor being calibrated centered
directly under the heat source. A typical setup is shown in Figure 22. The
cylinders were coated with "Zynolite 1000F Hi-Temp"® black paint to provide

a constant known emittance/absorptance of 0.89 for calibration. Data from the
calibrations was acquired with a microcomputer system (see Reference 22). The
data at each calibration point was output to a printer and was also stored on
disk for later analysis.

?Iynolite Products Company, 15700 South Avalon, Compton, CA 90224
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The calibrations for the embedded thermocouple and Gardon gauge sensors were
conducted under two sets of conditions: varying incident heat load at constant
sensor temperature and varying incident heat load at constant coolant flow.
The heat flux transmitted through the cylinder wall was calculated by
determining the heat absorbed and subtracting the heat losses from the front
face by convection and reradiation. The absorbed heat flux is equal to the
incident heat flux as measured by the reference sensor, corrected to the test
sensor location, times the absorptance of the cylinder surface. The convective
loss is equal to the convection heat transfer coefficient (determined during
an earlier test program (Ref. 22) times the temperature differential between
the sensor surface and the ambient air temperature. The re-radiation loss is
the emittance of the cylinder times the Stefan-Boltzman constant times the
difference in the fourth powers of the sensor surface temperature and the sink
temperature. The sink temperature was experimentally determined as 400K for
this calculction. A detailed error analysis of this calibration procedure is
presented in Reference 21.

Since the slug calorimeter was a transient sensor, a different calibration
procedure was used. To obtain a calibration, the quartz lamp bank was set to a
known heat flux level. After the lamp stabilized, as determined frcm the
reference sensor, the cylinder was rapidly moved under the lamp. Cooling air
was later turned on to prevent over-heating the sensor. This was done under
computer control by activating an actuator in the coolant line when a
specified sensor temperature was reached. Because the cylinder was not heated
uniformly, non-one-dimensic-al heat flow became important as the cylinder
became hotter. To avoid this error source, only the data taken from the early
portion of the heating transient was used. Transient calibrations were also
performed on the Gardon gauge sensors using the same procedure used for the
slug calorimeters.

Two cylinders were fabricated, each with an embedded thermocouple sensor, a
Gardon gauge sensor and a slug calorimeter. The calibration results on these
sensors are presented in Figures 23 through 31.

For the embedded thermocouple sensors and the Gardon gauge sensors, the first
plot in each figure shows sensor output vs. heat flux transmitted through the
sensor. A least square fit was performed on the data to obtain sensor
sensitivity (output per unit heat flux transmitted). The second plot in each
figure shows the variation of the calibration data from that least square line
with sensor temperature. All the data falls within the + 5% of the 1 megawatt
per meter squared error bands. The sensor sensitivities alsc show no
significant variation with sensor temperature. Some sensors do show a
relatively large scatter in sensor sensitivity at high temperature. This
scatter is due to the high tenioerature, low heat flux data where small errors
in any of the calibration parameters can result in large errors in sensor
sensitivity. This data is not representative of realistic test conditions.
Figures 25 and 28 show typical calibration runs for the slug calorimeter
sensors. The data from these runs were reduced to obtain a calibration
factor: heating rate (degrees’/sec) per unit heat flux absorbed (megawatt per
meter squared). The data from the calibrations of the slug calorimeters is
summarized in Figure 29 which shows a probability plot of the calibration
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Figure 25 Typical Calibration Point for Slug Calorimeter in Cylinder 1

factor obtained during the various calibration runs. This data has been
normalized to 365K to correct for variation in specific heat of the slug
material with temperature. While the data from cylinder 2 does show
significantly greater scatter than the data from cylinder 1, all data for both
cylinders fall within + 5% of the mean result for that cylinder. Figure 30
shows a typical transient run for a Gardon gauge sensor. The data from the
Gardon gauge sensors is summarized in Figure 31. Due to the fact that the
Gardon gauge foil is much thinner than the slug calorimeter, the sensitivity
of the Gardon gauge is approximately an order of magnitude higher. It can be
seen that for both Gardon gauge sensors the calibration constant (heating rate
per heat flux absorved) increases slightly with increasing heat flux. This is
to be expected since losses through the edges of the Gardon gauge will have
less effect av more rapid heating rates.
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SECTION 7.0
RIG TESTING

Rig testing of the instrumented cylinders, sputtered thermocouple sensors and
dual fine wire thermocouple prcbes was a two step process. In the first step,
characterization tests of the burner were conducted and in the second step,
date from the various sensors were acquired.

BURNER CHARACTERIZATION TESTING

The cylinder in crossflow experiment was conducted with the use of a Becon’
atmospheric pressure combustor rig. A schematic of that rig is shown in
Figure 32. The combustor was composed of five modules which could be combined
or adapted to perform a variety of tasks with a minimum of effort. At the
front of the combustor, a fuel nozzle plate contained the fuel nozzle system.
The primary section was composed of an annular diffuser and a combustor liner
which controlled the air flow and combustion in the primary zone. The ignitor,
a flame monitor, and auxiliary instrumentation ports were included in a
standard instrumentation ring located aft of the primary section. The
secondary section was composed of an annular diffuser and a combustor liner
which controlled mixing in the secondary zone. An exhaust nozzle plate secured
a variety of cooled or uncooled exhaust nozzles to the secondary section. For
this test program a 5 cm diameter nozzle was used.

F ° 4 I
UEL = = S g EXHAUST
NOZZLE . \tﬁtus //’(3 NOZZLE
c— — . O
. pIFFUsErs O
o (~ W
. e
FUEL PRIMARY . SECONDARY || EXHAUST
NOZZLE SECTION SECTION NOZZLE
PLAT :
LATE INSTRUMENTATION PLATE
RING
il -

Figure 32 Schematic of Atmospheric Pressure Combustor Rig

To better define the environment for the cylinder in cross flow test, a test
program was conducted to characterize the exit gas temperature and pressure
profiles from this rig. Data was taken with an aspirating temperature probe
that was traversed through the gas path downstream of the nozzle. Pressure
data was taken at these same traverse points by dead-ending the aspirating
probe to a pressure gauge and turning off the vacuum pump to the probe.
Pressure and temperature data were taken at various set points. Figures 33
through 36 show chavacterization results from the burner at 1700 K and 1533 K
with the probe 5 c¢cm. from the nozzle.

"Becon Incorporated, 46 Schweir Rd., South Windsor, CT 06074
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Data was taken on a horizontal traverse for various Mach number settings. The
pressure data showed that the pressure profile was essentially flat across the
nozzle area. The temperature profile showed th.t the hot ;pot was not at the
center of the nozzle, but had shifted 1.25 cm from the center. This profile
was seen at all set points. Therefore, all data for the cylinder sensors were
taken at 1.25 cm. from the center of the nozzle. Characterization data was
also taken during vertical traverses at the same settings as shown in Figures
37 through 40. This data showed flat pressure profiles and temperature
profiles that peaxed at the center of the nozzle. From these results, it was
determined that all cylinder data be taken from a horizontal traverse with the
sensor at a position 1.25 cm from the center of the nozzle.

In order to evaluate the effect of radiant heat load from the combustor
firebali on the cylinde: in cross flow tests, a test program was conducted on
a similar combustor. A radiometer was used to measure the radiant heat load to
the combustor liner. The radiant heat load was found to vary from 30 to 70
Kw/m? depending on the run condition. The view factor from the cylinder to
the fireball will be less than the view factor from the cyl'inder to the
combustor nozzle which is 0.2. The radiant heat load to the cylinder will,
therefore, be less than 0.2 X 70 = 14 Kw/m“. That is approximately two
percent of the convective heat load to the cylinder. Since the radiant heat
load to the cylinder is less than two percent of the convective heat load, it
will not be included in the analysis cf the data.
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Figure 37 Combustor Total Pressure Profiles at 1700K Combustor Exit
Temperature - Vertical Traverse

31 |



R —— SRR - P

CHARACTER!ZATION TEST

MACH NUMBER = .43
VERTICAL TRAVERSE

el B 7] LEGEND
1800 + T|-1533 K
10001 —— Tg=1700 K
lQOOT

pt4

I 12004

|
]

+ P —p————

25 20 1.5 1.0 .5 0 .5 1.0 1.5 2.0 2.5 3.0
DISTANCE FROM CENTERLINE (cm)

ol e+

Figure 38 Combustor Temperature Profiles at Mach Number = 0.43 - Vertical
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Figure 40 Combustor Temperature Profiles at Mach Number = 0.74 - Vertical
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During a separate program, NASA Lewis obtained laser doppler velocimetry (LDV)
data behind a similar Becon burner. It was found that once the cylinder was
over 4 cm. downstream from the combustor exit, there was no interaction
between the bow wake of the cylinder and the combustor exit nozzle. Figures 4]
and 42 show the LDV results 5 cm. and 10 cm. downstream from the nozzle
throat. The first graph in each figur> shows the average velocity profile
across the centerline of the flow while the secoend graph in each figure shows
the turbulence level (standard deviation of the velocity measurements’. It can
be seen that 5 cm. from the nozzle both the average velocity and turbulence
level are quite uniform within 1 cm. of the centerline of the flow. The data
10 cm. downstream from the nozzle exit shows the velocity profile to be more
peaked and the turbulence level to be higher and less uniform.

Based on the pressure and temperature traverse data obtained at Pratt & Whitney
as well as the LDV data obtained at NASA, the location 5 cm. downstream from
the nozzle exit was chosen for the test location for the cylinder in cross

flow experiments.
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CYLINDER IN CROSS FLOW EXPERIMENT

Figure 43 shows an overall picture of the instrumented cylinder positioned in
the combustor rig. The aspirating probe was traversed vertically and was left
in the gas path until the desirec temperature and Mach number were reached.
The aspirating probe was then withdrawn and the instrumented cylinder was
traversed to the desired Gardon gauge or embedded thermocouple sensor loca-
tions. Figure 44 shows a closeup of the cylinder at the embedded thermocouple
location during testing. Cooling air was held constant for the embedded
thermocouple and Gardon gauge sensors. To run the slug calorimeters for tran-
sient data, the traverse mechanism was loosened and the cylinder was manually
movecd rapidly into the gas path after the desired set point was reached.
Coolant air, which was initially off, was later turned on under computer
control to prevent the sensor from over heating. The cylinder was then
withdrawn from the hot gas. The Gardon gauge was also used as a transient
sensor and was traversed using the same method.

All data for the slug, Gardon gauge and embedded thermocouple sensors were
taken by computer. The computer system shown in Figure 45 included a voltmeter,
scanner and printer. This allowed for data inspection in near real time.
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Figure 43 Overview of Cylinder Installed in Combustor Rig
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Figure 44 Closeup of Cylinder Installed in Combustor Rig

Data for the three sensors were taken, initially, with the sensors pointed
directly into the gas flow. This point was arbitrarily designated as the 0
degree data point. Differences between the results given by the Gardon gauge
sensors on the two test pieces prompted a study in the effects of angulan
variation. The embedded thermocouple sensors were rotated from O degree to
180 degrees as well as + 90 degrees from the O degree position and the Gardon
gauge sensors were rotated + 90 degrees from the O degree position. Data was
taken at 15 degrees intervals for both angular rotations.

The next step in the cylinder in crossflow experiment used state-of-the-art
instrumentation techniques to make heat transfer measurements for comparisons
with the heat flux sensors. The planned technique was to measure the ratio of
the variation in the gas temperature and the cylinder surface temperature.
From this ratio the heat transfer coefficient could be determined. The two
probes were used at the same time and positioned as close as possible, without
interfering with each other, in the gas stream. Figure 46 shows these probes
during the test.

The dual wire probe was traversed into position with the traverse mechanism
used for the cylinder with the heat flux sensors installed. The sputtered
thermocouple probe was manually lowered into position at the same time. Data
from these probes were taken and stored on a Group II wide band FM tape
recorder for later analysis.
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SECTION 8.0 {
RESULTS
RESULTS FROM HEAT FLUX SENSORS
Data for the embedded thermocouple, Gardon gauge and slug calorimeter sensors
were taken at various temperature and Mach number set points. The data was
initially taken at the stagnation point of the cylinder. Figures 47 and 48
show the results for each sensor on the two test cylinders. The data is
presented as heat transfer coefficient vs free stream Mach number.
The Mach nunmber was calculated based on measured pressure data using the
relationshin:
r=1
P Y
_ 2 t
MACH = 77 [(P ) -1]
S
where: Pt= total pressure
Pg= static pressure
Y = ratio of specific heats = 1.284 for the combustion products
The heat transfer coefficent was obtained from the relationship:
h (Tg - Tc) = Q/A to cylinder ‘
or h =Q/A to cylinder/(Tg-Tc) !
Anere:
h = heat transfer coefficent
Q/A = heat flux to cylinder
Tg = free stream gas temperature
Tc = cylinder temperature N

The heat flux to the cylinder is composed of two terms:
O/A to Cyllnder =3 O/A transmitted ¥+ Q/A rerad)ated

Q/A . :snsmiiieq 15 calculated from the output of the heat flux sensors. To

get Q/A .e-s2012:ea, the cylinder cold side temperature and the transmitted
heat flux were used to calculate cylinder hot side temperature. The reradiated
heat flux was then calculated as the emittance of the cylinder times the
Stefan-Boltzman constant times the difference in the fourth power of the
cylinder hot side temperature and ambient temperature.

The data from the slug calorimeters was reduced by dividing the rate of change
of temperature of the slug by the slug calibration constant to obtain heat
flux to the slug. That heat flux was divided by the difference between gas
temperature and slug temperature to obtain the heat transfer coefficient.
Since the data was taken during the early part of the transient when the slug
was still relatively cool, a reradiation term is not required.
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It can be seen that while the trends look reasonable (heat transfer
coefficient increases with increasing Mach number), there is a bias between
sensors and in some cases scatter within the data from a single sensor. To
clarify the situation, the embedded thermocouple and Gardon gauge on cylinder
1 were re-run. This data is shown in Figure 49. While the amount of scatter in
the Gardon gauge data decreased, the systematic difference between sensors
remained. The Gardon gauge sensor on cylinder 1 yielded significantly higher
results than the embedded thermocouple on the same cylinder. On cylinder 2,
the results are the opposite with the Gardon gauge yielding significantly
lower results than the embedded thermocouple sensor. On both cylinders the
slug calorimeter yielded lower results than the other sensor types. Figures 50
through 52 show comparisons between sensors of the same type. From Figure 50,
it can be seen that although there is some scatter and the results from
cylinder 2 are slightly higher than the results from cylinder 1, the two
embedded thermocouple sensors are in reasonable agreement. Figure 51 shows a
clear bias between the Gardon gauge sensors on the two cylinders with the
Gardon gauge on cylinder 1 showing a much higher heat transfer coefficient
than the gauge on cylinder 2. Figure 52 shows that, while the slug
calorimeters read lower than the other sensor types, tney yield repeatable
results.

A test program was conducted during which data was acquired away from the
stagnation point of the cylinders. The cylinders were rotated and data was
taken at 15 degree increments. Pata taken between the + 90 degree positions
are shown in Figures 53 and 54 for one embedded thermocouple and both Gardon
gauge sensors. The embedded thermocouple sensor gave a bell shaped curve with
the highest heat transfer coefficient at the stagnation point, as was
expected. The Gardon gauge sensors, however, yielded sine wave shaped curves
that were mirror images of each other. These curves also showed that the
highest indicated heat flux occurred at + 60 degrees away from the stagnation
point. Moreover, negative heat flux results were observed at + 75 degrees from
the stagnation point. The embedded thermocouple sensors were then rotated from
the stagnation point 180 degrees to the rear of the cylinder. The data from
the two cylinders is shown in Figure 55. The data from the two cylinders is in
good agreement with the maximum heat transfer coefficient at the stagnation
point. It is also interesting to note that for these test conditions, the heat
flux coefficient is virtually constant over the rear half of the cylinder.
There is only a slight rise from the minimum heat transfer coefficier. at the
105 degree point to the 180 degree point.

While rotaticnai data was being taken, slippage was seen in the traverse
mechanism. While this slippage was carefully observed during these rotation
tests, it had not been closely monitored during the stagnation point test
runs. Therefore, the stagnation point tests were re-run with careful attention
paid to the traverse mechanism. It was also decided to acquire data at the 180
degree point as well as the stagnation point to take advantage of the uniform
heat flux coefficient on the rear of the cylinder. Futhermore, transient data
was obtained from the Gardon gauge sensors to allow comparison with the
earlier slug calorimeter data. This data was reduced using the same data
reduction procedures discussed earlier.
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Figure 49 Test Results for the Rerun of Cylinder 1
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Figure 50 Comparison of Results from The Two Embedded Thermocouple Sensors
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Figure 55 Data From 180 Degree Rotation of the Embedded Thermocouple Sensors

The resulting test data from cylinder 1 is shown in Figures 56 and 57 for the
stagnation point and 180 degree data respectively.

[t can be seen that, in general, the scatter in the data for each sensor has
been reduced. At the stagnation point the Gardon gauge and embedded
thermocouple are in reasonable agreement. The transient Gardon gauge data were
significantly lower than the data from steady state sensors. At the 180 degree
point the steady state Gardon gauge data were somewhat lower than the embedded
thermocouple data. The reason for the difference between the behavior of the
two sensor types at the two locations is not known.

Comparable data from cylinder 2 is shown in Figures 58 and 59. For cylinder
2, the Gardon gauge data were still significantly lower than the embedded
thermocouple data at both the stagnation ancd 180 degree points. The scatter of
the data within each sensor has, however, been reduced. The transient Gardon
gauge data was low and similar tc the results from the transient Gardon gauge
in cylinder 1. An interesting observation is that the data from all four
steady state sensors run at the 180 degree point show a decrease in heat
transfer coefficient with increasing Mach number.
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Figure 57 Data from Cylinder 1 at 180 Degrees - Second Test Series
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Figures €0 to 64 show a comparison of the various sensors of the same type on
different cylinders. Figures 60 and 61 show that the two embedded thermocouple
sensors agree very well at both the stagnation and the 180 degree points.
Figures 62 and 63 show the same data from the Gardon gauge sensors. There is a
considerable disagreement between the Gardon gauge sensors on the two
cylinders. The Gardon gauge on cylinder 1 compared well with the embedded
thermocouple sensors. The Gardon gauge on cylinder 2 read much lower and
compared fairly well with the data frcm the transient sensors. All of the
transient sensors gave data that was sianificantly lower than the embedded
thermocoupie data and more or less in the agreement with the steady state data
from the Gardon gauge in cylinder 2. Figure 64 shows a comparison of the
transient data taken earlier from the slug caiorimeters and the data from the
transient Gardon gauges. It can be seen that the data from all the transient
sensors were lower than the steady state senso-'s with the exception of the
Gardon gauge on cylinder 2. In the repeated experiment there was a clear
division of the data. The two embedded thermocouple sensors agreed well with
the Gardon gauge on cylinder 1. On the other hand, the siug calorimeters from
the first test series as well as the trensient Gardon gauge data from the
cecond test series agreed well with the Gardon gauge on cylinder 2.
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Figure A0 Comparison of Stagnation Point Results From the Two Embedded
Thermocouple Sensors - Second Test Series
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Figure 62 Comparison of Stagnation Point Results from the Two Gardon Gauge
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RESULTS FROM SPUTTERED THERMOCOUPLE AND DUAL FINE WIRE PROBES

After data was taken with the instrumented cylinders, tests were run with the
sputtered thermocouple and dual fine wire probes. The purpose of this part of
the experiment was to obtain heat transfer measurements and compare the
results from this method with the data obtained from the instrumented
cylinders. The combined use of fine wire gas thermocouples and sputtered
surface thermocouples is an interesting extension of the one-dimensional
transient sensor invoiving the measurement of the dynamic temperature
variation under "steady state" operating conditions.

The variation in the gas temperature is determined with a fine-wire
thermocouple while the variation in surface temperature is measured with a
foil or sputtered thin film thermocouple applied to the surface. It can be
shown that the relative amplitude of the two temperature oscillations at any
given frequency is given by:

| To/Tyl = 1/\/1+23+262

wihere:

B = (1/n) N r(F)cp)RIK),
Is= amplitude of component surface temperature oscillation,
[g= amplitude of free stream gas temperature fluctuation,
h™ = surface heat transfer coefficient,
f = freqguency of the periodic wave,
¢p,p, K = material properties.

For all conditions of interest in tnis program B8>>1. Therefore,
| Te/Ty | = 1/ 282

1T/Tg | = o/ N2m(F)Cp)p)K)

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

1. contain sufficient power to induce measurabie surface temperature
fluctuations;

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

3. have thermal wavelengths A: = 2Jw(K)/(f) (P)(Cp) in the solid small
enough for the solid to be considered semi-infinite and to give
adequate spatial resolution but large enough for the thermal wave to be
uneffected by minute irreqularities in the solid.
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ORIGINAL PACEZ IS
OF POOR QUALITY

For the cylinder in cross flow test, the spatial resolution desired from the
measurement (1.5mm) dictates a A of less than 1.5 mm. This dictates f is
greater than 20 hertz. Signal strength considerations will dictate a maximum
frequency of approximately 100 hertz or A, = .7mm.

Two sets of probes were used in this experiment. However, due to various
experimental problems little useful data was produced. In the first test
series, the dual wire temperature probe was hit by a carbon particle from the
combustor and failed ( Figure 65) before any useful data could be collected.
The thermocouple probe was replaced and testing continued. Data was obtained
during the second test series. Data from the thermocouples were amplified and
recorded on magnetic tape. Post test, the data was played back through various
bandpass filters.

The frequency spectra from a typical test point are shown in Figures 66
through 68 for the .076 mm, .25 mm, and sputtered thermocouple.

Figure 65 Damaged Fine Wire Thermocouple Probe
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Figure 66 Frequency Spectrum from .076 mm Fine Wire Thermocouple

RIG CONDITIONS

T 1450K
M 03
GAIN 5%
-
D
Q
(-
b=
o]
| 1 1 | | | 1 1 1 1 ]
0 100 200 300 400 500 600 700 800 900 1000

FREQUENCY, Hz

Figure 67 Frequency Spectrum from .25 mm Fine Wire Thermocouple

RIG CONDITIONS

IU 1450K
M 03
GAIN 5K

OUTPUT

1 1 1 | | 1 | ¥ . 1 —J
0 100 200 300 400 500 600 700 800 900 1000

FREQUENCY, Hz

Figure 68 Frequency Spectrum from Sputtered Thermocouple Surface Temperature
Sensor

53



In order to obtain the true RMS variation in gas stream temperature, it is

necessary to correct the raw fine wire thermocouple data for the finite time
' response of the fine wire thermocouples. Dils and Follansbee (Reference 24)

showed that the time response of fine wire thermocouples can be calculated as

.. Py dew 15
1..92 ¥ gV
9] H
9
where: p. = Wire density Kg/m?
: C. = HWire specific heat J/KgK
d, = Wire diameter m
Kg = gas thermal conductivity J/m sec K
P, = gas density Kg/m®
By = gas viscosity Kg/m sec
V = Free stream velocity m/sec

The material properties used are listed in Table I, as are the resulting
e thermocouple time constants. It can be seen that there is negligible
? difference between the 1530 K and 1700 K results. From the time constant, the

: thermocouple cutoff frequency, f. = 1 , can be calculated.
27T
TABLE I

DATA RELATED TO RESPONSE OF FINE WIRE THERMOCOUPLES

Parameter .076 mm Wire .25 mm Wire UNITS
Tgas 1530 1530 1700 1530 1530 1700 K
Mach .32 .45 .32 .32 .45 .32

Py 19045 Kg/m3
Cw 191.8 191.2 196.8  191.8  191.8 196.8  J/KgK
dy 7.6 x 10-5 2.5 x 10-¢ m

Kg .0855 . 0355 .0896  .0d55 0855 .0896 J

m Sec. K

Pg .254 .234 2N 234 .234 211 Kg/m3
' WO R W %
v 239 3435 251 239 335 251 m/sec
1 0144 20122 L0148 L0876 L0742 .0901 sec
fe 1.0 13.u 10.8 1.82 2.4 177 Hz

'%
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Above this cutoff frequency, the response of the thermocouples will fall off 6
Db per octave. Figure 69 shows the resulting thermocouple response curves.
This data can then be used to correct the data from the fine wire thermo-
couples to obtain an estimate of the true RMS variation in gas temperature.
That data, as well as the RMS variation in surface temperature measured by the
sputtered thermocouple sensor, is shown in Table II.

The density of the NiCoCrAlY rod was determined experimentally. Neither the
specific heat nor the thermal conductivity of NiCoCrAlY is know exactly, but
it was felt that these parameters could be estimated reasonably accurately
based on the similarity of this alloy to materials with known properties.

TV rryriTn

T rHERMOCOUPLE TGAS
o

001 A | L1 1 il 1 1 L1 1111 1 1 AL L iy
0 10 100 1000
FREQUENCY. HZ

Figure 69 Calculated Response Functions For Fine Wire Thermocouple Probes

Figure 70 shows the estimated properties used for NiCoCrAlY. The thermal data
from Table III can ve combined with the material properties in Figure 70 to
calculate the heat transfer coefficient using the result derived earlier:

n= | To/FgName cppk

The resulting data is shown in Table III. It can be seen that the heat
transfer coefficient calculated based on the gas temperature variation
measured by the 0.25 mm wire averages approximately 70% higher than the heat
transfer coefficient calculated based on the 0.076 mm fine wire. All of the
data obtained by this technique yielded results that were much higher (often
by more than an order of magnitude) than the results from any of the other
methods used to determine the heat transfer coefficient.

Because of the unrealistically high data obtained from the first sputtered
cylinder, it was decided to run a second cylinder to try to repeat the data.
Some of the films on the second cylinder had peeled off pretest and,
unfortunately, all the remaining films failed (Figure 71) during the first
heating cycle, before any data could be obtained.
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SECTION 9.0
POST TEST ANALYSIS

After the rig testing was complete, a program of laboratory testing and
anaiysis was initiated. The purposes of the post test program were to compare
the data we obtained with other test data and theoretical results and to

investigate the causes of some of the unusual test results.

INSPECTION AND POST-TEST CALIBRATION

After the cylinder in crossflow experiment was completed, all probes were
inspected. The heat flux sensors on both test cylinders had survived the test
and were in good condition. As mentioned earlier, the first dual fine wire
thermocouple had failed during test while the second probe survived intact.
One of the cylinders with sputtered thermocouples seemed to have survived the

test program, while all sputtered sensors on the other cylinder

had failed.

During post test inspection of the sputtered sensors on the surviving
cylinder, it was found that there was a reversal of the leadwires. The
rhodium wire was attached to the platinum film and the platinum wi:e was

attached to the rhodium film. This would result in an erroneous

temperature

based on differential temperatures. This does not, however, explain the
unrealistically high heat transfer coefficient result obtained based on the

sputtered thermocouples.

Post test calibrations were performed on all steady state heat flux sensors on

the two cylinders. All sensors repeated well. Figures 72 to 75 show comparisons

of the pretest and post test calibrations of the four steady state sensors. It

can be seen that there is no significant difference between the
test results.

COMPARISON WITH THEORY AND OTHER DATA

pre and post

Frossling (Reference 5) showed that for nonturbulent flows the Nusselt number

and the Reynolds number are related by the simple relationship:
at the stagnation point of a cylinder in cross flow. So:

hd : .9443\/ Y Py
K¢ He
where:
h = Heat transfer coefficient
d = diameter of cylinder
K¢ = gas thermal conductivity evaluated at film temperature
Vo = free stream gas velocity
P¢ = gas density evaluated at film temperature
K¢ = gas viscosity evaluated at film temperature
or:

h theory = .9443 K¢ Voo P
d K¢

Nu = .9443 JRe
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Figures 76 through 80 show comparisons of the heat transfer coefficient data
shown earlier with the theoretical results. The plots show the ratio of the
experimentally obtained heat transfer coefficient and the theoretical result
vs Mach number. Data from all five plots show the same general trends. Figures
79 and 80 contain the data where the stagnation point angular orientation was
carefully monitored. For that data, the two embedded thermocouple sensors and
the Gardon gauge on cylinder 1 yielded heat transfer coefficients 45% to 65%
higher than the nonturbulent theoretical results. The Gardon gauge on cylinder
2 and all transient sensors yielded data 10% to 30% higher than the nonturbu-
lent theoretical results. Figure 81 from reference 7 shows data and theoreti-
cal results from a number of sources showing the effect of turbulence on the
heat transfer to the stagnation point of a cylinder in cross flow. If we assume
10% turbulence, based on the NASA LDV data, the parameter T, R, '“? had

values over the range 17 to 23 for these cylinder in cross flow tests. Based
on Figure 81, we would expect the experimental heat transfer coefficient to be
higher than the theoretical nonturbulent value by 40-60%. This is in good
agreement with the data from the two embedded thermocouple sensors and the

Gardon gauge on cylinder 1.

Over the front 70 degrees of a cylinder, the heat transfer at any angle @ can
be calculated quite accurately (Reference 30) as:

o[ )]

6
where:
(S) = angle from stagnation point
ho = stagnation point heat transfer cce.ficient
he = heat transfer coefficient at angle

Figure 82 shows the variation in heat transfer coefficient measured by the
embedded thermocouple sensor on cylinder 2 as it was rotated. Also shown is
the curve predicting the change in heat transfer coefficient with angle, based
on the above equation, with h set equal to the experimentally measured result.
It can be seen that within 70 degrees of the stagnation point. the shape of
the experimental curve agrees very well with the theoretical results.

Figure 83 shows a comparison of the rotational data from the embedded
thermocouple sensor on cylinder 1 with similar data taken elsewhere
(Reference 30). The shape of the curves is much as one would expect. Over the
front half of the cylinder, the current heat flux data taken at Reynolds
Numbers of approximately 40,000 looks much like the data from the literature
at Re = 70,000. Across the back of the cylincer, the current data is
significantly lower. That probably is because the free stream turbulence has
the most effect augmenting the heat transfer on the front of the cylinder
where the boundary layer is laminar. Beyond the separation point, considerable
turbulence will always exist over the rear of the cylinder so the additional
free stream turbulence will have little effect.
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ADDITIONAL LABORATORY TESTS

In order to investigate the strange data obtained when rotating the Gardon
gauge sensors and the unrealistically high data obtained from the sputtered
thermocouple sensor, additional laboratory tests were conducted. Rotation
tests were conducted in the quartz lamp bank calibration facility. The
variation in heat flux with angle in the quartz lamp bank facility is not

exactly the same as it was in the cylinder in cross flow test, but the profiles

are qualitatively similar. Initially, an embedded thermocouple sensor was
installed in front of the quartz lamp bank. After stable conditions were
reached, data were taken at every 15 degiees of rotation. The output, shown in
Figure 84, looks as expected. The highest value is at O degrees with the
sensor directly facing the lamp. Minimum output is near 180 degrees and the
curve is symmetric about the axis of symmetry of the rig.

The same test procedure was used with the Gardon gauge sensors. The results
are shown in Figure 85. These calibration rig tests yielded the same type of
mirror image, nonsymmetical, sinusoidal curves observed during the cylinder in
cross flow tests. This confirms that the strange behavior observed from the
Gardon gauges during the cylinder in cross flow tests is due to the Gardon
gauge design and not the cylinder in cross flow rig.

The hot end of the surviving sputtered thermocouple probe was placed in a
laboratory oven and the resistance to ground of the sputtered film was

moni tored as the probe was heated. The results are shown in Figure 86. MWhile
the film was well off ground (9 megohms) at room temperature, the resistance
to ground decreased to 300 ohms at 950K. This is comparable to the loop
resistance of the sputtered film so the thermocouple was, in effect, directly
shorted to ground at high temperature. Based on these results, there appears
to be several possible explanations for the unrealistically high sputtered
thermocouple readings during the cylinder in cross flow tests. One possible
explanation is that when the sputtered thermocouple was heated and shorted to
ground during the test, ground loops occurred that would not have been in
existence during the various system checks when the sputtered thermacouple was
cold and, therefore, insulated from ground. These ground loops could introduce
a high level of noise intc the sputtered thermocouple signal. Other
possibilities include nonsteady secondary junction between the sputtered film
and the base material, noise produced by vibration of the leadwire attachment
to the sputtered films, and catalytic reactions between the noble metal films
and the incomplete combustion products.

FINITE DIFFERENCES CALCULATIONS

Figure 87 shows a schematic of the Gardon gauge sensor. In all cases wire A
is Alumel. Wires B and C are one Chromel and one Alumel. It is believed that
in cylinder 1 wire B was Chromel and wire C was Alumel while in cylinder 2
wire B was Alumel and wire C was Chromel. In that case, if the ceramic in the
Gardon gauge cavity acted as a thermal barrier, that barrier could be the
cause of the mirror image S shaped curves obtained when the cylinders were
rotated.
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To investigate this possibility, a set of calculations was performed using the
Pratt & Whitney temperature calculation computer program (TCAL). TCAL is a
three dimensional finite difference calculation routine that provides for
variations in input geometries, materials, and boundary conditions. The
program was used to predict the effect of rotation on heat transfer results
from the Gardon gauge sensors. The cool side heat transfer coefficient was
held constant. For the hot side boundary condition, the heat transfer
coefficients measured by the embedded thermocouple sensors (Figure 55) was
used. Figures 88 and 89 show a comparicon of the predicted TCAL results
withthe test results obtained earlie.. The TCAL of predictions are in good
qualitative agreement with the actual test data. Thermal blockage by the
ceramic in the Gardon gauge can clearly cause problems in areas with steep
thermal gradients. In retrospect, it would have been wiser to have built the
Gardon gauge as shown in Figure 90. In this configuration, the leads are
perpendicular to the thermal gradient rather than parallel to it. The TCAL
program was used to predict the results that would be obtained from this
configuration. This predicted result is compared with the data that was
measured with the embedded thermocouple sensor in Figure 91. These are in
excellent agreement.
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SECTION 10.0
CONCLUSTIONS AND RECOMMENDATIONS

The transient and steady state measurements of the heat transfer coefficient
at the stagnation point of the cylinders were consistent and in reasonable
agreement with theory. The measured values were up to 70% higher than
theoretical values for zero turbulence. This would be anticipated from the
approximately 10% turbulence observed in the airstream by the LDV measure-
ments. There were systematic biases between the sensors. The results from the
two embedded thermocouple sensors and one Gardon gauge yielded results in good
agreement with other studies of cylinders in cross flow. The other Gardon
gauge and all the transient sensors gave heat transfer coefficients lower than
expected. The cause of those results is unknown. On repeat runs, the sensors
produced values that repeated within 10%. This scatter can be explained
partially by sensitivity to positioning in the airstream which changes the non-
one-directional flow characteristics. Post test calibrations of the sensors
agreed to within 3% of the pretest results, indicating that the sensor
outputs were stable and that the test program environmental conditions did not
cause shifts in the sensor outputs. The heat transfer coefficients calculated
from the sputtered thermocouple and dynami: gas temperature data were high by
orders of magnitude. Examination of the data revealed that tne sputtered
thermocouple temperature fluctuations were much greater than anticipated. This
could be caused either by ground loops resulting from the sputtered
thermocouple shorting to ground when it was heated or from other factor such
as intermittent secondary junctions. The durability of the sputtered
thermocouples was very poor on these cylinders and suffizient test data could
not be obtained to fully characterize the exact problems.

In 1ight of the experience gained from this test program, tne following
recommendations are offered:

1. The use of the sensors developed during Phase 1 of this contract should be
limited to areas on the airfoil that approximate flat plate geometries and
where temperature gradients are minimal. In these situations the sensors
will yield valid results.

2. If measurements must be made in areas with modera.2 thermal gradients,
embedded thermocouple heat flux sensors should be used. Where the
direction of the gradient is known the Gardon gauges should be fabricated
with the leadwires attached perpendicular to the direction of the gradient.

3. Methods of calibrating heat “lux sensors in areas with sharp curvature and
large temperature gradients should be developed. These methods may consist
of either imposing a knuwn gradient during calibration or using arn
analytical correction applied to the data to account for the temperature
gradients. This is necessary for measurements in the leading edge area of
airfoils and in areas adjacent to internal ribs or heat transfer augmenta-
tion structures.

4. The durability of the sputtered thermocouples should be improved and a

test program conducted to evaluate the use of cputtered sensors within a
flame.
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