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I. INTRODUCTION 

Detroit Diesel Allison (DDA) has been actively engaged in research and de¬ 

velopment programs concerned with gas temperature measurement. Years 
of thermocouple research and development have yielded a variety of opera¬ 

tional air-cooled and nonair-cooled thermocouples for such application as 

power limiting and control of the T56 gas turbine engine. Not only has DDA 

been concerned with thermocouple development, but in 1966 began evalua¬ 

ting fluidic temperature sensors for incorporation in improved engine con¬ 

trol systems. DDA's varied experience with temperature sensors for en¬ 
gine control purposes formed the basis of work conducted during this pro¬ 

gram. 

The objectives of this program were to: 

• Design a fluidic temperature sensor to measure the inlet air tempera¬ 

ture to the HP compressor of a turbofan engine technology demonstra¬ 

tor (The measured inlet air temperature would be used for scheduling 

variable compressor vanes on the engine.) 
• Fabricate two fluidic temperature sensors and air ejector assemblies 

suitable for mounting at the HP compressure inlet location of a TF41 

test engine (The air ejector is needed to maintain proper sensor oper¬ 

ation under low pressure threshold conditions at the inlet to the HP com¬ 

pressor. ) 
• Conduct rig testing to evaluate the performance of both sensors under 

steady-state and transient conditions in a simulated engine environment. 

9 
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II. FLUIDIC TEMPERATURE SENSOR 

OPERATION 

A schematic of the fluidic temperature sensor/air ejector assembly is shown 

in Figure 1. The sensor measures the temperature of an airstream by di¬ 

verting a small quantity of the airstream into its probe. The sampled air 

flows upward through the probe and enters a fluidic resonating cavity. This 

air entering the resonating cavity impinges on a splitter edge and produces 

an acoustical (edgetone) frequency which is transmitted in the resonating 

cavity at sonic velocity and, thus, is gas-temperature dependent. The re¬ 

sulting acoustical alternations become amplified by the resonator cavities 

to a level that can be detected by a piezoelectric pressure transducer. Stable 

operation of the sensor is achieved when the pressure drop across the two 

exit orifices is sufficient to cause choked flow. Once the exit orifices of the 

sensor become choked, the sensor output frequency is nearly insensitive to 

airstream pressure variations and changes only as a function of static gas 

stream temperature. Transient response of this fluidic sensor, as will be 

subsequently discussed, consists of two parts: a relatively fast réponse 

caused by gas "flushing" from the resonant cavities and a relatively slow 

response as a result of the thermal inertia of the sensor body. 

The fluidic temperature sensor developed during this program was required 

to operate under airstream conditions ranging from a pressure of 18 to 75 

psia at airstream temperatures up to 500°F. Since stable sensor operation 

requires a substantial (10-15 psia) driving pressure differential, an air 

ejector was integrated into the sensor to extend its operating pressure 

range. By use of the air ejector, a pressure lower than the ambient air¬ 

stream pressure is produced downstream of the sensor discharge exit ori¬ 

fices, thus permitting them to remain choked at lower inlet pressure levels. 

SENSOR GEOMETRY 

Major considerations in the design of the temperature sensor were (1) to pro¬ 

vide a sensor probe configuration of high structural integrity that could be 

— 
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used on a TF41 turbofan engine for shakedown evaluation and on the Joint 

Technology Demonstrator Engine (JTDE) for subsequent evaluation, (2) 

integration of the fluidic edgetone resonator into the probe structure, and 

the close coupling of the sensor transducer and air ejector to the mounting 

head. 

Figure 1. Fluidic temperature sensor/air injection schematic. 

11 



The temperature sensor configuration illustrated in Figure 2 was designed 

to mount on the TF41 turbofan engine at the HP compressor inlet station. 
The probe geometry is similar to that of total pressure probes th¿ t have been 
engine tested and proved. 

Air ejector 

-A-Q-A- 

Rounded rectangular 
probe section 

Honeywell piezoelectric 
pressure transducer 

Flange for mounting 
to engine case 

1 i 

■Probe support 

8137-2 

Figure 2. Fluidic temperature sensor/air ejector (P/N EX-112219). 



Features of the sensor design are (1) a thin-walled (0. 028 in. ) probe of high 

structural integrity, (2) a minimum probe cross section for reduced flow 

blockage, (3) an edgetone resonator integrally built into the probe, (4) an 

attached air ejector, and (5) the use of a prototype low-cost, high-perfor¬ 

mance Honeywell transducer. The Honeywell transducer employs a lithium 

niobate crystal to transform dynamic pressure into electrical voltage. This 

piezoelectric pressure transducer has an operating pressure range of 0 to 

400 psia and can be used satisfactorily in temperature environments to 

1400°F. The physical construction of the transducer is such that it will 

withstand a 20-g vibration force. 

PERFORMANCE VERIFICATION OF EDGETONE RESONATOR CAVITY 

Under USAF Contract F33615-71-C-1882, Project 3066, DDA acquired ex¬ 

perience with an edgetone resonator concept developed by the Air Force 

Aero Propulsion Lab (AFAPL). DDA used the AFAPL concept in an im¬ 

mersed probe fluidic temperature sensor which performed successfully in 

a 3000°F burner rig test. 

The edgetone resonator used in this sensor design employed a rectangular 

cross section with rounded corners as compared with the AFAPL circular, 

cross-section resonator previously tested. A comparison of these edge- 

tone resonator shapes is shown in Figure 3. 

AFAPL design 

Figure 3. Comparison of AFAPL and DDA sensor section configurations. 
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r
To verify that the new resonator cavity shape would provide sufficient acous­
tical output to be properly detected by a pressure transducer, a sensor 
edgetone resonator test model was fabricated. The model component parts, 
shown in Figure 4, consisted of the resonator test section and two sets of 
entrance and exit orifice plates. The test setup, shown in Figure 5, con­
sisted of:

• Sensor geometry test model
• 60IL Kistler pressure transducer
• 504 Kistler charge amplifier
• Tektronic oscilloscope
• Pressure regulator

Entrance crilice 
15.203 xO.JSt

Signal transfer 
hole (0.W7I

Figure 4. Sensor geometry 

test model.

Skjnat transfer 
hote (0.M7I

Entrance orilitt- 
(EU5C » 0.C35I

Sensor'iHlel

Etfgetone resonator 
test section

Ll\i
^ 6Cll Kistler wessure 

transducer

S137-4

Oscilloscope Cafnera

8137-5

Figure 5. Tesi setup for evaluating sensor geometry model.
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Three test sensor combinations of entrance and exit orifice area ratios were 
evaluated at an inlet supply pressure of 20 psig. Results of the test, as 
shown in Figure 6, indicated that the entrance-to-exit orifice area ratio test 
combination 1 best tuned the new resonating cavity. This combination of 
entrance-to-exit orifices selected for the fluidic temperature sensor/air 
ejector design was dimensionally the same as those used in the original 
AFAPL resonator.

tiectncal Equipment Settings 
(Same settings brali three test combinations)

Charge amplifier

SensitivHy: 5 pCb(psi 
Range: 1.0 psi fv

Oscilloscope

Vertical gain: 2 v(tm 
Borizontal sweep ?0O (i.secfcm

Test Combination 1

Entrance orifice: 0.?08 x 0.035-in. slot 
Exit orifice: two 0.052 - in. dia holes

-0.W5 in.

f' I r

5 A' A
r\j

Test Combination 2

Entrance orifice: 0.350 x 0.035-in. slot 
Exit orifice: two 0,052-in. dia holes

A
■ 'Ain ■ 0.355 in.

Test Combinati n ?

Entrance orifice: 0.350 x 0.035-in. slot 
Exit orifice: two 0.062-in. dia holes

%x/
Ain - C.502 in.

8137-6

Figure 6. Results of sensor geometry model test evaluation.
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FABRICATION 

Two fluidic temperature sensor/air ejector assemblies, as shown in Figure 

2, were fabricated for this program. The subassembly shown in Figure 7 

indicates the dimensional aspects of the sensor probe structure, b igure 8 

shows details of the air ejector components used. All elements of the sensor 

assembly, identified in Figure 9, were made from AMS-5566 stainless steel 

using conventional machining methods. 

Joining of these sensor elements into an assembly was accomplished by the 

use of laser beam welding and step brazing techniques. Nickel braze alloys, 

which melted at different temperatures, were used to step braze the en¬ 

trance orifice plate, splitter, and mounting head into an integral structure. 

The technique followed in step brazing these sensor elements is shown in 

Figure 10. Excess material on the entrance orifice locating lugs and edge- 

tone splitter was trimmed off after the fmal brazing operation. 

The completed fluidic temperature sensor assembly, shown in Figure 11, 

was machined to accept a Honeywell transducer and mount on the interme¬ 

diate compressor case of the TF41 iurbofan engine. Figure 12 illustrates 

the sensor mounted at the HP compressor inlet station. 

HEAT TRANSFER PREDICTIONS OF SENSOR PERFORMANCE 

A heat transfer analysis (using the simplified nodal pattern described in 

Appendix A) was made prior to the completion of sensor fabrication to (1) 

predict the transient response of the sensor under test conditions and (2/ 

investigate areas for improving the sensor response. An initial analysis 

was performed on a previously tested short-probe, iridium-rhodium, high- 

temperature, fluidic sensor to check out the validity of the mathematical 

predictions. 
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Ejector diffuser -Otherwise same as 
MS3Î656 Style "G" 
tor size No. 8, Iß tube 

Otherwise same as 
MS33656 style't" 
for size No. 8; Iß tube 

8137-8 

Figure 8. Details of air ejector components. 
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Figure 9. Elements of 

sensor assembly. splitter

Entraree 
orifice plate—

Probe-

Probe 
support—I

Sensor
mounting
head

t
?
{

Probe end 
cap-^ 8BI-9

Setond braze 11950‘F)

First braze CISO'FI

'Hgerlotie resonalor plate'

Orifice ptaite Mounfirig head

Thin >nlI probe 8BM0

Figure 10. Sensor step brazing technique.



'iii

8137-11

Figure 11. Fabricated sensor assembly.

Figure 12. Fluidic temperature sensor mounting on TF41 turbofan 
engine.



Four basic cases of sensor geometry were investigated to provide compari¬ 

sons with a short probe sensor configuration which initially was considered 

to have the best response. The cases of comparison were: 

• Basis of Comparison 

• Sensor with a short pro1«, 0.050 in. thick splitter, and operating 

under low mass flow 

• Sensor Geometry Variations 

• Sensor with a long probe, 0. 050 in. thick splitter, and operating 

under both a low mass flow and a high mass flow 

• Sensor with a long probe, 0. 010 in. thick splitter, and operating 

under low mss flow 

• Sensor with a long probe, 0. 050 in. thick splitter, and with liner 

variation investigated at low mass flow conditions (concentric 

Ijners that were 0.001, 0.002, and 0.004 in. thick; diamond- 

shaned«iner that was 0.001 in. thick) 

The analysis indicated that a thin metal liner with dead air space behind it 

would decrease the initial step response to a slight temperature change, but 

would improve the oveiall time response of the sensor to a point where it 

was almost as good as the short probe configuration. Comparisons of sen¬ 

sor outputs to a step temperature change are shown in Figure 13: a sensor 

with a long probe and no liner, a sensor with a diamond-shaped liner in a 

long probe, and a sensor with a short probe. 

The decision was made, based on the results of the heat transfer analysis, 

to evaluate a 0.001 in. thick, diamond-shaped, stainless steel liner up¬ 

stream of the sensor entrance orifice on sensor No. 2 (Figure 14). Air 

space behind the diamond-shaped liner was sealed off from the incoming air¬ 

flow at both ends by a high temperature RTV silicone rubber capable of with¬ 

standing 600°F. 
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Figure 13. Results oi heat transfer analysis. 

22 

.... -..- . ..—... — 

R
es

po
ns

e—
pe

rc
en

t 
R

ép
on

se
—

p
e
rc

e
n
t 

R
e
sp

o
n
se

—
p
e
rc

e
n
t 



The decision also was made that for this analysis to become meaningful for 

future sensor development work, sensor No. L without a liner should be 

instrumented with thermocouples (Figure 15) at key heat transfer nodal 

stations to record the sensor metal response. The data obtained from sen¬ 

sor No. 1 test evaluation could be compared with the prediction. 

Probe wall 

Flow duct 

Entrance orifice 

0.001-in. thick stainless 

steel liner 

Dead air space 

8137-14 

Figure 14. Diamond-shaped liner installed in probe. 
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III. BENCH TEST OF PROTOTYPE SENSORS 

Two prototype fluidic temperature sensors were given a bench performance 

checkout test in preparation for evaluation rig testing. Initial bench testing 

disclosed that neither sensor would produce a discernible signal output fre¬ 

quency at sensor inlet pressures up to 90 psig. 

Since the sensors did not function in a bench performance checkout test, it 

was necessary to remove both long probes as shown in Figure 16 just forward 

of the entrance orifice plate. Investigation of the sensor heads revealed that 

the registration of each orifice plate had shifted during the brazing operation 

in such a manner to cause misalignment between the inlet orifice and the 

splitter knife edge. Under these conditions, it was impossible for a good 

edgetone frequency to be generated and acoustically amplified. Figure 17 

depicts the observed misalignment of the entrance orifice plates on Sensors 

No. 1 and 2. _ 

Entrance orifice plate 

8137-16 

Figure 16. Sensor with long probe removed. 



Sensor No. 1 entrance orifice was both tilted and offset from the center line 

of the splitter and could not be hand reworked by filing the orifice. Sensor 

No. 1 was repaired by laser beam welding a new entrance orifice plate insert 

into the sensor entrance end and then subsequently rejoining the long probe by 
laser beam welding. 

Sensor No. 2 
8137-17 

Figure 17. Entrance orifice misalignment. 
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Sensor No. 2 »as restored to operational status by lightly hand filing the 
sides of the entrance orifice so that they were parallel to the splitter. After 
the repair work had been performed, the sensor head was refitted to the 
probe by laser beam welding and the diamond-shaped, 0. 001-in. thick stain- 

less steel liner was installed in the probe. 

After restoration of the sensors had been completed, a final test was made 
to verify their performance. The test setup as shown in Figure 18 was used 
in the bench evaluation. Both sensor assemblies were tested at room tem¬ 
perature when powered by air supplied directly to the probe inlet and by 
air supplied directly to the air ejector. Each sensor functioned satisfactorily 
from atmospheric pressure to 105 psia. Tuning of the transducer in each 
sensor was accomplished by adjusting the acoustical cavity formed between 
the transducer face and the sensor mounting head (Figure 1) until the signal 
output amplitude was at a maximum. Both Honeywell transducers were 
easily tuned to the sensors and performed without problems. Figure 19 
shows a linear increase of peak to-peak voltage of the sensor signal output 
with increasing sensor supply pressure. All electronic gains on the oscillo¬ 
scope and charge amplifier were held constant. Oscilloscope pictures taken 
of the sensor signal output with air supplied to the air ejector only and air 

supplied to the sensor probe only are shown in Figure 20. 

Air consumption of the sensor air ejector was determined on the bench by 
measuring the pressure drop across a pair of calibrated orifices of 0. 200- 
in dia and 0. 250-in. dia under shop air temperature conditions. The air 
consumption of a sensor air ejector for varying supply pressures is shown 
in Figure 21. It is estimated from the data shown in Figure 21 that the con 
sumption of engine compressor discharge air by the sensor air ejector at 
400 psig maximum engine operating conditions would not represent any 

significant loss in engine performance. 

The difficulty encountered with both sensors pointed up some shortcomings 
in the sensor design or process fabrication techniques that were originally 
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Figure 18. Bench test setup for prototype sensors. 
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Figure 19. Sensor No. 2 signal output test results. 
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used. However, repairs made to the sensor using laser beam welding tech¬ 

nique produced high weld joint integrity. With this joint integrity, both re¬ 

paired sensors had sufficient structural soundness to permit their use on the 

TF41 engine. 

Air ejector supply pressure—psig 

8137-21 

Figure 21. Air ejector air consumption, 
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IV. EVALUATION TEST FACILITY 

TEST RIG DESCRIPTION 

A new test section was fabricated for the evaluation of the long probe fluidic 

temperature sensor and the assembly was installed in the research combus¬ 

tion facility. Figure 22 shows the system relationships of airflow control 

valves, flow measuring orifices, electric heaters, and the sensor test section 

in the test rig setup. 

All sensor evaluation testing was performed with this basic test rig setup. 

Operation of the test rig set up for each of the sensor evaluation tests is dis 

cussed in the following paragraphs. 

Figure 22. Test setup schematic. 
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Sensor Air Ejector Evaluation 

Sealing blanking plates were installed on both ends of test section to provide 

a no airflow chamber. Absolute pressure ranging frcm 10 to 25 psia was 

produced within the test section. To develop a negative pressure in the test 

section, the auxiliary airflow port was capped and the inside pressure was 

lowered by running the sensor air ejector. During positive pressure opera¬ 

tion of the test section, regulated air pressure was supplied to the auxiliary 

airflow port. Regulated shop air was furnished to the sensor air ejector. 
(See Figure 22. ) 

Sensor Calibration 

Conditioned entrance air from the facility was permitted to pass unobstructed 

through both air ducts in the test section by flow-aligning the shutter doors 

and capping off the auxiliary airflow port. Regulated shop air was supplied to 

the sensor air ejector. (See Figure 23. ) 

Sensor Transient Test 

Conditioned entrance air from the facility was allowed to pass through one air 

duct of the test section only by installing a flow blocking plate at the entrance 

of the other test section air duct. The flow-blocked air was then furnished 

with metered shop air through the cold airflow port. Regulated shop air was 

supplied to the air ejector. (See Figure 23.) 

The test section shown in Figure 24 was designed and fabricated to provide a 

representative exposure of the long probe fluidic temperature sensor to air¬ 

flow conditions that would be encountered at the inlet to the high pressure 

compressor of the JTDE. Airflow conditions accommodated by the test sec¬ 

tion were airstream velocities to 0. 15 MN, airstream temperatures to 500°F, 

and airstream pressures ranging from 10 to 75 psia. 
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Figure 23. Test section geometry. 
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Figure 24. Test section.

Figure 23 s»^iOws the geometry of the test section and the mechanical arrange­
ment of the movable shutter doors which were aligned with the direction of 
airflow during calibration testing and actuated during temperature response 

testing of the sensor.

Calibration of the sensor was accomplished by removing the flow blocking 
plate and capping the cold airflow' port which permitted entrance air to the 
test section to flow' through two rectangular ducts past flow'-aligned shutter 
doors into the sensor test chamber. Static pressure taps and chromel- 
alumel (C-A) thermocouples were located in each flow duct and the test cham­
ber. The thermocouple positioned under the sensor probe in the test chamber 

served as a reference for sensor performance evaluation.



r
When performing temperature response testing of the sensor, the flow block­
ing plate was installed in the cold air duct and shop air was connected to the 

cold air port to provide both hot and cold airflow into the sensor test chamber. 
With the test section set up in this manner, the sensor was subjected to rapid 

air temperature changes by moving the shutter doors to divert either hot or 
cold airflow onto the sensor probe. Figure 25 is a view of exit end of the 

test section show'ing the shutter doors diverted to allow hot airflow past the 

sensor. The shutter doors were powered by a double-acting air cylinder 

which w'as directed by two solenoid air valves as showm in Figure 24.

Fluir'ic 
lerperalurc 
sensor

tsrpn.-; offA-nstrean.

Static pressure iwn

I
Chrocd-aluciifci-
thermocouple
instrumentation
port

I
Figure 25. Test section shutter doors.



The speed of shutter door actuation depended on the supply pressure furnished 

to the air cylinder. During the sensor transient temperature response test, 

90 psig air pressure was supplied to the air cylinder. This supply pressure 

produced a shutter door actuation time faster than the initial response time 

of the fluidic temperature sensor. 

TEST INSTRUMENTATION AND DATA ACQUISITION 

Test Thermocouple Instrumentation 

C-A bare tip thermocouples were used to measure the air temperature in the 

test section and the metal temperature on the fluidic temperature sensor as¬ 

sembly. Thermocouples that were used to measure the air temperature in 

th'ï test section had a bare tip exposure of 0.140 in. and were made from 

0. 025-in. dia C-A wire that was fused to form a 0. 035-in. dia junction bead. 

The thermocouples that were used to measure metal temperatures of sensor 

probe assembly were made from 0. 005-in. dia C-A wire that was spot 

welded to the structure. All thermocouple C-A wires were encased in a 

stainless steel sheath filled with magnesium oxide. 

Air Ejector Evaluation Instrumentation 

The output from a Honeywell piezoelectric transducer was amplified by a 501 

Kistler charge amplifier for display on a Tektronix oscilloscope. A schematic 

of the instrumentation is shown in Figure 26. 

Sensor Calibration Instrumentation 

A Hewlett-Packard, 200-channel, automatic data acquisition and reduction 

system was used for rig control and obtaining data. The system operates 

on the following principles. A cross-bar scanner steps through the data 

channels on command and feeds signals to a digital voltmeter which is inter¬ 

faced with a computer. The computer reduces the raw data to engineering 
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units. It also operates on the data to calculate Mach numbers and other 

parameters desired. Selected operating data and calculated values are then 

printed by teletype in approximately 15-sec intervals. Detailed readings can 
be obtained when desired and are logged on punched paper taper. These data 

are subsequently listed by an on-line printer. Readings taken at steady-state 
conditions are shown in Appendix B. Figure 27 shows the data acquisition 

devices located in the laboratory control room.

To verify the sensor output quality at each calibration point, pictures were 

taken. These pictures were identified with each run of the computer repre­
senting a calibration point. Electronic equipment shown in Figure 28 was 
the same as that employed in the air ejector evaluation with the exception 

of the additional band pass filter. The band pass filter was needed to blank 
out 60 Hz and 220 Hz signal interference.

Computer
Pressure
indicators

TV
voltmeter 
scanner

Tra vers I nr 
prnht

pi'hauSl '.ater 
■ir . ontrriit rs

Electric
heater
controller

Temperature
indicators

ri'
Bl»'.

Gil
heater

controller

L
9 m

Figiire 27. Data acquisition devices in laboratory control room.



"«WW!'-.. wrmrn 

ê 

Sensor Transient Response Instrumentation 

A schematic of the system for processing the fluidic sensor output frequency 

and obtaining transient response data is shown in Figure 29. The transient 
response was recorded on an 8-channel Offner recorder. During a step tem¬ 

perature change, the event was detected by a microswitch on the shutter door 

mechanism of the test section and recorded on the Offner. 

Test 
section 
Thermocouples 

Sensor 
probe 
Thermocouples 

150 F 
Electrical 
reference 

junction box 

To control room 

Scanner 
Hewlet-Packard 
200-channel 
data acquisition 

Frequency 
To control room 

Scanner 
Hewlet-Packard 
20U-channel 
data acquisition 

8U7-28 

Figure 28. Sensor calibration instrumentation. 
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V. FLUIDIC TEMPERATURE SENSOR EVALUATION 

Evaluation of the sensor involved performance air ejector tests, steady- 

state calibration, and transient temperature response tests. These tests 

were made to (1) determine the capability of the air ejector to develop the 

required sensor pressure ratio for pressure insensitive operation below a 

sensor inlet pressure of 30 psia at sea level, (2) determine the accuracy of 

each sensor in producing an output frequency indicative of the sensed air 

stream temperature, and (3) compare the response of the sensor to a step 

temperature change to that of a C-A bare tip thermocouple. These tests, 

within the limitations of the facility, simulated conditions that might result 

in marginal operation of the sensor in the turbofan JTDE. 

SENSOR AIR EJECTOR EVALUATION 

The objective of this test was to determine (1) a minimum sensor inlet pres¬ 

sure in which sensor pressure insensitive operation could be achieved by use 

of the air ejector and (2) the supply pressure necessary for optimum perfor¬ 

mance of the air ejector. The effectiveness of the air ejector when operated 

over varied conditions of sensor inlet pressure was measured by photograph¬ 

ing amplitude changes of the sensor signal output. The test results are listed 

in Table 1. 

Figure 30 is a summary of the air ejector test results. The plot in Figure 

30 shows the signal output amplitude measured in volts (peak to peak) of the 

sensor performance at various static stream pressures with different 

levels of air supplied to the air ejector. The effectiveness of the air ejector 

to improve sensor performance at each static stream condition is discussed 

in the following paragraphs. 
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Figure 30. Effectiveness of air injector. 

25 Psia Stream Pressure 

The need for an air ejector at this test condition is not readily apparent since 

the signal output amplitude for each sensor remains fairly constant over the 

range of 0 to 75 psig air ejector supply pressure. 

20 Psia Stream Pressure 

As the air ejector supply pressure is increased from 0 to 25 psig, the signal 

output amplitude at the beginning point of sensor operation also increases. 

Above 25 psig, further increases in supply pressure to the air ejector have 

no effect on the signal output amplitude. At 25 psig, further increases in the 

ejector supply pressure become ineffective in increasing the signal output 

amplitude, which indicates an optimum condition for operation of the air 

ejector. Both sensors appear evenly matched in performance. 
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14. 7 Psia Stream Pressure 

This was an unreal case for sensor operation, but it demonstrated that the 

capacity of the air ejector at 25 psig supply pressure was sufficient to pro¬ 

duce the required pressure ratios in the sensor for pressure insensitive 

operation. This test condition confirmed the opinion that the optimum (25 

psig) supply pressure to the air ejector is adequate for proper sensor opera¬ 

tion even in a static airstream. At a 14. 7 psia stream pressure, the air 

ejector operating at 25 psig supply pressure was capable of lowering the 
sensor exhaust pressure to 7. 17 psia. Shown in Figure 31 is the required 

sensor exhaust pressure needed for proper sensor operation at various inlet 

pressures. This defines the required ejector performance. 

Figure 31. Predicted air ejector suction capacity. 
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Sensor No. 2 was mounted in the test section with its probe inlet facing down¬ 

stream to the direction of flow during calibration testing. At the conclusion of 

the calibration test evaluation at 400°F, a temperature coastdown was initiated 

to gradually cool the electric facilities. During the temperature coastdown 

process, the facilities airflow to the test section was allowed to slowly decay 

to a point where the stream airpressure was below 30 psia, and with the air 

ejector off, a loss in the sensor's signal output occurred at 19.2 psia stream 

pressure. However, the sensor signal output was regained as shown in Figure 

32 after the air ejector was supplied with 25 psig air pressure. Views A, B, 

C, and D of Figure 33 were taken during the temperature coastdown. All 

electronic gains on the oscilloscope and charge amplifier were held constant. 

Sensor No. 2 
Pictures 

taken 
(£] 

Sensor 
freq (Hz) 

3519 

Inlet 
temp (°F) 

80 
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The effectiveness uf the air ejector to increase the operating range of the 

fluidic temperature sensor was demonstrated during evaluation testing. The 

test results indicated that the sensor could operate with an inlet pressure of 

14. 7 psia with the air ejector on. During the temperature coastdown of the 

calibration rig. Sensor No. 2 was operated with the air ejector on under 

stream conditions equal to a P^Pa ratio of 1. 26. This pressure ratio of 

P1/Pa (sensor inlet pressure to ambient pressure) is one of the engine op¬ 
erating conditions for the sensor. Figure 34 shows that the sensor with the 

aid of the air ejector can operate at any of the engine conditions and that 

the optimum pressure ratio (CDP/Pa = 2. 70) across the air ejector is less 

than the compressor requirements at any condition. 

Figure 34. Sensor engine operating conditions. 
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SENSOR CALIBRATION 

A total of 94 runs were obtained from Sensors No. 1 and 2 during calibration 

testing. A sampling of computer printouts of these runs contained in Appendix 

B were acquired under the test conditions outlined in Table 2. Runs are 

listed in Table 2 with regard to the position of the probe inlet relative to the 

direction of stream flow, i. e. facing upstream or downstream. 

The original test format was altered during the course of the testing to {1) 

accommodate a facilities shop air pressure reduction, and (2) eliminate 

those test runs at various ejector supply pressures that showed little change 

in sensor performance. Initial calibration data gathered from Sensor No. 1 

with the probe inlet facing upstream indicated that sensor performance was 

not affected by operation of the air ejector below 25 psig and remained vir¬ 

tually unchanged at higher supply pressures. Because of these indications 

of sensor performance and a reduction of supply pressure to the air ejector, 

calibration readings were taken for the remainder of the test at 0, 25, and 

55 psig air ejector supply pressures. Those runs obtained with 55 psig air 

supplied to the ejector were not used in the sensor calibration determination, 

but were taken for monitoring purposes only. 

The order of testing indicated by the progression of calibration reading run 

numbers was entirely a matter of the stand operator's choice of changing 

the airflow conditions to the test section. Calibration readings were obtained 

from Sensor No. 1 with its probe inlet facing both upstream and downstream 

to the direction of airflow through the test section. Sensor No. 2 calibration 

readings were obtained with the probe inlet in the downstream position only. 

Photographs were taken at each of the calibration points to monitor ..he 

quality of the sensor signal output. Metal temperatures obtained from ther¬ 

mocouple instrumentation attached to the probe of Sensor No. 1 were acquired 

for all conditions of calibration testing for a reference in later analysis. 
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TABLE 2. SENSOR CALIBRATION 

Tell lection condition 

Stream 

preis. 

(plia) 

Stream 

temp 

CF) 

A mb 

Airflow 

(lb/sec) Mj, 

3.0 0. 113 

30 120 3.0 0. 120 

Sensor 

air ejector 

Supply 

press, 

(psig) 

0 

15 

25 

55 

75 

0 

15 

25 

55 

75 

Sensor 

No. 1 

Sensor 

No. 2 

Kun No. Kun No. 

Upstream 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

Downstream Downstream 

70 

71 

72 

73 

74 

75 

75 200 3. 0 0. 050 

400 3. 0 0. 058 

0 

15 

25 

55 

75 

0 

15 

25 

55 

75 

66 

65 < 

64 

63 

62 

61 

60 

59 

97 

98 * 

99 

100 

101 

102 

103 

91 

92 * 

93 

95 

96 

118 

119 

120 

121 

122 

123 

computer printouts contained in Appendix R. 
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The line plots and sensor performance expressions presented in Figure 35 

are the predicted relationships of sensed air temperature to output frequency, 

i. e,, Tor = a (f)k. These line plots were used as a base line for later com¬ 

parisons and represent the least squares solution of data from all calibration 

readings taken with the air ejector off. All individual data points fit the 

least squares solution with a maximum deviation of 3. 5°F. 

Sensor facing downstream (air ejector off) 
Sensor No. 1 facing downstream 

c 
a> 
to 

300 600 700 800 900 1000 

Sensor inlet temp-TfR) 
T(°r) ■ 2.4468 X 10"^ (f) ^-0670 

Sensor No. 2 facing down stream 

•3 3000 

S 
c a> 
to 

400 300 600 700 800 900 1000 
Sensor inlet temp-T(°R) 

T(or)-2.0854x 10-5 (f) ,-5 /i» 2.0900 

a> 
3 
S’ 

O 1/) 
c 0» to 

Sensor facing upstream (air ejector off) 
Sensor No. 1 facing upstream 

3000 

600 700 800 9001000 
Sensor inlet temp-Tj.Rj 

T(°r) -2.2587 X 10-5 (f)2-0760 

8137-35 

Figure 35. Base-line sensor performance. 
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Table 3 presents base-line comparisons of the performance between Sensors 

No. 1 and 2 facing downstream and comparisons of Sensor No. 1 performance 

based on direction the probe inlet is facing. All comparisons were made 

with the air ejector off. The comparisons show that a maximum performance 

deviation of 3. 36% (or 29°F) exits between Sensors No. 1 and 2 at 4460 Hz 

and that Sensor No. 1 performance is virtually unaffected by the orientation of 

the probe inlet in the airflow field. The maximum performance deviation of 

Sensor No. 1 was 0. 17% (or 0. 9°F) at 3521 Hz. 

TABLE 3. BASE-LINE COMPARISONS OF SENSOR PERFORMANCE 

Sensors No. 1 and 2 —Probe Inlet Facing Downstream (Air Ejector Off) 

Tor = a (f)b 
Sensor No. 1 TA = 2.4468 KT5 (f) 2. 0670 

Sensor No. 2 TB = 2.0854 10-5 (f)2.0900 

Freq (Hz) TA (°R) TR (°R) 

3521 524.3 539.2 

4460 854.6 883.3 

Sensor No. 1 —Probe Inlet Facing Upstream/Downstream (Air Ejector Off) 

Upstream TA = 2. 2587 X 10'5 (f) 2* 0766 

Downstream TB = 2.4468 X 10 ^ (f) 2* 

Freq (Hz) TA (°R) 

3521 523.4 

4460 855.2 

Tb (°R) 

524. 3 

854.6 

Dev (%) 

0. 17 

0. 07 

Dev (%) 

2. 84 

3. 36 
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The effect of air ejector operation on sensor performance at all stream con¬ 

ditions was found to be very slight. Performance of each sensor with 25 psig 

air pressure supplied to the ejector when compared with the ejector off (base 

line) sensor performance is within 5°F. 

Stream pressure had a greater effect on sensor performance than sensor 

orientation in the test section or operation of the air ejector. Expressions 

of sensor performance (derived by the least squares method) for all stream 

pressures versus sensor performance for 30 psia stream conditions only are 

given in Table 4. Calibration readings used in this comparison were taken 

with the probe inlet facing downstream and 25 psig air pressure supplied to 

the ejector. Both sensors show the effect of changes in stream pressure on 

their performance. 

TABLE 4. EFFECT OF STREAM PRESSURE ON SENSOR PERFORMANCE 

Sensor No. 1 —Probe Inlet Facing Downstream (Air Ejector On, 25 psig) 

Tor = a (f)b 
_5 2.0811 

All stream pressures: T^ = 2. 1763 X 10 (f) 

30 psia stream pressure: Tg = 1. 8268 X 10 ^ (f) 

Freq (Hz) TA (°R) Tg (°R) Dev (%) 

3521 523.2 525.8 0.50 

4460 844.8 864.5 1.03 

Sensor No. 2-Probe Inlet Facing Downstream (Air Ejector On, 25 psig) 

All stream pressures: TA = 2.3314 X 10 ^ (f)^* 

2 1325 
30 psia stream pressure: Tg = 1.4770 X 10 (f) 

Freq (Hz) TA (°R) Tp (°R) 

3521 539 540 

4460 880.5 894.8 
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One index of sensor performance is its sensitivity at various temperatures, 

i. e., its change in frequency per unit change in temperature. Expression 

denoting this characteristic for Sensors No. 1 and 2 are presented in Tables 

5 and 6, respectively. These expressions were derived from least squares 

solutions representing calibration readings taken at the various stream and 

air ejector conditions. Tables 5 and 6 contain examples of solutions to these 

expressions within the appropriate temperature span. These values exhibit 

the trends of decreasing sensitivity with temperature increases. 

TABLE 5. TEMPERATURE SENSITIVITY OF SENSOR NO. 1 

(PROBE INLET FACING DOWNSTREAM) 

Air to ejector Sensor expression 

Off T(A) = 2.4468 X 10'5 (f)2- 0670 

dT 
(A) 

df 

T(B) = 2. 1762 X 10'5 (f)2*0811 

On (25 psig) 

-i— - 4. 5250 X 10'5 (f)l. 0811 
df 

Sensor Operating Span 

Stream temperature ranges (°F) 

Sensor frequencies (Hz) 

70 200 360 400 

3550 3940 4370 4488 

dT 

df 
(cycles/°R) = •— 3.22 2.88 2.58 2.51 

(A) 

df 

3.20 2.87 2.56 2.49 

df 
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TABLE 6. TEMPERATURE SENSITIVITY OF SENSOR NO. 2 

(PROBE INLET FACING DOWNSTREAM) 

Air to ejector 

Off 

On (25 psig) 

Sensor Expression 

T(A) = 2. 0854 X 10-5 (f) 2. 0900 

dT 
(A) = 4. 3600 X IO“5 (f)1* 0900 

T(b) 1 2. 3314 X 10"5 (f)2- 0760 

dT 
<B) = 4.8350 X 10*5 (f)l* 0760 

df 

Sensor Operating Span 

Stream temperature (°F) 

Sensor frequencies (Hz) 

1 

dT (A) 
( cycles) °R) 

df 

dT, (A) 
df 

dT 

df 
IB) 

-(cycles/°R) = 
df 

dT (B) 

70 200 360 400 

3550 394 4370 4480 

3.10 2.76 2.48 2.39 

3.04 2.80 2.50 2.46 

The filtered output frequency from both sensors was of good quality and of 

sufficient amplitude to permit counting and frequency conversion to a dc level. 

A band pass filter was needed to remove 60-cycle and 220-cycle interferences 

which occurred intermittently throughout the test. The source of the elec¬ 

trical interference was judged to have originated from the facilities' electric 

heaters. The quality of the sensor signal output was typical of that shown in 

Figure 36 of Calibration Run No. 91. Both Honeywell piezolelectric trans¬ 

ducers performed very well under all stream test conditions. 
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Calibration Run No. 91

3137-36
Signal output amplitude—6 V peak to peak

Figure 36, Typical oscilloscope view of sensor signal output during 
calibration testing.

SENSOR TRANSIENT TEMPERATURE RESPONSE TEST

Because of facilities limitations on the airflow capacity of shop air, stream 

pressure in the test section was restricted to 30 psia and Mach numbers w'ere 

also quite low. Since all of the temperature response characteristics ob­
tained in this test were at low stream pressure and velocity conditions, the 
test results were indicative of an engine operating condition which might be 

marginal for sensor operation. As will be shown later in the postanaiysis, 
the response of the sensor to temperature changes is improved at higher 
stream pressures and airflows so the results obtained from this test re­
present a minimum in sensor performance.

In conjunction with a heat transfer analysis that w'as made prior to completion 
of the sensors, a heat transfer liner was installed in the probe of Sensor No.
2 and Sensor No. 1 was instrumented with tiiermocouples at various key nodal
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positions along its sensor probe. The purpose of this earlier work was to 

determine under transient temperature conditions any improvement in the 

performance of Sensor No. 2 over Sensor No. 1 and to obtain node tempera¬ 

ture data for later use in a heat transfer analysis. 

Test evaluation of both sensors was performed under conditions shown in 

Table 7. Each sensor was tested for its response over temperature ranges 

of 70 to 500oF, 70 to 250°F, and 70 to 150°F at a stream pressure of 30 psia. 

Step increases and decreases were made at the three temperature ranges. 

The air ejector was operated at its optimum supply pressure (25 psig) at all 

test conditions. Again because of shop air limitations, the weight flow and 

Mach number of air in the cold air duct could not be matched to that of the 

hot air duct in the test section. Differences in sensor performance related 

to this mismatch of airflows are discernible in the test results. 

Transient response runs at the three temperature ranges were taken with 

the probe inlet of Sensor No. 1 facing upstream and downstream to the direc¬ 

tion of flow through the test section. Sensor No. 2 was only evaluated with 

its probe inlet facing downstream. With the probe inlet of Sensor No. 1 

facing upstream. Offner strip chart recordings were taken at the three tem¬ 

perature step ranges. The actual temperatures sensed by the reference 

thermocouple in the test section are given for each step and the representa¬ 

tive run numbers associated with the step in Table 8. Because of instru¬ 

mentation problems that occurred during the testing, reruns of a particular 

condition were necessary, and, as a result, number identification of the run 

does not show order of test. 

Offner strip chart recordings of both sensors facing downstream were also 

taken at the three temperature step ranges. However, since the extreme 

temperature step range of 70 to 500°F was needed to define sensor perfor¬ 

mance, only those pertaining to this temperature step is given in Table 9. 
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TABLE 7. SENSOR TRANSIENT TEST CONDITIONS 

Test section condition 

Sensor 
Air ejector Test information 

Stream 

press. 

(psia) 

30 

30 

30 

Stream 

temp Airflow 

(°F) (lb/sec) M 

70 

500 

0. 597 

0.449 

N 

0. 0456 

0. 0457 

Supply 
press. 

(psig) 

No. of temp 

steps made 

70 

250 

0. 619 

0.453 

0.0468 

0. 0397 

25 

70 

150 

0. 597 

0.434 

0. 0450 

0. 0353 

25 

TABLE 8. IDENTIFICATION OF REPRESENTATIVE RUNS 

WITH SENSOR NO. 1 FACING UPSTREAM 

Reference Size of 
thermocouple temperature 

readings (°F) step (°F) Run No. Figure No. 

84* 

472 

472 

83 

388 

389 

11 

10 

38 

39 

*Cold air was not conditioned, but taken as is from the 

facilities shop air source. 
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TABLE 9. IDENTIFICATION OF REPRESENTATIVE RUNS 

TAKEN WITH BOTH SENSORS FACING DOWNSTREAM 

Reference 

thermocouple 

readings (°F) 

84 

477 

89 

477 

84 

477 

Size of 

temperature 

step (°F) Run No. 

Sensor No, 1 

393 33 

393 34 

388 35* 

Figure No. 

40 

41 

42 

Sensor No. 2 

83 

477 

477 

94 

394 

383 

27 

28 
43 

♦Increased airflow in hot temperature duct only. 

Extra Run No. 35 was made with increased airflow to the hot air duct in the 
test section for subsequent transfer analysis. 

The mechanics of conducting the temperature response test involved convert¬ 

ing the frequency output of the sensor into a dc signal and recording this in¬ 

formation along with dc outputs from the reference thermocouple in the test 

section and the thermocouples attached to the sensor probe onto an eight- 

channel Offner strip chart recorder. With both entrance ducts of the test 

section being supplied continuously with hot and cold air, the Offner recorder 

was started just prior to each run and the test section shutter doors were 

actuated to divert either hot or cold air onto the sensor. Movement of the 

shutter door actuating rod was detected with a microswitch and recorded by 

an event marker on the strip chart. 
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The criteria for judging the performance of a fluidic temperature sensor as 

shown in Figure 37 is concerned with the rapidity of recognition of a step 

temperature change, the response of the recognition in terms of the total tem¬ 

perature excursion, and the time it takes after the initial response to reach 

a stabilized temperature. The first temperature response of the sensor has 

been determined experimentally to be in the order of 5 to 40 milliseconds and 

is followed by a longer time response. The initial time response of the 

sensor (referred to as flushing time constant) is related to the time re¬ 

quired to flush air from the edgetone resonator cavity. The slower re¬ 

sponse time that follows (referred to as thermal inertia time constant) is 

associated with the loss of the sampled air energy to the sensor structure. 

Because the sensor output will always be in error until the structure is 

brought up to sampled air temperature, the higher the first step in re¬ 

sponse, the less effect thermal inertia of the structure has on reaching the 

final stabilized temperature. 

Table 10 in Section VI summarizes all of the previously discussed sensor 

performance criteria for all conditions of test runs listed in Tables 8 and 

9. Offner strip chart recordings of these runs are shown in Figures 38 

through 43. 

The following observations can be derived from the summary. 



_... ...I Time for initial response 
to a step temperature change 

t.,,.1 Time after initial response 
to reach a percent of stabilized 
temperature 8137-37 

Figure 37. Fluidic temperature sensor response. 

Only small differences of step response occurred because of the sensor probe 

orientation with respect to the airflow in the test section. Since these differ¬ 

ences were small, it was concluded that the sensor could operate in an engine 

application with its probe inlet facing downstream to avoid contaminate pickup. 

Sensor No. 2 with the heat transfer liner was not as responsive to step tem¬ 

perature changes as Sensor No. 1. The lower values for step response were 

not unexpected and were caused in part by the increased heat transfer coeffi¬ 

cient caused by a reduced area sampled air passageway. The smaller flow 

area of the liner that was presented to the sampled airflow increased the air 

velocity, causing more heat transfer initially to the surrounding surface 

(liner). Sensor No. 1 without the liner presented a larger flow area to the 

sampled airflow which resulted in a lower air velocity in the probe and corre¬ 

sponding reduction in heat transfer to the structure, hence the larger initial 
response step. 
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Figure 38. Run No. 11: sensor No. 1 lacing upstream-step 70'F 
to 500°F. 
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Figure 40. Run No. 33: sensor No. 1 facing downstream-step 
70°F to 500°F. 
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Figure 41. Run No. 34: sensor No. 1 facing downstream—step 
500®F to 70°F. 
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Figure 42. Run No. 35: sensor No. 1 facing downstream-step 
70°F to 500°F. 
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Figure 43. Runs No. 27 and 28: sensor No. 2 facing downstream- 
step 500°F to 70°F and 70°F to 500°F. 
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Sensor No. 2 with the heat transfer liner installed in its probe was suspected 

during early transient testing of having a ruptured liner. Because no differ¬ 

ences in performance were observed to that of Sensor No. 1, the sensor was 

removed from the test section and two 0. 062-in. dia holes were drilled 

through the probe wall just beyond the liner sealing point. The soundness 

of the liner was tested by blowing smoke into the probe inlet. As smoke was 

passed into the probe it exited via the small (0. 062 in. dia) holes that had 

been drilled into the probe; this indicated the liner was ruptured. Because 

there was no time to make a new liner before transient temperature test re¬ 

sumption, Sensor No. 2 was reinstalled for further testing. The test evalu¬ 

ation of Sensor No. 2 that followed did indicate that the ruptured liner was 

capable of lowering the time to stabilize at 90% over that of its companion 

Sensor No. 1. The two 0. 062-in. dia holes provided a pressure balance in¬ 

ternally across the liner, thereby allowing most of the sampled air to pass 

inside the liner with a minimum heat loss to the probe structure. 

Both sensors produced an initial fast step response ranging from 23% for 

Sensor No. 2 to 35% for Sensor No. 1. The time to make the initial step 

response for the sensors was estimated to be 20 milliseconds, which was 

much faster than response from the reference thermocouple. The reference 

thermocouple did not show any response within the 20 millisecond time period. 

A time period of 1 sec was required by the thermocouple to respond to 63% 

of the final temperature. However, neither sensor could match the thermo¬ 

couple in the time to stabilize at 90% of a final temperature. The time to 

statilize to 90% of final temperature ranged from 15. 5 sec for Sensor No. 2 

to 28. 3 sec for Sensor No. 1 as compared with 5 seconds for the reference 

thermocouple. 

Run 35 was an experiment which was performed on Sensor No. 1 during the 

last stages of transient temperature response testing. To determine the ef¬ 

fects of an increased flow on sensor performance, the weight flow of air in the 

hot air duct of the test section was increased from 0.449 lb/sec shown in 

Table 7 to 1.637 lb/sec and a step increase in temperature was made from 
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100 to 500°F. The results of this experiment indicated an initial step response 

of the sensor of 35% and time to stabilize to 90% final temperature of 12. 5 sec. 

This time stabilize to 90% final temperature was faster than the times 

previously recorded for Sensor No. 1. Previous transient testing at the 

lower airflow conditions indicated that the average time for Sensor No. 1 to 

stabilize to 90% final temperature was 21.5 sec. This test indicated that 

higher weight flow surrounding the immersed probe structure reduced the 

thermal inertia time constant of the sensor. 

Metal temperature recordings of Sensor No. 1 probe structure were taken to 

provide additional information on the heat transfer that occurred from the 

sampled air to its surrounding structure. These recordings taken at prede¬ 

termined nodal stations on the probe were used in the subsequent heat 

transfer analysis to adjust the original mathematical model o. the sensor. 

68 



VI. POSTANALYSIS OF SENSOR PERFORMANCE 

To review briefly, the heat transfer analysis that was made prior to test 

evaluation, indicated that the long probe fluidic temperature sensor could not 

achieve the response capabilities of a short probe sensor design. However, 
improvements in performance could be expected if a heat transfer liner was 

installed in the long probe. The predictions indicated that with a 500°F tem¬ 

perature step, the long probe sensor with liner installed would respond 

initially to 34% of the final temperature and would stabilize to 88% of the final 

temperature in 8 sec. These predictions were based on the assumption that 

the frequency generated in the edgetone resonator was reacting to the average 

air temperature in the resonator cavities, i. e. the average of air tempera¬ 

ture between the sensor inlet and exit orifices. However, the results of the 

temperature response test indicated that these predictions were not true. 

Figure 44 shows a comparison to the predictions of the test results obtained 

from Sensor No. 2 (Run No. 27) with a heat transfer liner installed and 

Sensor No. 1 (Run 33) without a liner. The comparison shows that actual 

performance of Sensor 2 was much lower than had been expected. 

0> 
t/l c 
«✓» 
a> 

Figure 44. Comparison of predicted response to actual response 
of sensors. 
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A postheat transfer analysis, reported in Appendix C, was performed to 

realign the math model used in the predictions to the test results and investi- 

gage design changes that would improve the response. The analysis used 

test information gathered from the runs listed in Table 10. 

TABLE 10. SENSOR RUNS USED IN POSTHEAT TRANSFER ANALYSIS 

Sensor No. Run No. Probe orientation Step Airflow 

33 Downstream 

35 Downstream 

70 to 500°F 

70 to 500°F 

Table 6 

3. 35 X Table 6 

(hot air only) 

27 Downstream 70 to 500°F Table 6 

The largest source of error in the math model was in the assumptions that 

were made regarding the flow field around the sensor probe. Thermocouple 

instrumentation attached to Sensor No. 1 indicated that the highest air tem¬ 

perature in the test section occurred in the middle of test chamber. Because 

of boundary layer conditions in the test chamber the reference thermocouple 

and the sensor probe inlet did not sense true upstream test duct tempera¬ 

tures. Other sources of error were related to uneven weight flow of hot and 

cold air in the test section. In the process of adjusting the model to account 

for these errors, the best correlation between predicted and measured sensor 

response output was obtained by using an air temperature near the exit orifices. 

After correcting the model to the actual flow field conditions, a computer run 

was made simulating the response ox Sensor No. 1 and Sensor No. 2 with an 
ideal liner. 

Figure 45 shows the comparison of the measured response from Sensor No. 1 

and No. 2 operating with a ruptured liner to corrected model predictions. As 

the comrarison shows, the sensors are close in performance and the pre¬ 

dicted response was slightly more optimistic than the measured response. 
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Figure 45. Comparison of corrected sensor model 
performance to measured response. 

Because the response of the sensor that was fabricated for this program could 

not be improved with an ideal liner, other sensor design modifications were 

investigated. The objective of this investigation was to realistically deter¬ 

mine what design modifications to the sensor would improve the response 

enough to make it attractive for engine use. To obtain the very best per¬ 
formance, the design modifications that evolved out of this investigation are: 

• Relocation of the edgetone resonator cavity from the sensor mounting 

head location to the end of the probe to obtain a short-probe type of 

sensor performance 
• Reduction of the present edgetone resonator wall thickness from 0. 028 to 

0. 014 in. and thinning the resonator splitter from 0. 050 to 0. 025-in. 

thickness 
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• Doubling the airflow through the edgetone resonator by increasing the 

areas of the inlet and exit orifices 

A comparison is shown in Figure 46 between a 0. 040-in. dia, bare-tipped 

C-A thermocouple and a fluidic temperature sensor with and without improve¬ 

ments. The thermocouple used for comparison purposes is representative 

of those that have been used in similar gas turbine engines applications. 

Figure 46 indicates that under the test conditions of Run No. 33, a sensor 

with the aforementioned design modification would show substantial improve¬ 

ments in response over the present sensor geometry and would be superior 

to a 0. 040-in. dia, bare-tipped C-A thermocouple for 3. 5 sec. Following 

this elapsed time of 3. 5 sec, the thermocouple would stabilize to 98% of the 

finalized temperature in 8 sec as compared with 92% for the sensor in the 
same time period. 

Figure 46. Improved sensor response predictions. 
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To determine if the improved sensor is worth the system implementation on a 
JTDE, an open loop analysis was made to identify engine performance ad¬ 

vantages. This qualitative analysis, documented in Appendix D, compares 

the fluidic sensor with the 0.040-in. dia, bare-tipped thermocouple in sched¬ 

uling the HP compressor vanes during engine transients. The HP compressor 

vanes are scheduled by corrected high pressure rotor speed. The com- 

pressor inlet temperature is used to correct high pressure rotor speed. The 

analysis shov s that the fluidic probe produces less error in scheduling the HP 

comp ■ essor vanes during an engine acceleration than that produced by the ther¬ 

mocouple probe. An increase in the amount of error in scheduling the HP com¬ 

pressor vanes during the engine transient will result in affecting the engine re¬ 

sponse time and the possibility of less HP compressor surge margin. Conse¬ 

quently, the fluidic probe has a slight engine performance advantage over the 

thermocouple probe. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 

The fluidic temperature sensor/air ejector designed and fabricated in this 

program was intended as a candidate for ultimate use on the turbofan engine 

technology demonstrator. Additional analysis work was performed during 

the course of this program to estabUsh the basis of performance for this 

sensor geometry. Evaluation testing of the sensors, together with heat trans 

fer and simulated engine transient analysis yielded significant findings re- 

gardmg its use for JTDE application. Conclusions drawn from the program 
findings follow. 

1* The resP°nse performance of the sensor tested was less than ex¬ 

pected and less than that required to control the inlet guide vanes 

on the advanced engine. The application of actual test data to a 

heat transfer model indicated that the sensor response could not be 

substantially improved using an insulating heat transfer liner in the 
probe. 

2. The air ejector was effective in producing stable sensor operation 

at a stream air pressure of 18 psia which was representative of those 

found in the engine operating envelope. Performance of the sensor 

at air stream conditions above its threshold (30. 1 psia) was not af¬ 

fected by operation of the air e,,ctor at supply pressures up to 75 
psig. 

3. Extensive design modifications to the sensor would be necessary to 

achieve significant performance improvements for engine use. The 

necessary modifications to the sensor would consist of relocating the 

edgetone resonator in the end of the probe, removing 50% of the metal 

mass in the edgetone resonator geometry, and doubling the airflow 

through it by increasing the inlet and exit orifice areas. These 

modifications to the sensor will require new fabrication techniques 

and substantiation of the proper sensor operation at increased 
sensor mass flow. 
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THERMAL ANALYSIS OF A FLUIDIC SENSOR PROBE 

FOR MEASURING COMPRESSOR INLET TEMPERATURE 
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appendix a 

THERMAL ANALYSIS OF A FLUIDIC SENSOR PROBE 

FOR MEASURING COMPRESSOR INLET TEMPERATURE 

(The following discussion is based on Detroit Diesel Allison Technical Data 

Report AX. 1260-025 by R. E. Chupp, Detroit Diesel Allison Heat Transfer 

Section, Mechanical Research. ) 

The DDA Heat Transfer Section analyzed the fluidic sensor probes under test 

conditions. The analysis performed »as much simpler than a previous one 

on a water-cooled probe.' * This report presents the results of that analysis 

and shows the effect of design changes. These design changes were made, 

and some have been included in the hardware. This report includes t .e 

analysis results, the method of analysis, and heat transfer considerations. 

A typical response curve for a fluidic sensor with a step change in gas tem¬ 

perature is shown in Figure A-1. A fluidic sensor responds almost in- 

stantaneously to gas temperature changes as shown by the initial response in 

this illustration. This time period is so short that the probe wall tempera¬ 

ture distribution remains essentially constant. Consequently, heat trans er 

between the gas and probe walls causes the gas temperature in the resonance 

cavity to lag behind the gas stream temperature. Thus, the measured initial 

response (¿output) is only about half of the gas temperature change (A temp). 

After the initial change, the measured gas temperature increases gradually 

with time as the probe walls respond. Characteristically, a fluidic sensor 

has a much faster initial response than does a thermocouple, but a slower 

subsequent response. In designing a fluidic sensor it is important to maxi- 

mize the initial response change and minimize the time lag in the su sequen 

response. Heat transfer considerations in designing a probe are discussed 

later in this appendix. 

.Superscript numbers correspond to publications listed under References. 

Preceding page blank 
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Figure A-l. Typical response curves for fluidic sensor and 
thermocouple probe. 

ANALYSIS RESULTS 

The fluidic sensor probe was analyzed using the nodal network shown in 

Figure A-2. Transient metal and air temperatures were determined for a 

variety of flow and geometric conditions with a fixed step change in gas tem¬ 

perature of 70 to 500°F. Table A-l lists the flow and geometric variations 

considered. Plots of air temperature in the cavity region versus time are 

given in Figure A-3. The time considered was for the first 8 sec after the 

step in gas temperature occurs. Three air temperature variations are 

plotted: One for the cavity inlet, one for the cavity exit, and one for the 

average air temperature within the cavity. The shaded region in Figure A-3 

represents the overall air temperature variation within the cavity versus 

time. The actual air temperature that the sensor responds to is unknown, 

but the average air temperature in the cavity was considered to represent 

the sensor response. Figure A-3 also shows the numerical value of the 

initial response of the average air temperature for each case considered. 
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TABLE A-1. RESPONSE RESULTS FOR CASES INVESTIGATED 

Case Condition 

Percent of response** at 

0 sec 2 sec 8 sec 

A 

B 

C 

D 

E 

F 

G 

H 

Base line* 41 56 

Short tube 57 76 

Higher flow rate 

(3* base value) 50 72 

Thin flow splitter 41 62 

Concentric liner (0.001 in. thick) 34 69 

Diamoud-shaped liner (0. 001 in. thick) 34 69 

Concentric liner (0.002 in. thick) 34 65 

Concentric liner (0.004 in. thick) 34 59 

78 

90 

88 

79 

89 

88 

88 

85 

*Base line is the P/N EX-112219 design with 0. 110 Ibm/min flow rate 

through the sensor. 

**Percent of response corresponds to that of the average air temperature in 

the sensor cavity. 

Four different cases are illustrated in Figure A-3. These are the first four 

cases listed in Table A-l and are denoted as A through D. Table A-l also 

includes response values of the average temperature at 0, 2, and 8 sec taken 

from Figure A-3. Case A represents the base line. This case is for the 

probe as designed with a flow rate that is typical for the proposed test condi¬ 

tions. The initial response of 4i% is lower than that of previous designs 

because of the longer delivery tube. The response at later times is also 

worse than the previous design. To prove that the delivery tube is the cause, 

Case B is for a shorter tube. The initial response for this case is increased 
2 

to 57%, which xs comparable to that of previous designs. Case C is the 

same as Case A except the flow rate through the probe is three times larger. 

The increased flow rate improves the response considerably. Case D is the 

same as Case A except a thinner flow splitter is considered. Heat transfer 

to the splitter is high so a thinner splitter decreases the lag of the air 
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temperature variation. The initial response for Case D is identical to Case 
A but the subsequent response is better. 

Several possible design modifications to improve the response in addition to 

those previously discussed were investigated. Shortening the delivery tube 

(Case B) significantly improved the response, but solving the mechanical 

problems associated with placing the sensor head in the gas stream was con¬ 

sidered to be beyond the scope of the program. Instead of shortening the tube, 

inserting a metal liner inside the delivery tube was considered. A liner cre¬ 

ates an insulating air space and is thin so that it reacts faster to gas temper¬ 

ature changes than the tube wall. Two liner shapes as shown in Figure A-2 

were investigated. Transient air results are given in Figure A-4 for four 

different liner designs. Cases E, G, and H are for a concentric liner shape 

with wall-thicknesses of 0. 001, 0. 002, and 0. 004 in., respectively. Case F 

is for a diamond-shaped liner which touches the tube wall at its four corners. 

Response results for these cases are also listed in Table A-l. 

The data indicate that inserting a metal liner in the tube decreases the initial 

response, but significantly improves the subsequent response. For example, 

the response for the two 0. 001 in. thick liner designs (Cases E and F) is 

better than without a liner (Case A) after the first one-half second. Thus, 

the liner is effective. This approach makes the long delivery tube more ac¬ 

ceptable. However, the response of a long tube with a liner never exceeded 

that of a short tube. Both the long and short tube designs could be improved 

if a larger cross-sectional area were employed. 

Another modification investigated was the removal of material from the sensor 

head. Removing about one-third of the mass of the head had no effect on the air 

temperature response for the first 8 sec. The primary concern is to improve 

the response in the first few seconds; thus, there is little need to lighten the 
sensor head. 
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In summary, the results presented show that the expected response of the 

fluidic sensor is not as good as previous designs because of the longer de¬ 

livery tube. The response could be improved, however, by inserting a metal 
liner inside the tube. 

METHOD OF ANALYSIS 

The heat transfer analysis was performed by subdividing the sensor into nodes 

as shown in Figure A-2. The material nodes are assumed to be isothermal 

and the fluid nodes represent axial locations at which the fluid temperature 

is evaluated. The nodal temperature variations with time were evaluated 

using computer program EJ-8.3 This program uses a simple, explicit ap¬ 

proach to determine the transient temperature distribution. The fluid node 

temperatures are evaluated from a quasi-steady-state heat balance, i. e. , 

the fluid temperatures are assumed to respond much faster than the metal 

temperatures. This assumption is valid for the sensor probe since the time 

for air to pass through the sensor (residence time) is of the order of 0. 01 

sec compared to a minimum time constant of 0. 5 sec for the metal nodes. 

The heat transfer boundary conditions were calculated from standard "pipe 

flow" correlations for all regions except along the splitter where a "flat 

plate correlation was employed. The first orifice forms a jet of air which 

impinges on the splitter knife edge. The mass velocity thus used in the flat 

plate correlation was that through the first orifice. The variation of flow 

rate through the sensor versus upstream pressure was adapted from cold 

flow calibration data. The second orifice is always choked so that the down¬ 

stream pressure has no effect on the flow rate. 

An initial analysis was performed on a sensor probe which had already been 

tested. This probe had a short delivery tube so that response lag was pri¬ 

marily caused by heat transfer in the cavity region. The heat transfer model 

employed is similar to that shown in Figure A-2. An initial response of the 
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average air temperature in the cavky was predicted to be 65% compared with 

a 55% measured response. The difference could be caused by the air tem¬ 

perature to which the sensor responds. The 55% initial response would 

correspond to that of the air near the cavity exit. Intuitively, the sensor 

would respond to some average air temperature rather than the exit tempera¬ 

ture. Thus, the difference between the predictions and measurements were 

attributed to enhanced heat transfer at the cavity's outer wall because of the 

locally high air velocities after the air impinges on the splitter. The heat 

transfer coefficient along these walls had been predicted from a pipe flow 

correlation with an average mass velocity in the cavity. By increasing the 

predicted heat transfer coefficient by 75%, the predicted initial response step 

matched the measured value. No doubt, the air velocities along the cavity 

walls are higher than the average value and heat transfer should be higher. 

Thus, the 75% correction was applied to the cavity walls in analyzing the new 

probes. 

The conditions assumed in the analysis were those for the test and are listed 

in Table A-2. The test provides a step change in gas temperature which can 

be easily modeled analytically. Any intended engine application will have a 

less severe gas temperature change. The gas stream Mach number modeled 

in the test (0. 05) is the highest that could be run. The probes external di¬ 

mensions matched those of the thermocouple probe in the inlet of the TF41 HP 

compressor. 

HEAT TRANSFER CONSIDERATIONS 

In designing a fluidic sensor probe, the heat transfer characteristics of a 

sensor should oe understood in order to maximize response. The heat trans¬ 

fer problem in a sensor probe has two parts: (1) A quasi-steady-state trans¬ 

fer of heat from the gas stream to the probe walls at any given time, and (2) 

the transient response of the probe walls. The first part determines the 

sensor's initial response; both parts affect the subsequent response. 
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TABLE A-2. CONDITIONS ASSUMED IN THE ANALYSIS 

Gas conditions outside tube 

Tg = 500°F t > 0, Tg = 70°F t < 0 

Pg = 30 to 90 psia 

M__ = 0.05 
N 

g 

First orifice: 

Orifice conditions 

A = 0. 00702 in. 2 

Mjyj = 0. 083 (for second orifice choked) 

Cd effective = 0. 66 ( from flow calibration data) 

Second orifice: A = 0. 00424 in. 2 

mn = 1.0 

Cd effective = (assumed same as first orifice) 

Heat transfer coefficients for W = 0. 11 Ibm/min 

, 2 
Btu/hr ft °F 

(independent of W) 

Outside tube 

Inside tube 

= 32 

= 14 

Beginning of splitter = 150 

End of splitter = 103 

Cavity outer walls = 35 

The concept of thermal effectiveness is useful in understanding the heat trans¬ 

fer problem. Thermal effectiveness, V is defined as 

V t = AT gas/(Twaiis " Tgas in^ = 1- 
hA 

Wcp (1) 
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for a constant wall temperature case, where h is the heat transfer coefficient, 

A the surface area, W the flow rate, and Cp the air specific heat. The 

initial percent response listed in Figures A-3 and A-4, and Table A-l, is 

simply 

Percent of initial response = (1-^¾). 100% 

because the probe walls are essentially at the initial gas temperature. To 

improve the initial response, the heat transfer effectiveness, V v must be 

minimized. However, minimizing ,?t will slow down the response of the 

probe walls and the subsequent sensor response. Thus, improving one part of 

of the response slows down the other part. 

The approach taken in considering possible design changes to the probe was to 

to allow the initial response to drop in order to improve the subsequent re¬ 
sponse. This was done specifically in investigating the effect of a tube inner 

liner. The cross-sectional flow area was diminished; this increased the air 

velocity, heat transfer coefficient, and Vt for a given flow rate but caused the 

initial response to drop from 41% to 34% for the lower flow rate case. How¬ 

ever, the 0. 001 in. thick liner walls responded much faster than the 0. 028- 

in. thick tube walls and the subsequent response was much faster. The re¬ 
sponse with a liner could be improved if a larger cross-sectional area were 

employed. 

The same effect as a metal liner could be obtained if the inner tube walls 

were insulated. However, the air side surface of the insulation should be 

smooth so chat convection is not enhanced. This could be accomplished by 

attaching a metal foil to this surface of the insulation. ^ 

.. ' .!....."Mil. -1^ . 
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APPENDIX B 

SAMPLING OF CALIBRATION DATA 

FROM SENSORS NO. 1 AND NO. 2 

RUN 65 

1624118 
JANUARY 23* 1974 

WA PRESS 
LB/SEC PSIA 

2.95 74.68 
SENSOR TC *SI 

«21 ■ 196. #22 * 196« 
#25 * 198* #26 ■ 192. 
2.95 74.63 199. 

SENSOR TC’S* 
«21 « 196. «22 ■ 196. 
«25 « 198. #26 ■ 191• 
2.95 74*62 198. 

SENSOR rest 
#21 « 196* #22 ■ 196. 
#25 > 198* #26 ■ 191 * 
2.95 74.59 198* 

SENSOR TC’SI 
#21 * 196. #22 « 196. 

B/U 1 • 
SENSOR 

SIGNAL-HZ 
3937* 

#24 » 196* 

3937« 

#24 • 196* 

3936* 

. #24 ■ 196» 

•05014 3935* 

#23 * 197. #24 • 196« 

'FLUIDIC SENSOR TEST 
TEKP. REF 
DEG F NACH # 

199. .05006 

#23 » 197« 
# 
•05017 

#23 ■ 197 
# 
•05010 

#23 ■ 197 
# 

#25 * 197. #26 • 191 • 
2.94 74.59 199. 

SENSOR TC'S« 
#21 ■ 197. #22.• 197. 

# 
•05008 3937. 

#23 ■ 198. #24 « 197 

#25 « 199. #26 ■ 191• # 
1625138 END RDG* 

Preceding page blank 

SCRIES -A 
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RUN 92 

I238t49 
JANUARY 24» 1974 

WA PRESS 
LB/SEC PS IA 

3*01 74 *56 
SENSOR TC'SI 

#21 »197. #22 
#25 * 200. #26 
3.01 74.55 

SENSOR TC‘SI 
#21 » 198. #22 
#25 « 200. #26 
3*01 74.54 

SENSOR TC'S * 
#21 » 198. #22 
#25 » 200. #26 
3.02 74.53 

SENSOR rest 
#21 ■ 198. #22 
#25 » 200. #26 
3*03 74.56 

SENSOR TC'Sl 
#21 * 198. #22 
#25 « 200. #26 
3.01 74.59 

1240 tl6 END RDG. 

•FLUIDIC SENSOR TEST- B/U 1» SERIES -ft 
TEW». REF SENSOR 
DEG F MACH 0 SIGNAL-HZ 

198. .05113 3937. 

198. 
193. 

99. 

199. 
189. 

99. 

199. 
189. 

99. 

199. 
189. 

99. 

199. 
189. 

199. 

#23 
# 
•05127 

200 200 

#23 
# 
•05126 

#23 
# 

•05138 

#23 
# 

•05160 

#23 ■ 
# 
.05131 

. #24 

3941 • 

202. #24 • 201. 

3942. 

202. #24 ■ 201. 

3941 • 

201 . #24 » 200. 

3941 . 

201 . #24 » 200. 

3940. 

RUN 98 

1359* 3 
JANUARY 

WA 
L8/SEC 

2.98 
2.99 

I 359(1 7 

24» 1974 
PRESS 
PSIA 
29.84 
29.83 

END RDG. 

-FLUIDIC SENSOR TEST- B/U 1» SERIES -A 
TEMP. REP SENSOR 
DEG F MACH # SIGNAL-HZ 

67. .11346 3478. 
67. .11365 3478. 
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24* 1974 
PRESS 
PSIA 
59.24 
59.21 
59*21 
59*26 
59.32 
59.35 
59.38 
59.35 

END RDG. 

RUN 106 

-FLUIDIC SENSOR TEST- B/U I# SERIES -A 
TEKP. 
DEG F 

363* 
362* 
363« 
363. 
363* 
363« 
363. 
363* 

REF 
MACH # 
•07160 
.07166 
•07152 
.071 86 
•07156 
•07161 
.07158 
.07139 

SENSOR 
SIGNAL-HZ 

4316* 
4317. 
4318« 
4318. 
4320. 
4320* 
4318« 
4318. 

RUN 108 

1447146 
JANUARY 24# 1974 

WA PRESS 
LB/SEC PSIA 

2.98 59.61 
2.98 59.69 
2*98 59.72 
2.99 59.77 
2.99 59.84 
2.99 59.82 

1448128 END RDG* 

-FLUIDIC SENSOR TEST- B/U 
TEMP* REF SENSOR 
DEG F MACH # SIGNAL-HZ 

363. .07084 4317. 
363* .07089 4317. 
363* .07087 4317. 
363. .07096 4317. 
363. .07086 4316. 
362. .07083 4314. 

1# SERIES -A 



RUN 113 

1S241 S 
JANUARY 24» 1974 -FLUIDIC SENSOR TEST- 

WA PRESS TEMP. REF SENSOR 
LB/SEC PS1A DEG F MACH * SIGNAL-HZ 

3.03 59.62 69. .05763 3495. 
3*03 59.70 69. .05772 3496. 
3*04 59.70 69. .05786 3495. 
3.03 59.74 69. .05768 3494. 
3.04 59.74 69. .05760 3494. 
3.03 59.78 69. .05771 3495. 

1524146 END RDG* 

B/U 1» SERIES -A 

RUN 116 

1530121 
JANUARY 24» 1974 -FLUIDIC SENSOR TEST- B/U I» SERIES -A 

WA PRESS TEMP. REF SENSOR 
LB/SEC PSIA DEG F MACH # SIGNAL-HZ 

2*99 75.36 69. .04505 3497. 
2.96 75.45 69. .04462 3497. 
2.98 75.42 69. .04489 3497» 
2.97 75.36 69. .04483 3497* 
2.97 75.31 69. .04489 3496* 

1530*56 END RDG. 
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APPENDIX C 

POST-TEST THERMAL ANALYSIS OF FLUIDIC 

SENSOR PROBES FOR MEASURING COMPRESSOR 

inlet temperatures 

(The following discussion is based on Detroit Diesel Allison Technical Data 

Report AX. 1260-027 by R. E. Chupp. Detroit Diesel Allison Heat Transfer 

Section, Mechanical Research. ) 

POST-TEST ANALYSIS 

The objectives of the post-test analysis were to: 

• Adjust the heat-transfer model so that the predicted temperature re¬ 

sponse data matched the measured data for Sensor No. i 

• Using the revised model, predict the response of Sensor No. 2 having 

a liner and compare the results with measured data for Sensor No. 

• Recommend and analyze an improved probe design 

This report presents the results of the post-test analysis. The response 

characteristics of a fluidic sensor, method of analysis, and heat transfer 

considerations are described in DDA TDR AX. 1260-025. * * 

Adjustment of Heat Transfer Model 

The model developed in the analysis consisted of a network of nodes (Figure 

c-l) Whose heat capacities were calculated from property data and boundary 

conditions determined from data correlations. The largest source of error 

in the model was in the boundary conditions because of uncertainties in the 

flow field. Thus, only the boundary conditions were adjusted in matching 

the predicted response with measured data. 

♦Superscript numbers correspond to publications listed under References. 
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TABLE C-l. TEST RUNS ANALYZED AND CONDITIONS ASSUMED 

Direction 

inlet faces 

Sensor 

No. 

Run 

No. Gas flow rate 

Nominal 

Nominal 

3. 35 X nominal 

Downstream 2 27 
Downstream 33 
Downstream 35 

Conditions assumed: 

T » 90°F at t = 0 sec and »480°F* at t >0 (step up) 
gas 

Mn » 0. 05 (for nominal flow rate) 
p gas« 30 psia =>Wsensor »5.4 Ibm/sec (from calibration data) 

=>Reynolds No. » 3500 (in the tube) 

*This temperature is at the tube inlet. Thermocouple data 

show that T *510°F near the center of the channel. 
gas 

The test runs and conditions considered in post-test analysis are listed in 

Table C-l. The test data for Sensor No. 1 included the transient response 

of six thermocouples attached to the sensor walls as shown in Figure C-l. 

Data from thermocouple were used primarily in the analysis. This therm¬ 

ocouple measures approximately an average wall temperature (at that axial 

location) which is the temperature considered in the analytical model. 

The procedure employed and results of adjusting the boundary conditions are 

described in a later subsection of this appendix. Adjustment of Boundary Con¬ 

trol. The key finding from this work is that for the model to correctly pre¬ 

dict the sensor response, the air temperature near the cavity exit has to be 

used to represent the response. A similar problem occurred in a previous 

analysis,4 but was attributed to heat transfer at the outer cavity walls. Such 

an explanation would not resolve the predicted and measured response differ¬ 

ences in the present data. The flow field and acoustics in the cavity are so 

complex that proper modeling of this region is difficult without additional drta 
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Response of Sensor With Liner 

The response of sensor No. 2 predicted using the heat transfer model with 

adjusted boundary conditions and is shown as Curve B in Figure C-2. Curves 

C and D in this figure are measured data for Test Runs No. 33 and 27, re¬ 

spectively. It is apparent from Curve C versus Curve D that the liner did not 

improve the response as much as anticipated.4 There were two reasons for 
this lack of improved response. 

• A leak in the liner was detected during testing. The leak decreased the 
insulating effect of the liner. 

• Sensor response had been previously represented by the average cavity 

air temperature (Curve A in Figure C-2). The average cavity air temp¬ 

erature is affected more by the liner than is the exit air temperature. 

500 
__Gasjemperature at probe inlet (t>0)- 

•Heat transfer model has been adjusted so that predicted 
response without liner also follows this curve. 

I 
<D 
3 

"TO 
L. 

s. 
E 
<D 

100 - 

Curve Description 

A Predicted avq air temp in cavity with liner (Pun No. 27 conditions) 
B Predicted response with ideal liner (Pun No. 27 conditions) 
C Measured response—Sensor No. 1 without liner—Run No. 33* 
D Measured response-Sensor No. 2 with liner-Run No. 27 

Gas temperature at probe inlet (t<0) 

1 

Time-sec 

Figure C-2. Effect of liner or fluidic sensor response. 
8137-59 
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Response of an Improved Probe Design 

The response of the two probes tested was much worse than originally ex¬ 

pected.4 This response would not be acceptable for an engine application. 

To determine if a fluidic sensor design could be used in the intended appli¬ 

cation, an improve probe was designed, based on the heat transfer model, 

and test results were obtained. This new probe is shown in Figure C-3. It 

has an inlet tube which is as short as possible. 

Predicted response data for the new design are given in Figures C-4 and C-5 

with wall thickness and flow rate as parameters. The gas flow conditions 

are the same as those for Test Run No. 33. Figures C-4 and C-5 also show 

the response of a 0.040-in. dia thermocouple® for reference. This is a 

typical thermocouple size for an engine application. The data in these two 

illustrations demonstrate that the new probe design responds much faster 

than the probes tested and also is quicker than the thermocouple in the first 

i. 5 to 3 sec. 

To determine the feasibility of the short probe design in an engine application, 

both the short probe and thermocouple are being evaluated as components of 

the control system. This work is being carried out in the DDA Controls De¬ 
partment. The HP compressor inlet conditions are being considered for the 
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Figure C-4. Predicted response of fluidic sensor for several 
short probe designs with twice times nominal 
flow rate. 

Figure C-5. Predicted response of fluidic sensor for various short 
probe designs with nominal flow rate. 
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sea level flight profile of the JTDE. The DDA Heat Transfer Section pro¬ 

vided the response characteristics of the new short probe and thermocouple 

as input to this study. Table C-2 gives the gas flow conditions and predicted 

responses for four points on the flight profile. 

TABLE C-2. FLIGHT CONDITIONS AND PREDICTED FLUIDIC 

SENSOR RESPONSE ^OR DEMONSTRATOR HP COMPRESSOR INLET 

No. 

1 

2 

3 

4 

Flight 

condition 

No. 

Flight Conditions 

Total 

press, 

(psia) 

17 

29 

40 

44 

Mach 

No. 

0. 285 

0.315 

0.383 

0. 510 

Temperature 

(°R) 

560 

650 

715 

740 

Static 

press. 

(psia) 

16 

26 

36 

36 

Predicted Response of Sensor* 

Wall 

thickness 

Nominal 

1 / 2 X nominal 

Nominal 

1 / 2 X nominal 

Nominal 

1 / 2 X nominal 

Nominal 

1 / 2 X nominal 

Percent 

initial 

response 

61.3 

61.3 

64. 1 

6 t. 1 

65. 6 

65.6 

66.2 

66. 2 

Time 

constant; 

subsequent 

response 

(sec) 

5. 5 

2. 8 

3.7 

1.9 

2.9 

1.5 

2. 6 

1.4 

T/C** 

time 

(sec) 

0.85 

0. So 

0.61 

0.61 

0.47 

0.47 

0.39 

0.39 

*For sensor having twice the orifice area as the nominal design. 

♦♦Thermocouple with a 0.040-in. wire diameter. 
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ADJUSTMENT OF BOUNDARY CONDITIONS 

Three boundary conditions were adjusted in the heat transfer model: the 

average heat transfer coefficient around the outside of the probe, h0utside» 

the heat transfer coefficient variation with axial length inside the delivery 

tube, htube, and the heat transfer coefficient variation with axial length along 

the splitter wall, hsplitter. The other boundary conditions were held con¬ 

stant because they have only a minor effect on the sensor response. Data 

from Test Runs No. 33 and 35 were used exclusively in adjusting the bound¬ 

ary conditions. 

As a first attempt, response predictions were made for Test Run No. 33 with 

^outside* htube* and hgplitter calculated, using the procedure employed in 

pretest analysis.4 The initial response step was predicted to be 42% com¬ 

pared to the 28% measured (Figure C-2). Thus, the boundary conditions 

used in a previous analysis were in error. 

The correct values for the three boundary conditions were determined by 

trial and error. The solution criterion employed was to match the predicted 

and measured response data for Test Runs No. 33 and 35. The measured 

data for these runs are shown in Figure C-6. This illustration includes both 

the sensor and thermocouple D^ response. The initial step in the sensor out 

put is the same for the two runs since only the gas stream flow rate was 

different; the gas stream pressure and thus the sensor flow rate were the 

same. The three boundary conditions influence the predicted response as 

follows : 

• bfube and hsplitter Primarily affect the initial steP with only a sliSht 
effect on the subsequent response of the sensor and thermocouple D1# 

• h . .j has no effect on the initial step, but has a big influence on the 
outside 

subsequent response. 
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The only difference in the boundary conditions between Test Run No. 33 and 

35 should be in houtside. Thus, the independent effect of houtside versus 

hjube and hsplitter can be ascertained from the data. 

The approach taken in modifying the boundary conditions was to assume a 

reasonable axial variation (except for houtside which should not vary axially) 

and then simply adjust the levels. Ir a previous analysis,4 lHube was as¬ 

sumed to be constant. However, anplying a reasonable L/D correction 

raised the overall level of ht ,w. by 43*- This was the major error in the 

boundary conditions. 

In the trial and error process, a good prediction of the subsequent sensor 

response (for t > 15 sec) could only be obtained when an air temperature near 

the cavity exit was used to represent the sensor response. Otherwise, the 

ini 



predicted response was faster than the measured one. The predicted re¬ 

sponse of the air temperature is slower near the exit because the thermal 

inertia of the sensor head starts to affect the air temperature response in 

this region after about 15 sec from the transient start. Both the flow field 

in the sensor cavity and the actual air temperature that the sensor responds 

to are unknown. Thus, the calculated air temperature near the cavity exit 

may very well be the correct one to represent the sensor response. The 

final adjustments made to the three boundary conditions are : 

• tyvibg had the L/D correction added. 

• hsp\itter was decreased by one-third with the same L/D as used pre¬ 

viously.4 

• houtside was not changed for Test Run No. 33 conditions, but varied 

with Wgag to the 0. 5 power instead of 0. 8 in going to Test Run No. 35 

conditions. 



APPENDIX D 

COMPARISON OF FLUIDIC AND THERMOCOUPLE TEMPERATURE 

SENSORS DURING ENGINE TRANSIENTS 

(The following discussion is based on DDA Technical Data Report AX. 1260- 

026 by T. J. Christie, DDA Advanced Controls Systems Group, Controls 

Research and Development. ) 

TEST ANALYSIS 

There were two typical engine transients used in this analysis: (1) an accel¬ 

eration from idle to maximum power at sea level static conditions, and (2) 

hot gas ingestion during missile firing. A simplified digital computer pro¬ 

gram was developed to make the sensor comparison. Figure D-l shows the 

functional block diagram of the computer program. As shown, the transient 

response of actual HP compressor inlet temperature and HP rotor speed are 

represented as functions of time. Each of those signals is lagged by their 

appropriate sensor dynamics and then used to calculate lagged corrected HP 

rotor speed. The HP compressor vane setting is then scheduled by the cor¬ 

rected speed value. An HP compressor vane position error is produced by 

comparing the scheduled vane setting minus the feedback vane setting. This 

vane position error determines the appropriate rate at which the vane actua¬ 

tor will move. This vane actuator rste is integrate ) to determine actual vane 

position and then checked against the maximum and minimum vane position. 

The actual vane position is also fed back through position sensor dynamics 

which produces the feedback vane setting. The HP rotor speed sensor dy¬ 

namics and the vane actuator dynamic characteristics were common to both 

the fluidic and thermocouple sensors m this analysis. 

The type of analysis described by the diagram in Figure D-l is an open loop 

analysis, i. e. , the actual vane position does not influence or affect the engine 

transient. If this were an actual engine, the HP compressor vane position 

would affect the engine transient by affecting both the engine transient time and 

HP compressor surge margin. 
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A typical 0. 040-in. dia bare wire thermocouple probe was used in this analysis. 

This thermocouple has an approximate first order time constant of 0. 6 sec. 

The three different types of fluidic sensor probes used were: 

• Test probe designed under the Air Force contract 

• Redesigned probe which puts the edgetone resonator near the tip of the 

probe and has twice the flow rate through the two orifices in the probe 

(shown as D probe) 
• Same as the D probe design with half the metal thickness including the 

splitter (shown as F probe). 

These fluidic probes are explained in more detail in Air Force Contract 

F33657-73-C-0618 report. The F probe is the optimum fluidic probe design 

followed by the D probe and then the test probe. 

Figures D-2 through D-4 show, respectively, an HP compressor vane sched¬ 

ule, the typical vane actuator dynamic characteristics, and the necessary con¬ 

stants used in the program. Figures D-5 and D-6 show the sensor response 

characteristics to a step and ramp temperature change (90 to 500°F) which 

were used in checking the computer program against the actual test results. 

Engine Acceleration Results 

Figures D-7 through D-9 show, respectively, a sensor comparison of the time 

history for HP compressor inlet temperature, HP rotor speed, and HP com¬ 

pressor vane position. Figure D-10 shows a sensor comparison for HP com¬ 

pressor vane position versus corrected HP rotor speed. As a result of the 

sensor dynamic lags shown in Figures D-7 and D-8, Figures D-9 and D-10 

indicate the amount of error in scheduling the HP compressor vanes using 

the various sensor probes. In Figure D-9 is shown the "requested HP com¬ 

pressor vane position. " (This means that if there were no dynamic lags in¬ 

volved in sensing HP rotor speed or HP compressor inlet temperature and 
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Figure D-2. Possible GMA200 HP compressor vane schedule. 

HP compressor vane error-deg 

Figure D-3. HP compressor vane actuator dynamic 
characteristics. 
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Figure D-4. Computer program constants. 
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Figure D-6. Temperature response to a ramp change. 
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Figure D-7. HP compressor inlet temperature response. 
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Figure D-9. HP compressor vane position response showing 
performance of fluidic F and D probes. 

there were no vane actuator dynamic characteristics, this is the ideal posi¬ 

tion the HP compressor vanes should be in during the engine transient. 

Therefore, the other response curves for the various sensor probes are 

compared to the requested HP compressor vane position to determine the 

amount of error in scheduling the HP compressor vanes. 

An increase in the amount of error in scheduling the HP compressor vanes 

during the engine transient will result in affecting the engine response time 

and in the possibility of less HP compressor surge margin (this can only be 

quantitatively assessed in closed loop analysis). Figures D-9 and D-10 show 

that the fluidic F probe produces less maximum error in scheduling the HP 

compressor vanes, followed by the fluidic D probe, the thermocouple probe, 

and the fluidic test probe. The fluidic test probe appears to be unacceptable 

in scheduling the HP compressor vanes. The fluidic F and D probes show a 

slight engine performance advantage over the thermocouple probe. Actual 

numbers are not being quoted in this comparison because "typical" engine 

performance data are being used and, therefore, only relative comparisons 

are being considered. 
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Figure D-10. HP compressor vane position response showing 
performance of fluidic F and D probes. 

Missile Fire Results 

This condition was used in this sensor comparison to show the effect of hot 

gas ingestion during missile firing. Figures D-ll and D-12 show a sensor 

comparison of the time history for HP compressor inlet temperature and HP 

compressor vane position, respectively. 

Figure D-13 shows the sensor comparison for HP compressor vane position 

versus corrected HP rotor speed. This missile firing is done at maximum 

power and the HP rotor speed is assumed to stay at the same value during 

the entire transient. As a result of the sensor dynamic lags shown in Figure 

D-ll, Figures D-12 and D-13 indicate the amount of error in scheduling the 

HP compressor vanes during this kind of transient, using the different 

sensor probes. Figures D-12 and D-13 show that the fluidic F probe pro¬ 

duces less error in scheduling the HP compressor vanes than the thermo¬ 

couple probe. Therefore, the fluidic F probe shows much more of an engine 

performance advantage than the thermocouple probe. As previously ex¬ 

plained, this is a relative advantage. 
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Figure D-12. HP compressor vane position response comparing 
fluidic F probe with thermocouple probe. 
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Figure D-13. HP compressor vane position response comparing 
fluidic F probe wit'' thermocouple probe. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

dev 

f, freq 

h 

HP 

KI 
L/D 

Mn 

pCb 

P 

t 

T 

t/c 

W 

’»t 

I* 

orifice area 

discharge coefficient 

deviation 

frequency 

heat transfer 

high pressure 

actuator slew rate 

length/diameter 

Mach number 

picocoulomb 

pressure 

time 

Sensor No. 1 and 2 indicated temperature (°R) 

thermocouple 

flow rate 

thermal effectiveness 

micro 

Subscripts 

g gas conditions outside the tube 

117 
ftU.S.Qovarnmant Printing Offlct: 1975 — 657-019/455 




