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ABSTRACT

In May 1964, a USAAVLABS-sponsored turbine/material research
program was initiated by the AiResearch Manufacturing Company
of Arizona. The overall program objective was to advance

1964 turbine coémponent technology to a level that would facil-
itate the development of an uncooled turbine capable of oper-
ation at a turbine inlet temperature of 2400°F and a pressure
ratio of 10:1. The turbine was to have application in a small
gas turbine engine in the 5.0-pound-per-second airflow class.
The design of the uncooled turbine was based on the feasi-
bility of developing an intermetallic beryllide material with
properties sufficient for the turbine components. Benefits

to be derived from such a turbine include significant improve-
ments in power-to-weight ratio and specific fuel consumption
(SFC) over that demonstrated by 1964 gas turbine engines of
comparable size.

As reported in Volume I (Materials Investigation) of the
uncooled-turbine program final report, a 2400°F cascade test
rig that could simulate temperature conditions encountered
during starting and normal operation of a 2400°F turbine was
designed and developed. 1In view of the availability of this
high-temperature test equipment, the USAAVLABS contract was
modified in June 1965 to include the design and experimental
evaluation of a fluidic temperature sensor for application
in the uncooled turbine. This volume (Volume III of three
volumes) of the uncooled-turbine program final report des-
cribes the fluidic temperature-sensor program that was con-
ducted.

The fluidic temperature-sensor program was conducted as a
joint effort between AiResearch and the Honeywell Systems and
Research Division, The design and fabrication of the sensor
cavity and the location and selection of the output trans-
ducer were the responsibility of Honeywell, AiResearch de-
signed the rig mounting system for the sensor, sensor pickup
probe, and sensor rig mount; provided all test instrumentation
and equipment; and accomplished all of the evaluation testing.,

The program included:

18, The procurement and analytical evaluation of
a fluidic temperature-sensing system design.

2 Selection of materials for a breadboard-type

fluidic temperature sensor to fit the preliminary
requirements of the 2400°F cascade test rig,

iii



3. Checkout and calibration of the sensor and
instrumentation mounted on the breadboard
bench test rig.

4. Experimental investigation of the sensor
performance under varying conditions in the
2400°F cascade test rigq,

S5e Analyses of the experimental investigation
and recommendations for future activities,

Based on the results of the test-evaluation program, it was
concluded that without additional research and development
efforts it was not feasible to utilize the tested fluidic
temperature sensor in a 2400°F turbine,
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FOREWORD

In May 1964, a 2400°F uncooled-turbine program was initiated
in compliance with Contract D2 44-177-AMC-183(T), Task
1G162203D14413. The program was conducted under the control
of the United States Army Aviation Materiel Laboratories
(USAAVLABS), Fort Eustis, Virginia, by the AiRes-—arch Manu-
facturing Company of Arizona, a division of The Garrett
Corporation.

The analytical, experimental, and developmental efforts that
were conducted to conclude the subject program are described
in the three volumes of the final report.

Volume I presents the results of material investigations
(both USAAVLABS- and company-sponsored) that were conducted
to develop a material that would be suitable for the turbine
components of a 2400°F uncooled turbine.

Volume II presents the results of the aerodynamic, thermody-
namic, and mechanical design activities that were conducted
for the design of a 2400°F uncooled turbine,

Volume III, which is this document, presents the results of
a test-evaluation program that was conducted to determine
the feasibility of a fluidic temperature-sensing system for
the measurement of turbine inlet temperatures (TIT's) in a
2400°F gas turbine engine.

The manager of the Small Gas Turbine Engine Project was Mr.

D. G. Furst, and the program manager of this uncooled-turbine
program was Mr, F, Weber. Principal investigators were
Messrs. F. Weber, R, P. Craig, and A, E. Wilson. The over-
all guidance and technical direction provided by Messrs. J.
White, H. Morrow, L. Bell, and D. Cale of USAAVLABS are grate-
fully acknowledged,
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1. INTRODUCTION

In the control of high-temperature gas turbine engines and
the testing of associated components, one of the most im-
portant parameters to be measured is TIT.

The temperature-measuring device should have the following
salient features:

1. Rapid response to temperature transients
2. High steady-state accura-~y
3. Long life

4., Low cost

Fulfillment of the first requirement enables a more sophisti-
cated dynamic control of the engine, such as surge protection
and acceleration limiting, while the second requirement en-
sures that the engine operating point is well defined under
all operating conditions and thereby contributes to long

engine life.

However, the TIT that can be expected during normal operation
in a 2400°F tusbine excceds the limit that existing
temperature-sensing thermocouples can accurately sense with
high response rates and yet maintain a reasonable life span.
Therefore, either TIT must be inferred from thermocouples
located in a less severe environment and, consequently, with
less accuracy or an alternate method of TIT measurement must

be developed.

The objective of this program was to investigate and deter-
mine the feasibility of using a fluidic temperature-sensing
system to measure TIT's of 2400°F with transient temperatures
reaching the rate of 2500°F per second. The program con-
sisted of (a) analytical evaluations of a fluidic temperature-
sensing system and (b) both bench-type and cascade-rig-type
testing to determine the usefulness of the system with re-

spect to:

l. Response to tempecature transients



Accuracy variations

Reliability

Operation of the temperature readout
systems



2., SYSTEM DESCRIPTION

2.1 GENERAL

The physical arrangement of the fluidic temperature-sensing
system is shown in Figure 1. Subsequent paragraphs present
a description of the pickup probe, fluidic sensor, and
transducer.

ELECTRONIC
AMPLIFIER

— — —— —— e — —

TRANSDUCER-” |

TEMPERA~-
TURE
READOUT

l |

FLUIDIC SENSOR
_____ r==—m—|

' I FLUIDIC TEMPERATURE -
PICKUP PROBE\L | SENSING SYSTEM

GAS STREAM !

|

b_\<
TEMPERATURE TO BE MEASURED

HIGH-TEMPERATURE TEST RIG

Figure 1. Fluidic Temperature-Sensing
System Diagram.



2.2 PICKUP PROBE

The function of the temperature-sensing pickup probe is to
sense and transmit the temperature to be measured from its
source into the fluidic sensor.

The first design consideration for the probe was that of
material selection. The material had to be capable of
surviving steady-state temperatures of 2400°F and temperature
transients reaching 2500°F per second.

Materials investigated for use in the probe included the
following:

1. Alumina

2, Zirconia

3. Boron nitride
4., Fused quartz
5. 1Inconel 702

Preliminary material investigations revealed that both the
Q@lumina and zirconia materials were unable to withstand the
transient-temperature requirement. 1In addition, it was
determined that the boron nitride was also unsuitable because
of insufficient oxidation resistance to the environmental
conditions of the cascade testing.

It first appeared that the fused-quartz tubing ideally sat-
isfied the steady-state and transient-temperature require-
ments. It has a melting point of approximately 1800°C
(3272°F) and good thermal shock resistance due to the thermal
coefficient of expansion of 0.31 in./in. °F x 10" . To test
this material, specimens were ordered in two designs. The
different designs as received from the vendor are shown in
Figure 2. Two of the probes were lost due to a misalignment
between the probe and the bench test setup, which caused a
tensile force sufficient to fracture the quartz. A third
probe was broken when a Hydrodyne seal was installed between
the probe base and the adjacent seal. It was found that a
metal O-ring provided a better seal for the probe. The
fused-quartz pickup probes worked quite well, once in the
test rig. However, because of the lack of low-temperature
ductility, the probes were invariably damaged during instal-
lation and disassembly of the test equipment. Because they
are so fragile, a quartz probe would probably not be suitable
for actual engine operation.



Two Designs of Fused-Quartz

Figure 2,

Pickup Probes.



The material finally selected was Inconel 702. Of all the
nickel-base alloys, it has the best oxidation resistance at
temperatures of 2400°F, as well as being quite ductile. The
incipient melting range of Inconel 702 was estimated to be
approximately 2500°F and the thermal coefficient of expansion
is 9.25 in./in. °F x 10" ®. An Inconel 702 specimen was placed
in a high-temperature test oven and was subjected to a 60-hour
static test at a controlled temperature of 2400°F. Examina-
tion of the specimen revealed no adverse effect as a result of
the test. Probes were fabricated of this material and were
utilized without problem throughout the bench testing program
(see Figure 3).

0.473%0.010

-0.98520.005

Figure 3. Inconel 702 Pickup Probe.

2.3 FLUIDIC SENSOR

The single-splitter fluidic sensor (supplied by the vendor)
used in the subject temperature-sensing feasibility program
was of the cavity oscillator type. The external configura-
tion of the oscillator and transducer is shown in Figure 4.
The internal configuration of the oscillator is presently
classified "CONFIDENTIAL"., 1In addition, the device contains
internal features that are proprietary to the vendor. Be-
cause the oscillator was of a prototype nature, it was not



1.1 - |
: |
|

FLUTD OUTILET ) PLACES

| .
4 {T}«II—O lll+G T <839 UNC-38 ) FLACES
| [ |

10-32 UNF-2B
8 PLACES-ON
1.812 DIAMBOLT | .
CIRCLE l
: : . - © 17
. — # . l.‘
4-40 BOLT v _1' f t ;
7 PLACES | Y |
0 340
| |
* - T (] r-

e

TEMPERATURE SENSOR

TRANSMISSION LINE
TRANSDUCER MOLUAN

/ PRESSURE TRANSDUCER
|

caniz -/

CONXECTOR

(DIMENSIONS. N |

Figure 4. Fluidic Sensor
External Configuratjon,



intended that this device provide for the ultimate user re-
quirement but rather that it serve in the research efforts
in evaluation of specific temperature-sensing problems. The
material requirements, with regard to temperature, were the
same as those stated for the pickup probe. However, sensor
fabrication limitations led to investigation of the follow-
ing materials:

1. Bendix Chrome-30.

2. Refractory metal (such as molybdenum, tantalum, or
tungsten) coated with a commercially available
cermet such as Rokide A, Rokide Z, or Rokide C.

3. Refractory metal with a chromium plate ion-
deposited on the surface,

4, AiResist 213 (a cobalt-base alloy) with nickel
aluminide inserts for the inlet and exhaust
nozzles,

5. Inconel 702 (a nickel-base alloy) with high
chromium (14.0 to 17.0 percent) and aluminum
(2.75 to 3.25 percent) contents.

6. Inconel 702 with nickel aluminide inserts for
the inlet and the exhaust nozzle regions,

Bendix Chrome-30 was eliminated due to its tendency to
deteriorate rapidly at the required temperatures (as a re-
sult of a reaction with nitrogen in the air). The ability
of any of the Rokide-oxide coatings to provide sufficient
adherence, freedom from porosity, and thermal-shock re-
sistance to maintain adequate coating integrity for the
refractory metals was found to be inadequate for this appli-
cation. Ion-deposited chromium plating on the refractory
metals was eliminated for the same reasons. AiResist 213
was eliminated because incipient melting occurred at 2325°F,

The material found to be most satisfactory for this applica-
tion was Inconel 702 for the same reasons presented in the
pickup-probe discussion. It is a difficult material to
machine, but with careful use of the proper equipment, a
satisfactory part could be expected. 1In the final design,
all metal parts, including the bolts holding the sensor
plates together, were fabricated from Inconel 702.



2.4 TRANSDUCER

A standard quartz pressure transducer was used to transform
the pneumatic output of the fluidic sensor into an electrical
signal. The transducer had a sensitivity of approximately

1 picocoulomb per psi. The transducer output signal is
directed into an electronic amplifier, The output of the
electronic amplifier is directed into a general radio-
frequency meter. The output of the radiofrequency meter is
then filtered with an appropriate time constant.



3. SYSTEM DESIGN ANALYSES

3.1 GENERAL

The fluidic temperature sensor is a device that converts the
temperature of a flowing gas into a frequency signal propor-
tional to the square root of the absolute temperature (T) of
that gas. This general definition implicitly assumes an
adiabatic gas flow; i.e., no change in temperature during its
flow through the sensor. As long as the sensor can be con-
sidered operating in a steady-state condition, it will func-
tion in a manner very closely described by the equation

f = /T (1)

where f is the output frequency of the sensor, C is a con-
stant peculiar to the gas and the sensor, and T is the
absolute temperature of the gas. This frequency signal is
passed through an analog converter having a negligible time-
constant to produce a direct voltage proportional to instan-
taneous input frequency. Thus, the direct voltage will be
proportional to the square root of T3 (t). 1In order to
provide a voltage signal directly proportional to Ta (t),
the output signal of the frequency to the analog converter
must be squared. The squared signal is then connected to
the linearizing circuit. The output of the linearizing
circuit will then be proportional to T; (t). The arrangement
of the components in the complete measuring system is shown
in Figure 5.

10
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T1(t) 1
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—1 1 2 3 5 L]

Pickyp TEMPERATURE PRESSURE FREQUENCY TO SQUARING LINEARIZING
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4

Ty (t) FREQ:; Ty (t)
_ Ho (8) T3“)] 2 TRANSFER FUNCTION T3t |, |
= " ADJUSTED TO ONE Hy (s)
TAND 2 3, 4, AND 5 J
— 1 Ty (t)
—mrs Hg(s) = 1 Ty (t)
INPUT
TEMPERATURE

Hy(s) - Hy(s) Ha'l(s) =1

OUTPUT VOLTAGE
PROPORTIONAL TO
INPUT TEMPERATURE

Figure 5. Arrangement of Components in
the Temperature-Measuring System.

3.2 TEMPERATURE ANALYSIS

In cases where the sensor is operating in temperature con-
ditions other than steady state, the frequency output of

the senscr will indicate some value different from that of
the gas temperature entering the sensor system. The dif-
ference results from the thermal "flywheel" effect of the
body material. Unless the body material is the same tem-
perature as the gas to be measured, heat transfer will occur
between the body and the gas.

The determination of the transient-temperature effect on the
operation of the sensor was the basic objective of this

analysis. 1Included in this broad objective were two re-
lated areas of interest:

1. Determination of time constant. of sensor probe

2. Determination of time constant of sensor body

11



The transient-temperature effect on the fluid-amplifier
temperature sensor was determined by using a transient and
steady-state two-dimensional temperature computer program.
This program determined the temperature distributions as
functions of time and/or the steady-state temperature
distribution for systems undergoing two-dimensional heat
flow. The analysis by this program was accomplished by
dividing the system into a finite number of small (small
being relative to the accuracy desired) elements and per-
forming an energy balance on each element, A typical
element is rectangular in planform and has four neighbors,
identified by 1, 2, 3, and 4. The element may have one or
more convective heat-transfer surfaces, which are wetted by
a gas with effective gas temperature, T , and it may have
heat generation, Q,, within the point. 9 The thermal energy
balance on such an element results in the equation

dT
RO S

da

T, - T T, = T Tg~= T Te =T T -~ T
O @) O o)
+ + 2 4 ¢ y

r) rj r, r,

1
t

0

With the initial temperatures, thermal resistances, and ther-
mal capacitances of the elements given, integration with
respect to time, §, may be accomplished by numerical methods.

To use this program, the total volume was divided into small
elements and the initial temperature of each element was
specified. A step input for the temperature was programed.
The step function and the resultant temperature response of
the probe are shown in Figure 6.

The time constant of the probe is defined as the time re-
quired for the Station 3 temperature to equal 63.2 percent
of the step-function temperature change, 2300°F. From
Figure 6, this value is approximately 91 seconds. From
Figure 6, it can also be seen that the leading point of the
sensor approaches the gas temperature at a much faster rate
than does the exhaust section, with a time constant equal
to 12 seconds.

The value of the heat-transfer coefficient in the probe was
calculated to be 7.43 Btu per (ft?-hr-°F),

12
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Figures 7, 8, and 9 illustrate the temperature of the sensor
body at critical points. Each figure is shown with three
curves., The different curves demonstrate a change in the
film heat-transfer coefficient. Because of the unusual
shape of the body cavity and the flow patterns of the gas
within the cavity, a precise determination of the heat-
transfer coefficient is quite difficult. For these reasons,
the film heat-transfer coefficient was analytically deter-
mined over the surface of the cavity and then varied by

fa .tors of 5 and 10 to determine the effect of the variation
on the transient response of the body. The film heat-
tragsfer coefficient was calculated to be 15.0 Btu per
(£t°-hr-°F) for Figure 7. For Figure 8, the value was de-
termined to be 30.0 Btu per (ft®-hr-°F); and for Figure 9,
the value was found to be 8.0 Btu per (ft°-hr-°F).

The time constant was based on Figure 9, which provides the

longest time constant of the three points. From Figure 9
and the curve referring to 5HT,, the time constant is
approximately 92 seconds. The smallest time constant of the
body is from the splitters (see Figure 8), referring to
curve 1l0HT;. This time constant is approximately 8.5 seconds.
The rate of heating will then vary with these typical time
constants--i.e., over a range from 8.5 seconds to

92 seconds--to reach 63.2 percent of the final temperature
of the step function. Thus, the selected body should be
capable of withstanding high-temperature transients with the
resultant thermal gradients,

An estimate of the gas temperature leaving the probe
(entering the sensor) was made with the use of a thermal-
energy balance between the gas and the probe. 1In this cal-
culation it was assumed that the probe change in temperature
was due to energy absorption from the gas. Thus, by re-
lating the change in temperature of the probe to the energy
required to make that change, the resultant temperature loss
of the gas was estimated. The result of this calculation

is shown in Figure 10.

The time constants of both the probe and the sensor body are
approximately the same: 91 and 92 seconds. These values,
compared to the flushing time constant of the sensor cavity
(the time required to replace a gas at one temperature com-
pletely with the gas at another temperature), are of such
magnitude that the flushing time constant is undetectable.
In order to actually determine the inherent response time

of the sensor, these time constants must be accounted for
in the electrical output system.

14



*UOT3BDOT 9TZZON-3IS3TUI 9yl e Apog IOsuas Jo
s1sAieuy aanjexadwsg-3juaIsuei] JO sS3TNsay

SAN0JIS ‘INIL

*L {@anbig

oL—

0ZL OllL 00L 06 08 O0Z 09 OS Or O O0Z Ol ()
N (4o-¥H -;14) ¥3d N19 0'SL= 'LH -
'LH ‘IN31214430D ¥34SNVAL LYIH Wid— T3
\\ -/
| L~
\\ ] Z
—
| ]
— A \\\
LI 1~
e =
™ \
I ;:o_UV\
LT
\
\\ﬁ\

00z
oor
009
oos
0001

oozl
oort

0091
008l
000z
ooze
oore
0092

do ‘JUNLVYIdNIL

15



uotivoo] di: 303331ds v Apog 10suas 3O
sysdleuy sinjviadmag-judisurll 3o sIinsoy

680218 "Wl

00t 06 ] os

p

or of ot

‘g sanbyy

1

0« 09
LT 1T 1]

g U

(de-8K -;14) W34 N18 0°0C= "IN
‘ANIDNISIIOD VIISNVUL LVIH W4

oot

oor

/AV..L!J\

'INS |

oozt

oori

0091

.h!O—l“

000t

oore

111 ] 24

j. "J001VENINI

16



‘UOT3eDOT TTeM—9pPTIS e Apog aosuas Jo
sisdteuy sanjeradwsg-jualsuex], JO S3ITNSaY °6 9INHBTJI

SEN0J3S ‘INIL
ozl ollt 001 06 08 0L 09 0¢ or ot 11 A ol 0 oL—
T Imor iyt gl ¥3d nle &g~ 1 0o
- e y
— \\4\&\\ oor
\Fh\\lﬂ.\ L v 009
\LXA 008

N = oozt
~a

1 oori

]
t
\\ :.SV\ 0091
o’

0081
0002
oozt
ooreZ
009T

17

do 'JUNLVEIdNIL



axnjexadws] sen 3I9TUI 2o0ad 03

asuodsay aanjexadws] sep 3aTuI Apog Iosuas °QT o2Inbtg
SAN0J3S ‘INIL
ozZL oO0ll 0oL 06 (0]} 04 09 oS or o€ oz ol D

-

131Nl AQO8 YOSN3S 1V

ISNOdSIY IUNLVII4WEL SYO <

N

390¥d OL 1NdNI ._m.hm.\

00?
ooy
009
008
000l
oozl
oori
0091
0081
0007
oozz
oorez
0092

0087

io ‘JUNLVNIdNWIL

18



3.3 LINEARIZIIG CIRCUIT ANALYSIS

The physi .al arrangement of the fluidic temsperature eensor
is shown in Fiqure 11.

The linearizing network must receive a voltage signal that ie
proportional to T; (t). The output frequency eignal ie pro-
portional to the square root of T, (t). Thie fregquency eig-
nal is pasred through a frequency to analog conver:er having
a negligible time constant to produce a voltage directly
proportional to instantaneous input frequency. Thus, the
voltage will be proportional to the eQquare root of T, (t},

In order to provide a voltage signal directly proportional
to T3 (t), the output signal of the frequency to the analog
converter must be squared. Th2 squared signal is then con-
nected to the linearizing circuit, The output of the
linearizing circuit will then be linearly proportional to

T, (t). The arrangement of the components in the complete
measuring system is shown in Figure 5 (page 11).

i) 0 hin n

FLUID.

_AmPLIFIER

TemPeRATURE
SENSOR

PROBE -

Ti(t) - TEMPERATURE TO BE MEASURLD

T2(t) - PROBE OUTPUT TEMPERATURE WHICH
IS THE SENSOR INPUT TEMPERATURE

Ti(t) - TEMPERATURE ACTUALLY SENSED

Figure 11, Physical Arrangesent of
rrobe and Teaperature Sensor.
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The input temperature to the sensor is related to the output
frequency by Equation 3:

1
o
= £ _
L KYR (3)
where

T = absolute temperature of the gas, °R
f = output frequency, Hz
K = a constant
y = ratio of specific heats (dimensionless)
R = gas constant, sq ft per sec’ per °R

Thus, the output frequency is related to the input tempera-
ture by the Mach number relationship to the gas, such as

£ = [KyR]%7% (4)

This theoretical consideration fixes the value of o at 0.500;
however, in practice, this value is somewhat lower. The
frequency signal is converted to a voltage level signal
through the use of a frequency discriminator. The output

of the frequency discriminator is fed to the linearizer
circuit. A block outline of the system is shown in

Figure 12,

SENSOR
T(h— AND | HT) |DISCRIMINATOR[ g(f) | LINEARIZER | h(g)
PROBE
fT) =[xyu]°‘r°‘ HZ (HZ=CPS)
glf) = Gif

Ci = CONSTANT=SENSITIVITY OF FREQUENCY DISCRIMINATOR

Figure 12, Block Outline of Temperature-Measuring
System,
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Since £, g, and h are all increasing functions of their re-
spective single variables, each function takes on its maximum
value at the maximum value of its variable. That is,

fuax = £ (Tyax) Ivax = 9 (Eyax) hyax = P {9yay)
We have
g(T) = CI[KNR]UTU (5)
and
99{T) - ac_ [xvR) “T" (6)

We desire h(g) to be a linear function of T. Thus,
h(g) = h(c (KyR]"T%) =c T (7)

Where ca is a constant, differentiate both sides with respect
to T1 giving

dh(g) _ dh dg _ . (8)
dT dg 4T 2
or
dh e oa-1 dh
Tl - oc om®® 2 L
since
dg (T) i o, _o-1
a7 aC [KYR]'T (10)
But
C
dh 2
an 2 (11)
dg aC_ [KYT) ¥p-2
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Giving

G T
.z (12)
g ag
and since
h(g) = cT (13)
then
dh _h
dg  ag ik
So
dh _ 1dg
h «ag (15)
Integrating gives
-1
1lnh = g lng + 1n C3 (16)
where Ca is a constant of integration
We have then, from Equation (16),
/o
h= € g (17)
3
Therefore, \/a
Cg
_ _3 - 1/ o
G s C3C1 [KYR] (18)
Thus,
h=cc e [KYyRIT = C_g 1/a (19)

3.4 AMPLITUDE SCALING

Letting T take on its maximum expected value, designated as
To' gives

_ o, o
fmax = [KYR] To (20)
Then
Imax C1 fmax (21)
Setting the maximum value of the analog variable, Inax’
10 volts gives
10 10
cC = = L] (22)
1 fhax  [KYRIOT,
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Then

1/0’ 10 1/0'

Cz = CaC;y [KyR] = To Ca (23)

The maximum value of the analog variable h(g), is set by Imax’
thus,

- Va _ 1o
hmax = Cj3 (gmax) = C310 volts (24)
Setting
hmax = 10 volts, gives for Cj3:
10 _ Al-g)
C3 = B—m = 10 o (25)
Then Ve ) (1-a)
h=cg = 10 ¢ g l/a (26)

Note that the form of h(g) is dependent only on e.

From Equations (7), (23), and (25):

1/«
h(g) = CT= ———IOT c,6 T
(o]
(1-a)
- 10 YV 190- 5 = (27)
[0}
Therefore,

a(T) = 10 %}- (28)

(o]

A variable diode function generator (VDFG) was used to gener-
ate Equation (26). The input voltage was g(f), and the output
voltage was h(g). A VDFG is an active network utilizing
operational amplifiers, resistors, and semiconductor diodes.
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3.5 VENDOR PERFORMANCE TESTS

Performance testing of the fluidic sensor was accomplished by
the vendor prior to delivery of the sensor and the bench test-
ing reported in Section 4. The following subparagraphs
present a summary of the vendor's findings:

3.5.1 Operating Characteristics

A steady-state calibration curve for the fluidic sensor
operating on air is shown in Figure 13. This figure also
contains the steady-state calibrgtion constants K and n for

the analytical expression T = Another operating charac-

Ky R*
teristic of importance is the frequency sensitivity as a
function of inlet pressure. This is given in Figure l4.

Dimensional changes in the fluidic sensor due to heating will
affect the output frequency. This change is taken into
account in the calibration curve (Figure 13) for the fluidic
sensor operating in ambient air.

The flow rate of the fluidic sensor is given in Figure 14 in
standard cubic feet per minute for air.

CALIBRATION TABLE®
‘r t
. .8 1260 ss38
o R 1300 8930
1460 018
1560 9480
T = TEMPERATURE, *R el Boind
{ = OUTPUT , Hs 1. oeed
7 = BATIO OF SPECIFIC HEATS, ] L
- 1.
R = GAS CONSTANT FOR AIR = o< e
e 0 11100
1300 11368
K-8 2400 11560
/
- /
-
-3
2
<1
s
: /
F
=1 //
i
800™¥"5000 9000 10, 000 11, 000 13, 000
FREQUENCY, Hz
*CALIBRATION TAKEN WITH Py, o = 130 PSIG

Figure 13. Calibration Curve for Fluidic Temperature Sensor.
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: 28204 6.0 FREQUENCY
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U - 30 \m
He * DATA TAKEK AT ROOM TEMPERATURE
. N D Y B
0 | ] 100 "o 190 130 160 150 160 170 180

INLET PRESSURE, PSIC

Pigure 4. Performance Curves for Fluidic Temperature Sensor.

3.5.2 Dynamic Response

The fluidic sensor exhibits a double time constant in its
dynamic response. The following form is to be expected of
the sensor:

£ Ky Ks
T--Kv—a m#m (29)

Pigure 1S is a curve showing time response and gives the
constant mentioned above. It should be noted that the use

of an electronic lead network of the form K, (-,l%:r) will do

much to take care of the second time constant and so enhance
the overall response of the fluidic sensor. Figure 16 is a
schematic diagram of such a compensating lead network.
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1.8
1.4
T.KYR + K1=0.75
1.3 1 841 Tg s+1Y1 vy = 0.003 SECOND
! K9 =2 0.25
Bl T9 =19 SECONDS
;E 1.“I——d———L-——-——F—————.——p——.__‘
= | asemomnn
!‘:“!" //
ald o6 P
a
o /
:g 0.8
<% / E
. "“,‘j
0.4
4 2
/ $a
0.2 EE
/ 5 *DATA TAKEN AT 130 PSIG INLET
o a I . .
0.002 0.004 10 20 30 40 50 60 70 80

TIME, SECONDS ——

Figure 15, Step Response for Fluidic Temperature Sensor.

(DC BALANCE) ADJUST THIS POT. UNTIL THERE IS NO CHANGE IN OUTPUT
TEVEL WHEN PERCENT COMPENSATION POT. IS TURNED

20pf

[ S
INPUT — o+12VDC
, 500 Q2
IK & v - .
l | OUTPUT
1nt 0.54f 20l
12K ) 1001t
= I | © OUTPUT

1 ——————o0 +12VDC
1 MEG )
TIME
CONST,
-+ © -8VDC

_]_ 20mf
L

Figure 1l6. Compensating Lead Network.
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4. SYSTEM BENCH TESTS

4.1 GENERAL

Upon receipt of the fluidic sensor from the vendor, a bench-
test rig was constructed with which preliminary evaluations
were conducted on the temperature-sensing system. The bench-
test rig provided for testing of the temperature-sensing
system in steady-state and transient-temperature conditions
up to 1220°F. The following paragraphs describe the test
equipment and instrumentation and the test procedures and
results.

4.2 TEST EQUIPMENT AND INSTRUMENTATION

The overall bench-test system is shown in Figure 17. The
setup consists of a system to heat air up to 1220°F at 1/2

1b per min airflow and a solenoid valve to perform a tempera-
ture step function from ambient temperature to 1000°F, ap-
proaching a step response of 1 msec, Figure 18 shows a
sketch of the heating system, with the step-function valve
and the fluidic sensor attached.

The analog computer, shown at the extreme right in Figure 17,
was used to accurately establish the time response of the
sensor system., Figure 19 shows the heater, output frequency
counter, and readout instrumentation console., Figure 20 is
a close-up view of the fluidic temperature sensor mounted in
the bench-test systemn.,

The thermocouple leads shown from the sensor and the inlet
line (Figure 20) extend from high-response thermocouples used
to calibrate the sensor.

An infrared detector was selected to read the output of the
thermocouple because of its accuracy and speed of response.

A 1/2-inch sapphire window, mounted in a "T" section im-
mediately downstream from the slide valve, was used to trans-
mit the infrared rays from the tube. By using a lead-sulfide
infrared detector with the sapphire window, the infrared
region between 0.60 and 4.50 microns was detected,
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Bench-Test System.

Figure 17.
FILTERED ! 25 | [~SLIDE VALVE
AIR INLET SAPPHIRE
/—ORII-'ICB 3-IN. -DIAM AIR- l_-mwm
/ 12 HEATING TUBE )
AN-8 =
1
—63 —~ SENSOR
ppmoA:X L
7O NANGMETRES \—QA.nmmnammx
C.A. THERMOCOUPLE SIDE VIEW
TFTTITITTPTFTITT T 777777V 7rrrrrro7s PP PP T T TTTITrITTrrrrrrs 7z

HIGH RESPONSE
C.A. THERMOCOUPLE

TOP VIEW
PROBE

SAPPHIRE
INFRARED WINDOW
LEAD-SULFIDE
INFRARED
DETECTOR

(DIMENSIONS, IN.)

C.A. =CHROMEL ALUMEL

Temperature-Sensing System

Figure 18,
Bench-Test Diagram.
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Figure 19. Heater, Output Frequency Counter,
and Readout Instrumentation Console.

Figure 20, Fluidic Temperature Sensor
Mounted in Bench-Test System.
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The analog frequency converter is shown in the block diagram
in Figure 21. The linear frequency range was from 2,000 to
16,000 Hz, and the linearity was 0.08 percent within this
range. The converter was housed in a separate 19- x 3-1/2-
inch rack-mounted module, which was complete with internal
power supplies. The frequency-to-analog converter required
from 0.1 to 10 volts ac input, and at 16,000 Hz the output

was 10 volts at 10 ma. The output impedance was approximately
20 ohms,

AMPLIFIER

FREQUENCY 10 # SEC FREQUENCY
PROBE DOUBLER  TRIGGER  ONE-SHOT DISCRIMINATOR

o o i O =}

' l

| | VISICORDER
+ -- 5,000-
' | © .0
| i T GALVO

Figure 21. Block Diagram of the 2400°F
Temperature Sensor Electrical
Readout Circuit. '

The steady-state output frequency signal was monitored by a
high-response reccrder and an oscilloscope.

4.3 TEST PROCEDURES AND RESULTS

Bench testing of the temperature-sensing system was accom-
plished at sensor inlet pressures of 150, 125, 100, and 75
psig at 100°F increments between room temperature and 1200°F.

Both the high-response recorder and the oscilloscope that were
used to monitor the steady-state output-frequency signal
indicated considerable noise in the output. The signal from
the sensor was approximately 0.1 volt, with a peak-to-peak
pressure signal of about 10 psi. The signal was recognizable
as a sine wave with considerable noise.
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Figures 22 through 25 show frequency-versus-temperatui:2
curves, The reference line is the frequency-versus-
temperature relationship established by the vendor. The
reference line was obtained by the vendor at an inlet-sensor
pressure of approximately 130 psig. The table below presents
the effect of pressure on the output frequency of the sensor
for various steady-state temperatures. It is interesting to
note that as the temperature increases, the effect of inlet
pressure also increases. For a frequency of 9743 Hz at 150
psig, the actual temperature is 1125°F, which is 4,52 percent
lower than predicted. This was the greatest observed pressure
effect and was repeatable on the same bench setup.

With completion of the tests, the fluidic temperature-sensing
system bench test setup was disassembled,and preparations
were initiated for the cascade-type test evaluation.

PRESSURE EFFECT ON OUTPUT FREQUENCY OF SENSOR

Vendor Freq. In-House Bench-Test Freq Data at
Temper- Data at Various Pressures
ature 130 PSIG 150 PSIG 125 PSIG 100 PSIG 75 PSIG
(°F) (Hz) (hz) (Hz) (Hz) (Hz)
0 5530 5530 5530 5530 5525
100 6032 6032 6030 6032 6000
200 6487 6525 6487 6487 6440
300 6905 6950 6910 6915 6860
400 7294 7355 7300 7304 7250
500 7657 7750 7665 7670 7630
600 8000 8100 8012 8020 7960
700 8326 8475 8350 8350 8270
800 8636 8790 8660 8655 8575
900 8930 9110 8975 8944 8880
1000 9215 9400 9245 9230 9185
1100 9480 9680 9540 9490 9400
1200 9743 9943 9800 9750 9688

NOTE: The in-house data are taken from curves selected
as the best fit to the acquired bench-test data.
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125-PSIG Inlet Pressure
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5. SYSTEM CASCADE TESTS

5.1 GENERAL

As reported in Volume I of the uncooled-turbine final report,
a high-temperature-cascade test rig was designed and devel-
oped, including instrumentation, combustors, and a control
system, that simulated temperature conditions encountered
during starting and normal operation of a 2400°F turbine with
the design parameters of the uncooled turbine. It was this
cascade test rig that was utilized for evaluation of the
fluidic temperature-sensing system. The following paragraphs
describe the test equipment and instrumentation that were
employed and the steady-state and transient testing that was
accomplished in the cascade test evaluation.

5.2 TEST EQUIPMENT AND INSTRUMENTATION

The cascade test rig and control system are described in
Section 3 of Volume I. Figure 26 shows the fluidic tempera-
ture sensor installed in the cascade test rig. The cascade
test-rig operator control panel is shown on the left-hand
side of Figure 27. The instrumentation used during the cas-
cade testing is shown on the right-hand side of Figure 77

and in Figure 28. The instrumentation setup that was used
for the transient testing is shown schematically in Figure29.

B

Figure 26. Fluidic Temperature Sensor Installed
in Cascade Test Rig.
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Figure 27. Cascade Test Rig Control
Panel and Test Instrumentation.
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Figure 28. Two Views of Test Instrumentation
Used for Cascade Testing.
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5.3 STEADY-STATE TESTING

Steady-state tests were conducted in the cascade test rig at
temperatures from 800° to 2400°F. The temperature was in-
creased in increments of 100°F, and the sensor inlet pressure
was maintained at 146 psig.

Figure 30 shows the frequency-versus-temperature relationship
obtained by the vendor (at 130-psig sensor inlet pressure).
The in-house test data deviated a maximum of 1.2 percent
(lower frequency output) from the vendor's data. This devia-
tion was in the expected tolerance band.

2100

2000

b
e -
7/

1800

1199 CASCADE //
1600 RIG EXPERIMENTAL N
CURVE \#
= 1500 I
E 1400
& 1300 VENDOR
§ CALIBRATION
‘&' 1200 R Eallcia | CURVE
=
& 1100 o
(>
1000
Z
§ 900
% _
53]
wm
700f——
800f—— 9

500 / - -
400 —— :
7

300 /
200 % e
oot

6000 7000 8000 9000 10,000 11,000 12,000
SENSOR OUTPUT FREQUENCY, Hz

Figure 30. Steady-State Test Data for
146-PSIG Sensor Inlet Pressure.
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5.4 TRANSIENT TESTING

The transient tests that were conducted in the cascade test
rig were accomplished in two phases, with an interval
period during which bench-test correlations, system rework,
and steady-state testing were accomplished.

The problem of measuring the sensor dynamic response differs
from that of determining the sensor frequency-versus-
temperature relationship of the steady-state testing because
of the electronic equipment required to interpret the
transducer signal. If the signal is a pure sine wave, the
dc output of the converter will indicate a steady-state level
proporticnal to the frequency. If the input signal has a
noise or a modulated signal, the converter will respond to
the small variations in frequency change due to the noise.
This susceptibility to noise must be present for the con-
verter to respond to step changes in temperature. The dc
output to the converter will have a mean-average level pro-
portional to the predominant input frequency, but it will
vary about the mean level due to small frequency changes
(noise).

Most digital counters sample input frequencies for 1 second
and, therefore, do not display the noise changes except as a
last digit change over several readings. The counter will
always display a smaller perturbation about the mean, since
its response is considerably less than the frequency-to-
analog converter. Any filtering of the input or output
signals of the converter will reduce the response of the
output signal.

5.4.1 Phase I Testing

Transient test runs were accomplished in the high-temperature-
cascade testing of Phase I. Four classes were conducted:

1. 700° to 2600°F 2 sec
2600° to 2000°F 3 sec
2. 700° to 2400°F 4 sec
2400°F steady-state 300 sec
e 700° to 2400°F 10 sec

2400°F steady-state 300 sec
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4. 700° to 1600°F 2 sec
1600° to 700°F 4 sec
700° to 2000°F 2 sec
2000° to 700°F 4 sec
700° to 2400°F 2 sec
2400° to 700°F 4 sec
700° to 2600°F 2 sec
2600° to 700°F 4 sec

The runs were to be initially recorded without corrections of
the output signal in order to determine the required thermal
inertia correction. The signal would then be corrected with
the use of a correction circuit to provide a temperature-
measurement system with a maximum overall time constant of

10 msec.

The output signal of the seunsor was too noisy to provide a
record with which to work. This problem could not be satis-
factorily solved. The various investigations performed to
eliminate this problem are described below. The transducer
of the sensor was found to be transmitting a noisy signal;
therefore, the sensor was removed from the cascade rig and
disassembled for inspection. Six of the seven bolts of the
sensor were found to have failed during the 9 hours of opera-
tion in the cascade test rig. Little evidence was found to
indicate either erosion or clogging of the sensor cavity and
sensor ports. Figure 31 shows the condition of the bolts as
they were taken from the sensor.

The sensor was refurbished with new bolts made of Inconel 702,
and a new transducer was installed.

Cold tests were initially performed to determine the effect,
if any, of the new bolts and transducers on the output of the
sensor. No deviation from previous cold-test results was
noticeable. The sensor was installed again in the high-
temperature-cascade rig. The signal received by the recorder
and the oscilloscope was again too noisy to permit the dynamic
response to be measured. This noise was found to be generated
by the sensor transducer and not the instrumentation equip-
ment. The noise level was excessive over the entire tem-
perature range. The sensor inlet pressure was varied from

75 psig to a maximum value of 156 psig at .00°F temperature
increments up to 2400°F without noticeable effect on the ex-
cessive noise level.
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There was some question as to whether or not the cascade test
rig was subjecting the sensor and sensor pressure transducer
to excessive vibration. If this were the case, the noise
found in the sensor signal might very well be caused by the
cascade test rig and not by the sensor. To check this possi-
bility, it was decided to remove the sensor from the cascade
test rig and check the noise level in the bench test rig.

Figure 31 . Bolts Holding Fluidic Temperature Sensor
Together After 9 Hours in the 2400°F
Turbine Research Cascade Test Rig.

5.4.2 Interim Bench Testing, System Rework, and Steady-
State Testing

The sensor was installed in the bench-test rig, and the noise
level of the sensor signal was determined to be essentially
the same as that experienced in the cascade test rig.

Next, the sensor was checked in the bench-test rig without

the probe to determine if the gas transfer probe, which is
bolted directly to the sensor, might be causing the transducer
noise. No appreciable difference in sensor output wave form
was detected. For this bench test, the sensor was checked
cold (75°F) at various pressure levels without the probe in
place.

The sensor was then returned to the vendor for inspection
and possible rework necessary to eliminate the sensor signal
noise. The following is a summary of the vendor's findings:

i. The top and bottom plates were warped, which
permitted excessive leakage. (The vendor con-
sidered this to be a prime source of the signal
noise.)
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The exhaust ports were eroded to an extent
that prevented proper signal generation.

The bolts (second set) holding the sensor
together were broken due to differential
thermal expansion.

The sensor was reworked by the vendor in an attenpt torectify
the problems in the original design.

l.

The sensor plates were relapped to provide
parallel surfaces and then welded instead of
bolted into a permanent one-piece assembly.

The exhaust ports were drilled and tapped to
permit installation of a separate plug with a
port diameter of the proper size.

Figure 32 shows the sensor mounted in the bench test rig after
the bolts were replaced by weld joints. The weld seams, as
seen in the figure, continue completely around the sensor.
This approach was taken to eliminate leakage between the
plates and to remove the tensile load from the bolts, pre-
venting repeatable inspection cf the sensor cavity. However,
this loss of inspection capability was considered to be a
reasonable trade-off for a working sensor.

Figure 32 . Mounted Sensor as Received
After Vendor Modifications.
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The vendor suggested that the sensor be bench-tested with
exhaust-port plugs of different exhaust areas, as shown by
Figure 33. Tests on the sensor output signal obtained from
output ports with 0.030-, 0.028-, and 0.020-inch diameters
showed no improvement in sensor output signal when using the
smaller exhaust ports.

Figure 33. Exhaust-Port Plugs (Three Sets).

Because of the results of these tests, the ports were com-
pletely removed from the sensor to determine the effect on
the output. The performance of the sensor at temperatures
of 70°F, 700°F, 950°F, and 1120°F, with no exhaust-port
plugs, was improved. Upon completion of the test, a detailed
inspection of the sensor revealed that the holes that had
been drilled and threaded to accommodate the removable ex-
haust port plugs had not been drilled completely through the
sensor body wall. Consequently, the original integral ex-
haust orifices were still effective when the sensor was
tested with the removable exhaust port plugs removed.

With the bench test showing a good output signal, with the
integral orifices employed, it was decided to continue the
sensor evaluation in the 2400°F cascade test rig.

Steady-state testing was accomplished to determine the static
frequency-versus-temperature relationship of the sensor by
slowly increasing and decreasing the temperature (as deter--
mined by the sensor inlet thermocouple) and recording fre-
quency and temperature data at 100°F intervals from 400° to
2000°F. This was done at a sensor inlet pressure of 145 psig.
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Figure 34 shows the results of the static calibration tests
of the sensor and the data points determined from a
bench-check static calibration performed in the bench-rig
test setup. These data points agree well with those deter-
mined in the cascade rig for slowly increasing temperature.
The data for decreasing temperature differ from those for
increasing temperature because of the difference between the
time rates of decrease and increase of sensor temperatuce.
It has been observed that the sensor must remain at a given
temperature for a long time in order to obtain a valid fre-
quency reading. This characteristic is unfavorable for
transient-temperature-measuring applications. The frequency-
temperature function derived from the increasing temperature
static ca'ibration was

f = 710T0°-353 (30)

where T = temperature, °R

f

i

frequency, Hz

5.4.3 Phase II Testing

Transient tests were performed to evaluate the sensor linear-
ized response to rapid changes in sensor inlet temperature,
For this purpose, a high-response (10 msec) thermocouple was
installed in the sensor inlet, and the output of this thermo-
couple was compared to the sensor linearized output signal.
Both signals were compared to the main gas temperature at the
sensor insulating hood connecting-tube inlet by the use of

an aspirated thermocouple located near the connecting-tube
inlet.

It was necessary to include a band-pass filter and amplifier
in the instrumentation to obtain a usable frequency signal
from the scnsor. A zero suppression circuit was used to
obtain a greater span of the Visicorder for the sensor lin-
earized signal. The linearizer calibration was adjusted to
correspond to Equation (30). The senscr linearized signal
was attenuated with a video instrumentation galvo driver to
obtain 400°F per inch deflection on the Visicorder. The
sensor thermocouple and TIT thermocouple were connected to
amplifiers., The output of each amplifier was connected to
the Vicicorder. The gains of the amplifiers were adjusted
to obtain 400°F per inch deflection on the Visicorder.
Calibration data for Pt, ,Rh,,~-Pt thermocouples in the 700° to
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Figure 34. Bench-Check and Combustion-
Rig Static Calibrations of Fluidic
Temperature Sensor,
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2200°F range were used in adjusting the amplifier gains.
Base~level temperatures were read out on an indicator. Sensor

inlet pressure was maintained at 145 psig at the lower tem-
peratures and at 135 psig at the higher temperatures.

Figure 35 shows the transient response of tne sensor, sensor
inlet thermocouple, and TIT thermocouple for one transient
temperature. The true TIT cannot be determined exactly,
since the precise time-constant of the TIT thermocouple is
not known. Analytically, an approximation to the true TIT
can be made based upon the observed response of the TIT
thermocouple. The transfer function of the TIT thermocouple
was approximately

H(s) = g——7 (31)

where 1,, the time-constant of the TIT thermocouple, is ap-
proximately 0.2 second.

The cbhserved response from the TIT thermocouple may be ap-

proximated by
"t/'l’a
G(t) =T, |1 - e (32)

Therefore, the transfer function can be described as

To

G(s) = QRE::_7713 (33)

The Laplace transform of the actual input temperature is found
from the definition of the transfer function. Since all
initial conditions were zero in determining G(t), we have

g

H(s) = (34)

F(s)

o~

where F(s) is the Laplace transform of -actual input tompera-
ture. Thus,

G(s) Tolse +1)

= H(s) ~ s(sy, + 1) 2

F (s)
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Figure 35. Transient Response of Sensor,
Sensor Thermocouple, and TIT
Thermocouple.

Using the inversion integral to get F(t) gives

-t/Tg

F(t)=TO[l--Q-'-T-—lu-e (36)

3
Thus, if r, = 7,, the input temperature F(t) would be a step
function,

From Figure 35, the value of T, is approximately 0.65 second,
Assuming that r, is 0.20 second, then -

-t/73
(37)

F(t) =T, [1 - 0.7e
Equation (37) is sketched below,

0.65 t, sec
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Figure 3% shows that, under transient conditions, the maximum
temperature reached by the TIT thermocouple was about 1.7
times that reached by the sensor-inlet thermocouple. Also,
the maximum temperature indicated by the sensor-inlet thermo-~
couple was about 1.4 times that indicated by the sensor lin-
earized oulgwt, The sensor-inlet thermocouple and the sensor
showed very nearly the same form of response, That form of
the response corresponds closely with Equation (36).

The fact that the sensor linearized output did not indicate
the same amplitude as the sensor inlet thermocouple supported
the conclusion, derived from the static calibration that the
sensor required a long time to achieve the correct frequency
for a given temperature level.

The curve-correction circuits designed for the sensor evalua-
tion were not used in this series of transients, in order to
determine the transient response of the sensor without benefit
of the circuits.

Upon completion of the Phase II transient testing, the sensor,
sensor splitter, and probe were examined to determine if the
prolonged exposure (in excess of 100 hours) to temperatures
in the 2400°F range had any effect on the material. Examina-
tion of the components revealed no material discrepancies

or defects as a result of the temperature exposure,
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6. CONCLUSICNS

The objective of the fluidic temperature sensor program-~to
determine the feasibility of a fluidic temperature sensing
system for TIT measurement in a 2400°F turbine--was accomp-
lished. However, the conclusion reached was that the system,
as tested, was not a feasible means of TIT measurement. Con-
ditions leading to this conclusion are discussed below.

6.1 RESPONSE TO TEMPERATURE TRANSIENTS

The long time-constants that were demonstrated by the fluidic
temperature sensing system substantiated that this system, as
tested, would not be adequate for applications that require
high response to temperature transients.

6.2 ACCURACY VARIATIONS

It was revealed during the test program that the sensor inlet
pressure had a much greater effect on the accuracy of the
fluidic sensor output frequency than had been anticipated. It
had been expected that a pressure level would be found, above
which changes in pressure would have no effect on sensor per-
formance. No such pressure level was found.

It was found that as the temperature was increased, the effect
of sensor inlet pressure on the sensor performance also in-
creased. The worst condition was found at 150 psig inlet
pressure and 1125°F, where the error in the temperature read-
out was approximately 4-1/2 percent. This error is too large,
by at least a factor of 4, for the sensor system to be a use-
ful device for measuring TIT.

6.3 RELIABILITY OF SENSOR

The sensor fabricated from three plates held together by
through-bolts was found to be unsatisfactory because of ex-
cessive leakage and bolt failures. It is expected that the
sensor will require one-piece fabrication to provide satis-
factory operation over a long period of time. An investment
casting would be an attractive approach for the fabrication
of such a sensor.

6.4 OPERATION AND READOUT

The greatest limitation of the fluidic temperature sensing
system is the readout system. The system as evaluated would
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not be practicail, for two basic reasons: it is too expensive
and it is too cumbersome. A temperature-measuring system must
be relatively inexpensive (comparable to an equally efficient
thermocouple system) and simple in operation., The sensor body
is a very cheap and simple part to fabricate; the expense and
sophistication lie in the method of converting the sensor
signal into a usable form. Until a simple and direct approach
is conceived, the sensor will probably not find its way into
small gas turbine applications.
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7. RECOMMENDATIONS

Although the practicability of a fluidic temperature-sensing
system for TIT measurements in the 2400°F range with transient
rates reaching 2500°F per second was not demonstrated by this
program, it is recommended that further research be conducted
to resolve the established limitations. Demands for increas-
ingly higher turbine operating temperatures have created the
need for more precise control of an engine during transient
conditions and while operating at the increased temperature
levels. Such engine control can be accomplished only if a
much more accurate and respounsive method of measuring TIT is
developed than is presently available.

It is believed that the possible advantages and limitations of
a fluidic temperature-sensing system revealed by this program
indicate that such a system affords enough potential to war-
rant continued research. Recommendations are listed below

for improvement of the tested system.

1, Improvement of the transient-temperature response
characteristics of the sensor could be accomplished
by design changes to:

(a) Mount the sensor in such a way that intimate
contact with the gas stream is always main-
tained.

(b) Provide the smallest sensor-body mass thermal
inertia possible by reducing the sensor-body
volume and the sensor-body wall thickness as
much as is technically feasible.

2. Research efforts should be directed toward reducing
the adverse effect on readout accuracy produced by
variations of the inlet pressure.

3. Reliability of the sensor could be improved by
utilization of fabrication methods that would
produce a one-piece sensor,

4. Research efforts should be directed toward develop-
ment of a readout system that is both effective
and inexpensive to produce. A program that could
optimize this particular area of technology would
provide the greatest single achievement necessary
for the successful use of a fluidic temperature-
sensing system.
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