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ABSTRACT

A reliable thermocouple temperature sensing system for aircraft jet engines

having an operating temperature range of 1800OF (982 0 C) to 2300OF (12600c) has

been developed. The purpose of this system is for pre-turbine installation to

allow potential increases in engine thrust.

The system is unique in that it uses a thermoelement combination of

palladium and platinum 15% iridium. Provisions are also made for matching lead

wires up to ambient temperatures in the 1300 to 1500*F (701e to 8160C) temperature

range.

The system has been shown to be reliable over the specified temperature range

for a 400 hour period.

PUBLICATION RVIEW

The publication of this report does not constitute approval by the Air

Force of the findings or conclusions contained herein. It is published only

for the exchange and stimulation of ideas.

FOR THE COVUUMM:

CHARlES M. MICHAEIS
Chief, Air Breathing Propulsion Division

Propulsion Laboratory
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SBOTION- I - INRODUCTION

A reliable thermocouple temperature sensing system for aircraft jet engines
having an operating temperature range of 1800F (98200) to 23000F (126000) has
been developed. The purpose of this system is for pre-turbine installation to
allow potential increases in engine thrust. Thrust gains of 29 to 45 percent
are possible by increasing the turbine inlet temperature from 1500F (8160c) to
1900OF (1038 0 c).

Although numerous combinations cf thermocouple materials exist, few have
become popular. The types of Table 1 account for well over 9% of the thermo-
couples in use today.

Selection of suitable thermoelements for any application, and this appli-
cation in particular, represents a compromise of accuracy, life, ruggedness,
response time as influenced by conduction, radiation losses, partial adiabatic
recovery, arrosion, size, convective heat transfer, etc.

Extensive investigations in the past have been conducted on thermocouple
systems other than those listed in Table 1, and it became apparent early in
this project that a consolidation of scattered high temperature thermocouple
information was necessary. In consolidating this information, it was found
systems reported as suitable far high temperatures were done so without proper
clarification of atmosphere, life and stability. For this reason, the con-
clusions that can be drawn from such a compilation are necensarily very general
ones.

Very few materials are capable of withstanding a specified steady-state
operating temperature of 23001F (126000) with short-time transients to 2500OF
(137100). Listed in Table 2 are elements, having melting points in excess of
260OF (1371C) in ascending order. Because of the exceptional reliability
required of the materials for pre-turbine installation, determination of proper
materials presented the major problem.

A tabUlation of all types of materials would be prohibitive, however their
approximate range of melting points are shown in Figure 1. In addition to
limitations imposed by the melting point, sufficient reliability make it
necessary that the additional factors listed below be considered.

1. Good oxidation resistance
2, Good impact properties
3. Good thermal shock characteristics
4. Adequate strength
5, Good fatigue prop(-rties
6. Resistance to excessive scaling
7. Adequate creep properties

Revised manuscript released by the author October 1958 for publication as a
WADC Technical Report.
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TABLE 1. PRESENT THERHOCOUPLE SYSTEMS

Max. Temperature i Output

Thermocouple Cont. Use Spot Readin4s 0vlO0C

Chronel-Cooetantan 1O00C 7.65 @ 1000 C__ (18320P)

Iron-Constaxtan 8oo0c 11000 5.69 @ 800C
(14T2 0F) (20120F)

Copper-Constantan 4000 C 5000C 5.22 @ 4000C
(752?) (9320?)

Nioklol 18% Molybdenum- 13000C 5.17 @ 13000 C
Nickel (23720F)

/Chromel-Alumel 11l0°"C 13000C 4.04 @ 13000C
(20120F) (23720F)

Platinum-Platinum 13% 16000C 1750°C 1.17 @ 16000C
Rhodium (2912°F) (3182°F)

Platinum 1% Rhodium - 16000C 1750°C 1.17 @ 1600°C
Platinum 13% Rhodium (2912°?) (31820F)

Platinum-Platinum 10% 16000C 17500C 1.05 @ 1600%
Rhodium (29120F) (31820F)

Platinum 5% Rhodium- 16000C 175000 0.672 @ 16000C
Platinum 20% Rhodium (29120F) (31820F)

Platinum 6% Rhodium - 16000C 1750^C O.704 @ 16000C
Platinum 30% Rhodium (29120F) (3182-F

Platinum 20% Rhodium - 18000C 18000C 0.6 @ 18000C
Platinum .40% Rhodium (3272°F) (3272°0

- Iridium-Iridium 60% 20000C 0.5 @ 1650°C
Rhodium (36320F) & 20000 C

WADC TR 57-74 2



TABLE 2. MELTING POINT OF THE ELEMENTS

MELTING POINT MELTING POINT
ELEMENT ELEMENT

oc  OF  oc OF

Silicon 1410 2570 *Rhodium 1966 3571
Yttrium 1452 2646 Boron 2100 3812
Nickel 1455 2651 Hafnium 2130 3866
Cobalt 1493 2719 Ruthenium 2500 4352
Iron 1540 2804 Columbium 2415 4379
Chromium 1550 2822 *Iridium 2454 4449
*Palladium 1554 2829 Molybdenum 2622 4752
Titanium 1690 3074 Osmium 2700 4892
*Platinum 1773 3223 Tantalum 2996 5425

Zirconium I 3 3326 *Rhenium 3167 5732
Thorium M2 3348 Tungsten 3400 6152
Vanadium 1900 3452

I CARBIDEc

--- _ ELEMENTS

NITRIDES

O OXIDES

,,I METAL BORIDES

I I SILICIDES

_ SULPHIDES

CERMETSI

_ COBAL AND NICKEL BASE ALLOYS'.- -41-C

80o 1200 1600 2000 2400 2 00 3200 3600 4ooo :44oo

TEMPERATURE 00

FIGURE 1. APPROXIMATE MELTING INT LIMITS OF
MATERIAL TYPES
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With these additional requirements demanded, it was found, for example,
that carbides, nitrides, oxides, metal borides, silicides and cermets ful-
filling melting point regi irements, did not satisfy all the properties as
listed above. The only category of material likely to have a future, although
many have been tested with only fair success, appeared to be the cermets con-
sisting of hard carbides such as titanium and chromium carbide bonded with
cobalt and nickel. These materials received some consideration during this
development and are discussed in a later section.

It was apparent that the elements listed in Table 2 provide a starting
point in a search for suitable material. These materials were considered with
respect to the requirements listed above. The requirement of good oxidat on
resistance dictated that materials having good char aces sthout
protecion be consaEr-ed first and then those which require protection. The
c leen-t oss-o-en-PTn-y unprotected were the noble metals rhenium, iridium,
rhodiu platinum, and palladium. Of these five, only the 'aTer Four were
cormercially availabe ipre cal quantities and the volatilization of these
materials at the higher temperature became a major consideration.

Crooks (30) reports that the loss of rhodium at 23720F (1300PC) in air is
only one-half that of platinum, one-sixth that of palladium, and one-sixtieth
that of iridium. This also represents the order of choice of material for this
application other things being equal.

For clarification, the component parts of systems in the discussion
following are identified as followst

1. Thermoelements - Two different metals joined together at two common
junctions. When one of the Junctions is maintained at some temperature
other than the temperature of the second junction, an ef is generated.
The generated electromotive force, provided it is small, is propor-
tional to the temperature difference.

2. Lead wires - Consist of two different metals, having thermoelectric
characteristics similar to those of the thermoelements. Any
difference of output from thermoelements will introduce error in the
system when the lead wire - thermoelement junction is at a temperature
other than that of the cold junction.

3. Insulation - This is the thermocouple system insulating medium which
provides high resistance leakage paths between the system components.
Low resistance leakage paths are a source of inaccuracies in outpgt.

4. Sheath - The sheath serves as the system supporting member containing
insulation and thermoelements.

WAX 7R 57-744 4



5. Connectors - Provide a means of system interconnection.

6. Harness - Usually used for structure mounting and providing inter-
connection of several thermocouple probes to obtain average tempera-
ture reading over a large area.

The specific requirements of these individual components as required by

this contract are given prior to their discussion which followei

WADG 'M 57-744 5



II. THERMOMNEN

The requirements of the thermoelements are as followst

1. Steady state temperature range. 0-23001F (126o 0 C)

2. Maximum transient temperature range. Up to 2500F (13710C)

3. Accuracy - The thermocouples shall conform to NBS standardi-
zation within plus or minus 0.5%; the overall accuracy of
the system shall be within plus or minus 0.75%.

4. Output - The highest possible sigual output (about 22 milli-
volts at 20000F) is desirable, however, it is probable a com-
promise may be made between output, structural strength, and
mechanical workability.

5-. Constancy of Calibration - Subsequent to all tests of this
contract, the calibration of the thermocouples and the com-
plete system shall not deviate from the requirements of
Paragraph 3-

6. Gas Flow Rate - The thermocouple system shall be capable of
measuring the temperature of gases with velocities from 0
to 0.8. Mach.

7. Engine Test - The complete thermocouple system as required,
shall be capable of satisfactory operation in a turbojet
or turboprop engine selected by WADC. The operating temper-
atures and temperatures to be measured will be 1800-23000F.
The ambient temperature of the harness shall not exceed 15000F.
Tht test shall be for a 400-hour period and will be conducted
on engine test stands at WADC according to the test procedures
outlined in military specification PM-E-5009B. After completion
of tests, the thermocouple system shall be tested for conformance
to Paragraphs 3 and 4.

An extension of the thermoelement materials presented in the introduction
appears in Appendix I. This listing also includes alloys, rhodium, platinum
and their alloys. However, taking into account the output requirements of
Section 5 an Figure 2, it was found that these materials would not satisfy
the above specification.

In considering other combinations, it was noted from Fig. 3 that a
material could be made to provide an adequate signal when placed in combination
with palladium. Figure 4 indicated that a platinum-iridium alloy would be
adequate with the palladium vs. platinum-iridium combination yielding the
larger output. On this basis, the materials palladium and platinum-iridium
were chosen for detailed investigation.

WADC 2 57-744 6
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Palladium was the only noble material negative to platinum capable of
providing an increased output, it was interesting to examine why this material
has not found more general thermocouple use. Table 3 presents a comparison
of properties of platinum and palladium, and it was noted that little varia-
tion in general exist between the two materialsl There were, however, same
characteristics distinct to palladium as noted below#

1. Palladium is superficially oxidized if heated to a temperature of
7000C (12920F). The oxide (PdO) formed decomposes above 8750C
(1607F) and a bright metal remains.

2. Palladium will absorb as much as 800 to 900 times its own volume
of hydrogen over a range of temperature.

3- Subjected to alternate oxidizing and reducing atmospheres
surface blistering is apt to result.

Little prior information existed on the thermoelectric stability and
capability of palladium to operate at elevated temperatures. An extensive
literature survey produced only one reference (81) which indicated excellent
stability in the 392 to 1112OF (200 to 600oc) range when usedin combination
with silver, therefore, the present work assumed an extensive study to deter-
mine the characteristics of palladium at high temperatures.

The program to determine these characteristics can be detailed as followst
Figure 5 illustrates the combustion chamber designed for simulation of service
atmospheres. The chamber was operated on number two fuel oil and maintained
test hold temperatures to approximately t 25*F in the 2000 to 2500OF (1093 to
13710C) range and ± 500F in the 2500 to 27000F (1371 to 148200) range.

Chemically pure palladium was suppled by Baker and Co., Inc., Newa,
New Jersey and subjected to environmental testing in the combustion chamber
at 2400*1 (13160c). Figure 6 illustrates the photomicrographs of structural
changes with time. Other than grain-growth, there was no evidence of internCl
or surface damage in the simulated atmosphere for 175 hours.

Thermoelectric stability tests were performed by calibrating against
assumed stable materials. The materials chosen for these test were rhodium,
platinum, and platinum 20% rhodium. Figure 7 shows observed percentage amf
changes after operation at temperature for the indicated time. These devi-
ations were obtained by noting the change from initial calibration at 1093PC
(200007). From these figures the variability of palladium/platinum was more
random than that of palladium/rhodium or palladium/platinum 26% rhodium.
On the basis of these tests, it was concluded that palladium was thermo-
electrically stable in the temperature rang. concerned in this development.

WADC T 57-744 8



TABLE 3. GENERAL CHARACTERISTICS OF PALLADIUM

AND PLATINUM

PALLADIUM PLATINUM

Density 200C, g/cc. 12.02 21.45
Crystal Lattice F.C.C. F.C.C.
Lattice Cell, A 3.8825 3.9158
Melting Point 1554 (2829°F) 1773-51(3224"3°F)
Thermal CoDductivity Cw 200C 0.168 0.16
Cal/sec/cm' /OC @ 100 0 C 0.1T 0.172
Specific heat O O°C 0.05 0.031
cal/gm/0C @ 200C 0.058 0.032

1000C 0.059 0.032
5000C o.o64 0.035

10000 C 0.071 0.038
15000 C -- 0.042

Resistivity OOC 10.0 9.83
Micro-ohm-cm 200C 10.8 l0.6100 14.3 13.6

500 27.5 27.9
1000 40.0 43.1
1500 -- 55.4

Coef. qf Expansion 1000C 11.1 9.1
X 100 500 12.4 9.6

1000 13.6 10.2
Tensile Strength 2000 C 27.0* 19.5* 18.0**
psi x lo-3 400 19.0 17.0 15.0

600 13.0 15.0 11.0
800 8.0 12.0 7.7
1100 3.0 4.o 3.5

Elasticity odulus
psi x 10 -o  13.8 21.4

Brinell Hardness 46 42
Machinability Poor Poor

* GRADE 1
**C.P. (Chemically Pure)

WADC TR-57-744 9



FIGURE 5. COMBUSTION TEST FACILITY. AIRCRAFT

HIGH -TEMPERATURE THERMOCOUPLE
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During the initial testing of the thermoelements indicated above,
everal failures wer, observed as illustrated in Figure Be. These failures

were of concern since the ptior tests of palladium did not indicate this effect.
As a result, a study was made to determine the reasons for the voids appearing
throughout the palladium. Gince it was more or less confirmed that combustion
(See Flor 6) was not the source of this damage, junction welding techniques were
suspected. These suspicions were confirmed by the4fact that the inclusions
occured in close proximity to the junction. Figure 8b shows the results
of electric arc-welding as compared to inert-arc welding. When inert-arc
welding was used on additional test units, the failures disappeared.

Since one of the objectives of this work was to obtain a high output
system, several other materials (Appendix I) were also tested. The output
of the additional system chosen for testing are shown in Figure 9 as compared
to the characteristics of chrcmel/alumel. Since some of the materials of
these experimental units were oxidizable they were assembled in the
concentric construction of Figure 10. The results of testing these units
are shown in Table 4. Although only those combinations which had probability
of success earlier, completed the test, the significance was that palladium
did afford some protection to materials such as tungsten and titanium.

As a result of the latter tests, either palladium/platinum 10% iridium
or palladium/platinum 15% iridium were found to be suitable thermoelements
for use In this project.

.Addendum

During the extensive testing of thermoolements, several combinations in
the platinum series were tested for possible application to temperatures as
high as 270001 (14U82C). These were tested prior to modification of objectives
under this contract. The results of these tests are shown in Table 5. It
will be noted that all of the platinum/platinum-rhodium series prove adequate
for the proposed application excepting the output requirement; The one
system consisting of i um/iridium 60% rhodium included in Table 5 served
to prove that even at 2400F -131600) the volatility of iridium was sufficient
to prevent operation b iond3OU fus.

Calibration Results

Calibration involves theproblem of variability of thermoelement materials.
In all cases, developmental thermoelement materials were specified to be as
follows:

Palladium - Chemically pure, special pure or specially refined (Grade
two in platinum grading system). Supplied by Baker & Co.
Newark, New Jersey.

Platinum 1% Iridium - I.S.A. standard. Supplied by Sigmund Cohn Corp.,
Mt. Vernon, Neg York.

WADC 7 57-744 13
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FIGURE 8b. EFFECTS OF WELDING IN AIR OR INERT ATMOSPHERE

WADC TR-57-744 14



- o- -ULADIUM / 1 --- PALLADI/

-PALIADIUM/CHROMEL / -- - PALLADIM/TITAIUKI

50 CHROMEL/ALUMEL - RO4ET/ALUNEL

30-/

___/ / __
130 

2__ / _ 
____ 

_

20 ; "

20 Jr.7

0 500 1000 1500 2000 0 500 i200
TEMPERATURE OP TEMPERATURE

5 ----- ALADIUiVTUNG9E PALLADIR/P tl5%Ir

40 - -CHRO E/ALU EL CTEN 4L/ALUEL
-- -- PALIADIUM/ / -/-.PALLADIUM/

35 42 P*:Ca T' /. 35- P% 10% IR/

25 _25-. / 0

020 2C__ __ _ _15 15.. i oo/

WADC TH-77-44--

I120 __11__; c -- !i '

_ _/ i .H

0 0 00 1500 1000 5i 000 15I i00 0

TEMPER1ATUR~E oF TEMPERATURE °IP

FIGURE 9. CC1MIABATIVE OUTPUT OF CHROMEL -ALUI. L AND DEVELOPMENT
SYSTEMS

WADC TR-57'-VI4 15



AP

0

z

I$

WADC TR-57-744 16



TABLE 4. EXPERIMENTAL TEST RESULTS OF DEVELOPMENT
SYSTEMS

MAXIMUM MAXIMUM
SYSTEM COMBUSTION COMBUSTION

TIME - HOURS TEMP. OF_

Palladium/Nickel 18% Molybdenum 50 2300
Palladiumi/Chrome 1 50 2200
Palladium/Tungsten 18 2400
Palladium/42% Platinum Clad Tungsten 50 2400
Palladium/Platinum 15% Iridium 400+ 2300
Palladium/Rhodium * 600+ 2400
Palladium/Titanium 25 2200
Palladium/Platinum 10% Iridium* 400+ 2300
Platinum/Platinum 13% Rhodium 800+ 2700

*Standard construction, butt-welded Junction-all others of concentric
-construction.

TABLE 5. MAXIMUM PERCENT E.M.F. DEVIATION DURING
LIFE TEST CYCLE

WIRE **MAXIMUM PERCENT
SYSTEM DIAMETER CHANGE

INCHES 400 HRS. 800 HRS.

Platinum/Platinum 10% rhodium .020 -0.30
."040 0.10 0.22

" " .020 ' 0.22
Platinum/Platinum 13% rhodium .020 0.02

It of it .020* -0.21 0.13
" " " .020 0.13

Platinum 6% rhodium/Platinum
30% Rhodium .040 -0.09 0.15

" " 0.20 o.06
Plat. 5% Rhodium/Plat. 20% Rh. .020 0.27

" " .020 -- .048
Ir/Ir 60% Rh .035 Ir completely volati-

lIzed @ 300 hrs. in
combustion.

* Coated with Rokide "A" as supplied by Norton Company, Worcester,Mass.

*,PF:irst 60 hours operated at 13160 C (2400F) and the last 200 hours
at 1482uC (27001v).
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It was found that these specifications still allowed a variability of ±0.35%
in the thermoelement thermoelectric characteristics. Acknowledging that this
variability would exist until the materials were qualified as standard thermo-
couple materials, the following calibration was established using the equipment
of Figure 11.

(Reference 3unction at 320F)

Temp. Output T Output T Output
(07) (X-VL M!~ (XVL IM
200 1.72 850 10.49 1500 22.25
250 2.29 90 11.29 1550 23.27
300 2.87 950 12.11 1600 24.29
350 3.47 1000 12.94 1650 25.36
400 4.09 1050 13.8o 1700 26.42
450 4.73 1100 14.67 1750 27.50
500 5.38 1150 15.56 1800 28.60
550 6.06 1200 16.45 1850 29.71
6o0 6.75 1250 17.39 1900 30.83
650 7.46 1300 18.33 1950 31.96
700 8.19 1350 19.28 2000 33.12
750 8.94 1400 20.27 2050 34.27
800 9.70 1450 21.25 2100 35.48

System Calibration Results

Although system calibration concerns the individual calibration of thermo-
elements and lead wires, discussion of lead wires is deferred to a latter
section of the report. System calibration can be discussed now because of the
strong interdependence between system calibration and thermoelements.

Ten complete systems of the open junction, butt welded type construction
were fabricated, using 16 gauge (0.051 inch) diameter wires. A system
consisted of C. P. palladium, platinum 15% iridium, an alloy of 4.31% silicon-
balance nickel, and standard Nicbrome.* Eight of the indicated systems were
shipped to the National Bureau of Standards in partial fulfillment of this
contract while two identical systems were kept foz calibration. The approximate
system dimensions were as shown in Figure 12. The system calibration results
of the Instrument Department, West Lynn, are shown in Table 6.

*Wademark - Driver-Harris Copany
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FIGURE 11. SECONDARY THERMOC OUPLE CALIBRATION TEST
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TABLE 6. G. E. CALIBRATION OF PALLADIUM-PLATINUM 15%
IRIDIUM THERMOCOUPLE
(INCLUDING LEAD WIRES)

TEMPERATURE OUTPUT IN

OF OC MILLIVOLTS

-82.7 -63.7 -1.o

-38.7 -39.3 -0.66

+ 1.0 -17.2 -0.31

83.5 28.6 0.52

120.7 51.3 0.93

158.4 70.3 1.29

250 121 2.32

500 260 5.46

750 399 9.06

1000 538 13.04

1250 677 17.46

1500 816 27.27

2000 1093 32.65

1/4 2411

i7~ LEAD WIRES
16 THERMOELEMINT TO LEAD WIRE JUNCTION

k 12"1"

FIGURE 12. N.B.S. CALIBRATION SYSTEM DIMENSIONS
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CONaLusIONS

A system of thermoelements consisting of palladium/platinum 15% iridium
was found not to deviate more than ±0.5% when subjected to an oxidizing
atmosphere for more than 400 hours in the 1800 to 230007 (982 to 1260C)
temperature range. The output of this material combination was found to be
approximately three-fourths that of chromel/alumel.

The general characteristics of these materials are similar to a
platinum/platinum 13 rhodium system, (strength, etc.) however, the cost
of palladium is as low as one-fifth that of platinum.

The fabrication of ,ons using paladium must be done under n
inert atmosph

The operation of this system is not recommended for a hydrogen atmos-
pheres since a hydrogen saturated metal when checked against pure metal can
give a signal of as much as 27 microvolts per degree centigrade. A system
subjected to hydrogen saturation is also susceptible to the damage discussed
in this section previously.
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Section III - Lead Wires

Lead wires, particularly for noble metal thermoelements, have
received comparitively little attention in the past. This section
of the report deals with the development of lead wires having speci-
fic output characteristics for the noble metals under consideration.
Although lead wires are now available that have practically the same
temperature epf relation as some nobli metals, they do so over a
very limited range. In most cases, accuracies of from 1% to 3% in
the range from 32 to 3920F (0 to 200°C) are common.

The figure below represents a schematic of a thermocouple (A &
B) with interconnecting lead wires (C & D).

A Ti D

T1 F>, T2

B C

Letting

EABCD = Emf of the system

T, = Hot temperature

Ti = Intermediate temperature T1 > Ti > T2

T2 = Cold Junction temperature

eAB = Thermoelectric power due to Metals A and B

eCD = Thermoelectric power due to Metals C and D

The system consists essentially of two thermocouples. The first,
metal A in combination with metal B with a hot Junction at Ti and
effectively a cold Junction at T j The second, metal C in combina-
tion with metal D with a hot Junction effectively at Ti and a cold
Junction at T2.

Using normal thermometry procedure,

EAB = eAB(Tl - Ti)

and

ECD eCD(Ti - T2)
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These are additive so,

C 39AB %D * eOA (T1 - ?1 ) 0 aCD (Ti - T2 )

which mn e modified to

UBD - aB (T1 - T2 ) - (a AB - rD (T - T2 )

fram this relation if %B = eCD the output eaf of the system is -

%WD - *A (T1 - T2 )

and in effect, the system appears to contain only metals A & B.

The contract specific.tions which governed the study in tHs area were
as follows&

1. Accuracy - The overall accuracy of the system shall be within plus
or minus 0.75%.

2. Constancy of Calibration - Subsequent to all tests of this contract,
the calibration of the thermocouples and the complete system shall
not deviate from the requirements of paragraph one, above.

3. Ambient Temperature - Varying the thermocouple system ambient temper-
ature from 25 0F to 130007* shall not affect the system's accuracy
more than an additional 0.25%.

4. Spurious ant - Each connector of the thermocouple system shall be
tested for spurious junction effect. The amount of emf generated
when a temperature gradient of 1000F is imposed across any one
harness connection shall not introduce an error of plus or minus
51F. When a 100001 gradient is imposed, the amount of eaf gnerated
by any firewall connection, if applicable, shall not exceed, lus or
minus 507.

The first step in obtaining adequate lead wires for any thermoelament
was to investigate several probable base metal material combinations. Since
this development was concerned earlier with a platinum series of systems and
then a palladium series, a compilation of closest matches found along with th#
characteristics of other base metals are present in Appendix II for reference
purposes.

Platinum-Platinum 1 Phodium System

At the beginning of the lead wire development program it was noted that
the Platinum-Platinum 139 Rhodium thermocouple would be selected, so lead
wires to match this system were investigated. The choice of base-metal alloy
was a stainless steel paired with a high nickel alloy. A general survey was
made by measuring the output of sixteen stainless steel wires with

*Item 3 not changed during formal objective change, however, should read 130007
to conform with requirements of Item 4.
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each of three high nickel alloys. From the results, it was found that, while no

pair of leads gave a perfect match to the thermocouple, it was possible to fabri-

cate a staifless steel alloy of such a composition that, when paired with a

nickel alloy, would have characteristics close to those of the Pt-Pt 13% Rh thermo-
couple. The wires tested were all chemically analyzed and this information, together

with the output data, formed the basis of a statistical analysis performed by the

Statistical Methods Section of the General Electric, General Engineering Laboratory.

The report of this analysis is given in Appendix III. From it, the approximate
effect on output of each constituent of a stailless steel alloy could be obtained

at each temperature indicated. From this data, the composition of alloys giving

a close match to the Pt-Pt 1% Rh was calculated.

The closest calculated match was an alloy containing 12.4% nickel, 18.7%

chromium and the balance iron with traces of carbon, phosphorous, columbium, and

titanium. It was paired with a high nickel alloy, (19.71 chromium, 0.5% manganese,

0.3 iron, 1.3% silicon and the balance nickel). As the calculated result could

not be relied on to give a perfect fit, melts were made up to investigate the

outputs of alloys whose composition surrounded that of the theoretical alloy. All

the melts were of nickel, chromium and iron, and in different series of melts, the

percentages of nickel and chromium, and also their ratio, were varied. For each

case, a set of ingots based on the composition of the calculated alloj was obtained.

The melts were cast in sand molds, then rolled down to rods of diameter 0,289

inches. One set of rods was tested in this cold worked condition while a duplicate

set was annealed at 1830OF for 1/2 hour before testing.

By the time all the rods from the first melt had been tested, it had been

decided to concentrate on one of the high output palladium thermocouple systems

so not=ther testing was done on the stailless steel alloys. None of the stainless

steel rods tested had a deviation of less than t50% from the Pt-Pt 13 Rh thermo-
couple, so that the effort in this area represents one of probable investigation
for future work.

The Palladium Systems

The staialess steel alloys have too low an output to be considered as lead

wires for a palladium-platinum iridium thermocouple. Several commercial high

nickel alloys were tested against Nicbrcme* (60% nickel, 16% chromium, balance

iron) and the results (Fig 13&14) indicated that by varying the percentage of

silicon and manganese in these alloys a close match for the palladium systems
should be obtainable.

An investigation of the effects of adding manganese, silicon, and aluminum

to nickel both separately and in pairs, was made, The first tests indicated

a unidirectional change in output at any temperature due to an increase in the

M'radeoark - Driver Harris Co.
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variable, but a more detailed investigation over a wider range of compositions
indicated that the trend is not regular but has turning points within the
range of compositions studied. Frther work covering a still wider range of
compositions was found to be necessary before reliable conclusions could be
drawn, but the results obtained were sunrized as follows: (Nichrome was the
second leg in all cases).

Nickel-Silicon Alloyi

The first set of mlts, in which the, percentage of silicon varied from
1.86 to 3.86, indicated that an increase in Silicon caused an indrease in
output above about 600P7 (31600) and a decrease in output below this point.
However, tests performed on melts covering a slightly larger range of composi-
tions (1.07% - 5.25 silicon) showed that at the higher test temperatures of
10000F (5380C) and 150007 (8160C), where were turning points near each end
of the. rang. (Fig. 15).

Nickel-Manganese Alloys

There was not enough test data available on this binary to draw a final
conclusion. A preliminary test indicated that an increase in manganese content
increases output at temperatures below 1100OF (5930C) and decreases it between
ll00OF (5930C) and 15000F (8160C), but further tests only confirm this for pert
of the rang.. Further test work would be necessary to investipate this more
fully.

Nickel-Aluminum Alloys

An increase in aluminum content decreased output at 5000F (26 09C) but

once more turning points occured at about 1% aluminum content at both 100007
(5380C) and 15009F (816 0 C) u shown in Figure 16. The alminum content of
the melts varied between 0.9% and 4.1I.

Nickel-Manganese-Silicon Alloys

It was more difficult to interpret results from tests with ternaries as,
under existing conditions, it was difficult to keep the quantity of one
variable constant while examining the effect of varying the other. However,
in one set of melts the silicon content was kept to 2.85 0 0.03% and manganese
content was varied between 2.7% and 4#8o . Results indicated that an increase
in manganese content decreased the output all all temperatures. These results
were supported by those from melts containing 1.72 ± 0.02 silicon, the
manganese varying from 1.7 to 3.57%, as well as further melts in which the
silicon had a greater degree of variation.

The manganese content was also held approximately constant and the silicon
content was varied. An increase in silicon here also produced a decrease
in output all all temperatures.

A large number of melts of similar alloys were prepared for test but the
shortage of time did not permit them to be tested under this contract.
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Data obtained from the ternaries was plotted with the aid of triangular
coordinates in order to predict the composition of a ternary which would meet
any feasible output specifications, supposing that such an alloy exists.
However, a great deal of data must be available to be plotted if such a pre-
diction is to be accurate. A graph of some of the initial data obtained is
shown in Figure 17 and indicated that the approximate alloy composition to
match the output of a Pd-Pt 10% Ir thermocouple. The latter fioyre has been
included to illustrate the technique only.

All the precedin'g melts were tested in the form of swaged rods of diameter
0.162' after annealing for one hour at either 1600OF (871°C) or 175(PF (95 4C).

Tw9 nickel-silicon alloys were found that closely matched the two palladium
systems that were considered and the remaining time was spent on trying to
perfect these two alloys instead of continuinC the more general investigation.

Palladium-Platinum 10% Iridium Thermocouple

In the preliminary survey of commercial alloys, it was noticed that fully
annealed 97% nickel - 3 silicon alloy with Nichrome as the other leg provided a
close match to the Pd-Pt 10% Ir thermocouple. The greatest deviation between
the two was 2.5% at 5000F. By increasin6 the amount of cold work in the alloy,
the maximum deviation was reduced to 0.5% (Fig. 18) but tests showed that this
gave the wire poor stability at high temperatures (Fig. 19).

A nickel-silicon melt, containing 3.14% silicon, which had been cast in a
sand mold, swaged to 0.162', then annealed for one hour at 1600F (8710C) was a
close match to the Pd-Pt 10% Ir thermocouple except at the lower end of the tem-
perature range; the other lead wire leg was Nichrome, annealed at 1830F(lCOO0 C)
forl-/2 hour. The rod was then drawn down to wire of diameter 0.0360 and annea3ed
as before, then retested giving the following percentage deviations from a parti-
cular Pd-Pt 10% Ir calibration.

Temerature 290F W0OF 750 lO&1W 1500

% Deviation +0.20 +2.2 +0.30 +0.41 +0.10 -0.55

It should be noted that the variability of the thermoelements themselves can be as
much as :t0.35%. The above results were obtained by measurinE the output of both
lead wires and thermoelements separately, at specifieC temperatures. The lead
wires were then welded to the thermoelements and the system as a whole was tested;
the hot junction beinL maintained at 1692°F (22 0 C) and the ambient temperature
varied as follows:

Temperature 25c 78PF 755OF 94rF 1262F 1U±90F

% Deviation +0.86 +0.33 +0.25 +0.25 +0.16 +0.04

This was repeateC with the hot junction at 996OF with the following results:

Ambient TemuD. 1250 F 25O 2 720

% Deviation +2.5 +2.8 41.7 +.4
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Other melts were made up, similar in composition to the above, but including
very small amounts of manganese. The effect of adding aluminum was also investi-
gated; however, no closer match was found for the palladium, platinum 10% iridium
thermocouple during this investigation.

Palladium-Platinum 15% Iridium Thermocouple

A nickel-silicon alloy containing 4-31% silicon, when paired with Nichrc.ne,
appeared to be a closo match to the Pd-Pt 15% Ir thermocouple. The Nichrome was
annealed at 183007 (lO00G) for 1/2 hour and the nickel-silicon alloy was annealed
at 17501F ( 95 4ec) for one hour. The alloy was tested first as a rod of diameter
0.1620, then drawn down to wire of diameter 0.0520 and reannealed before retesting.
The deviation of these lead wires from a particular Pd-Pt 15% Ir calibration was
measured by butting a lead wire couple against the noble metal couple in a furnace
at known temperature. The outputs of each were measured by two potentiometers and
the percentage deviation calculated, giving the following results.

Temerature 261 ILcPF 7800F 1010F 1316 WV

% Deviation -0.47 -0.71 +0.56 *0.53 -0.39 -1.40

These are average values obtained from tests on wires drawn from two ingots from
the same melt.

Other malts, varying slightly in composition from the above, were made up and
tested, but none was a closer fit than the 4.33% nickel-silicon alloy.

The non-variable leg of the lead wire does not have to be Nichrome. Two other
nickel alloys were used to replace the Nichrome. These raised the output of the
lead wires at all temperatures (Fig. 20) and so were tested against lower output
nickel alloys made up in the Instrument Department Laboratory. However, no uni-
formly-close match was discovered.

Lead Wire Stability

Stability tests of materials having nearly identical composition of the final
lead wires were made. The comparative compositions are as follows

Lead Wire Tade Name C Ni _r C1 M Cb Fe

Test Alloy 33T 0.5 96.5 3 1

Lead Wire Alloys -- 96.5 3.4

Test Alloy 242 0.1 77.9 20 1

Lead Wire Alloy I Nichrome 57.6 16.4 1.5 0.08 23.3

Lead Wire Alloy II Nichrome V 77.9 19.0 1.31 0.48 0.34

In order to complete the testing within the alloted time, accelerated testing

was undertaken subjecting the materials to the followinE cycles
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1. initial stabilisig treatmnt. Ameal IS air for 24 hours at 183207

2. Load into cold furnace.

3. Purge vith bdrogen and ignite.

4. Raise temperature zo 183201 (10O00 C) and hoid for 24 hours.

5. PVV With nitrogen thile at 183" (100000).

6. Circulate air for 24 hours.

7. Slaw cool to room temperature.

After a 576 hour period, the lead vire alloys showed a marked change in out-
put and the test wan stopped with the folloving tabulated results.

_0._DDE_ % Change in Indicated Tomp.*

0 0 (after initial stabilization)

18 -0.21

96 -0.02

11.1 -0.03

192 +0.12

210 +0.21

288 +0.48

336 +o.5.

38f +o.6o

432 +0.84

180 +0.54

528 +0.42

576 -2.5

Average of ten units

since the temperature to vhich these units were subjected are much higher
then the specified ambients of this development, the recomended lead vires were
concluded to be of suitable thermoelectric stability to be used with the recon-
mended system of palladium-platinum 15% iridium.
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Lead Wire Conclusions

An attempt has been made in the preceding discussion to show the steps of
development to the recommended lead wire combination. It has also been pointed
out that several areas appear to be fruitful areas of extended investigation not
only frnm the standpoint of lead wires, but improved output from base metal sys-
tems. It may be worthy to also point out that all of the prior work was accom-
plished using standard foundry techniques.
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Section IV - Iznsulation

Insulation is one of those areas which required a ver, careful analysis since
it has been thoroughtly investigated by others, yet contains many conflicts as to
reported results. Extensive work in this phase was not accomplished by this labra-
tory since another coMonent of the General Electric Company had recently completed
a thoro4h study of comercial insulation parameters (72). An extended study of
those materials which appear applicable to this development was completed, however,
and these are discussed in more detail in the following analysis.

The materials considered as insulators have a negative temperature coefficient
and their resistivities vary with teperature according to the formula,

4 .A t B/T

where a electrical resistivity in ohm - am.

T a absolute temperature

A and B. constants for a given material

Two designs of thermocouples were considered. For the standard design, in an
infinite conductor ( Figure 21) using two parallel thermoelements, the resistance
between the thermoelements (RAB) and the resistance between the thermoelements and
the sheath CHAO) are given by the followii kg formulae.

where a .O - electrical resistivity in ohm - cm.

1 4 probe length in cm.

S • distance between thermoelaments in ci.

R2 = inner sheath diameter

D2 = thermoelement diameter

A symmetrical configuration is assumed in this case. (Figure 21)
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0: D2 (1 0.

Standard Concentric

FIGURE 21 - THERMWCO*LE INSULATION COMMRATIONS

It can also be shown that for conditions of maximum interconductor resistance,
for any given values of D1 and D2 .

aRAB

Thereforet as

s - o.486 D2

With this condition and practicable dimensions for the variables,

RAB : RAC  - 5:3

All future reported calculations are for resistance between thermoelements,
RAB.

For the concentric design thermocouple, see figure (21), the governing relations
are given by:

-ll ( b1 a

RC- in(d)

2111 c

where: a - diameter of inner thermoelement in cm.

b - inner diameter of outer thermoelement in cm.

c - outer diameter of outer thermoelement in cm.

d - inner sheath diameter in cm.

The contract specifications which governed the study of insulations were as
follows:

1. Insulation Resistance - The resistance of the insulation used in the
thermocouple system shall be at least 0.25 megobms under all engine
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operating conditions. The Insulation resistance of any subassebly of the
thermocouple system shall not fall below 100,000 obs during storage. These
requirements shall prevail unless the development Is able to prove that the
resistance of the insulation selected Is constant at some lover value
throughout the operating range.

2. Fuel Contamination - he tbarmocouple shall not carbonise when subjected to
the following test. light thermocouples shall be heated to a tes-erature of
200OF and inersed in a bath of JP-4 fuel at room teerature and allowed
to soak for 10 minutes. The thermocouple shall be placed In the test sec-
tion aft of a raujet burner for one hour where temperatures shall be 1800
to 23000F. This cycle shall be repeated 10 times and the Insulation resis-
tance shall not fall below 10,000 obas.

The above specification deals specifically with a system having a resistance of
at least 0.25 megobms. Since a system may consist of a number of components, the
concept as used in the following discussion Is worthy of clarification. A system as
defined herein contains several paralleled units Ahlch in turn provide an approxi-
mate aritbetical average of the Individually read thermocouples. Ideally, one re-
presents a simple thermocouple harness as:

TRi R2 R T °

where the output voltage 1o is given by:

No L i,n 1 if R 1.R 2 . ...... Rn

I=1 Ro  = R,

If one now considers the case of the inter-element resistance (floativg ground
system) a single unit as considered above would be given as:

1 2 n T
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In this case, we represent that portion of the insulation nearest the thermo-
elements as a resistive path and assume it to represent the equivalent resistance
between the thermoelaments. The portion nearest the thermoelements was chosen be-
cause it represents the lowest equivalent value since it is at the -mxi um tempera-
ture. In this case, the output voltage is given bys

which reduces to the prior case when R'I-+ . In az respect, this points up that
Rj must be acme comparable value of R j before it significantly changes the output
voltage.

For a single standard design thermocouple, Figure (21), with a thermoelement
diameter of 0.050 inches and an inner sheth diameter of 0.25 inches, the calculated
resistivity must have a value of 5.4 x 100 ohm - cm. to provide an insulation resis-
tance of 0.25 megohms (Figure 24). Figure (22) provides some resistivity values as
found by a literature survey and G.E. tests. The only applicable material from this
figure would be periclase (crystalline MjO) which is extremely brittle and extremely
difficult to fabricate.

The resistivity of a refractory is affected by various factors. The presence
of impurities will lower the resistivity as will an increase in the porosity which
effects the amount of fuel absorption which will take place. A non-hygroscopic,
inorganic refractory in a fused state is necessary to lessen or eliminate this
effect as a powdered insulator will absorb fuel by capillary attraction. Swaging
will also decrease the porosity of an oxide.

Resistivity is also affected by the surrounding atmosphere, especially at high
temperatures, probably due to a chemical change in the surface of the material.
This has little effect on a thermocouple enclosed in a metallic sheath as there is
little exposed surface area.

Factors Affecting Choice of Insulation

1. Resistivity

The formulas of the preceding discussion show that the magnitude of the
resistance of the insulation is primarily dependent on the value of the
resistivity. This is shown graphically in Figures 23 and 24. An increase
in the outer diameter of the insulation has little effect on resistance
after an optimum value has been reached at about 0.20 to 0.3'. A de-
crease in the diameter of the thermoelements is advantageous as regards
resistance, but is detrimental structurally. A decrease in probe length
also has a mall beneficial effect.

The effectiveness of the two designs considered was compared. Figure (25)
shown that the concentric design thermocouple gives a higher resistance
than the standard design with 0.05' diameter thermoelements for any prac-
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FIGURE 22. RESISTIVITY VALUES OBTAINED FROM LITERATURE AND BY TEST

TABLE 7. REFRACTORY DATA

KE Y REFRACTORY SOURCE OF DATA
NO.

1 FUSED INDUSTRIAL MgO L. J. BOGUE: PROPERTIES OF HIGH TEMPERATURE
INSULATION. G.E. REPORT NO. R56GL127

2 FUSED MgO N. MARC FOEX: CONDUCTIBILITIES ELECTRIQUIE DE
IA GLUCINE ET DR IA KAGNESIE AUX TEMPERATURE
ELEVEES. C0MPT. RED 21 ,665-666 (1942)

3 FUSED EgO H.N. GOODWIN AND R. D. MAILEY; ON PHYSICAL
PROPERTIES OF FUSED MAGNESIUM OXIDE
PHYSICAL REVIEW 23, 22, (1906)

SSWAGED 310 TESTS AT WEST LYN
5 ALUMINA AL- 1009 WESTERN GOLD AND PLATINUM COMPANY
6 ALUIA (CORUNDUM) R.J. RUNCI: HIGH TEMPERATURE TECHNOLOGY

(EDITED BY I.E. CAMPBELL) P.58
7SINERED ALUMINA E.C. RENRY: HIGH TEMPERATURE TECHNOLOGY P.A57

8ALUMINA GARY STEVENS:z HIGH TEMPERATURE TECHNOLOGYP .366
9 SWAGED ALUMINA TESTS AT WEST LYNN

10 PERICI1ASE E.G. ROCH0W: ELECTRICAL CONDUCTION IN
QUARTZ, PERICLASE AND CORUNDUM AT LOW FIELDSTRENGTH JOUR. APPL. PRY- 9, 10, (1938)

i1 BERYLIU OXID)E II. MARC FOEX: CONDUCTIBILI TIES EIECTRIQUE DE
LA GLUCI E ET DR IA MAQNESIE AUX TEMPERATURE
ELTB E ES. CON. REND 21 ,665-666 (192)
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ticable outer dimension, but is superior to the standard design using
0.02* diameter wire only up to an outer diameter of 0.222. For the con-
centric design the diameter of the inner thermoelement and the wall thick-
ness of the outer thermoelement have been taken as 0.005 inches.

2. Nechanical Strength

The insulation ist offer support to the thermoelements. A fused or solid
body with loy porosity will do this better than an insulator in a powdered
form but swaging will increase this strength in the latter case.

3. Resistance to Thermal Shook

To resist thermal shock, the coefficient of expansion of the material must
be low. A porous body will withstand the shock better than a fused one.

4-. Vibrational Strqss

A solid refractory will tend to break up under vibrational streLs while a
powdered oxide will maintain its form. A swaged construction is therefore
superior to a fused ceramic.

5. Aw1ansio

For the concentric design thermocouple, it is important that the coeffi-
cient of expansion of the thermoelements be close to that the insula-
tion or one will pull away from the other at high temperatures. This is
of less importance in the standard design thermocouple.

6. Chemical Convatibilitr

There must be chemical compatibility between the thermoelements and the
insulation and no abasion must be caused between them.

7- Finally, the refractory selected must allow ease of fabrication at low
cost.

As no readily fabricated material was found to possess sufficient resistivity
in the early analysis, a program was initiated to investigate the requirements of
an operable system. A balanced circuit was set up, containing an uninsulated
chroiel-alumel thermocouple with a decade resistance box across the junction to
simulate insulation resistance. A K2 potentiometer was used to measure the emf
output. The hot junction of the thermocouple was maintained at a constant tem-
perature in a controlled furnace, while the cold junction was at room temperature.
The output for infinite resistance was recorded, then resistance values were varied
from 250,000 ohms to 20 ohms-and the error introduced by leakage
through the insulation was calculated in each case. This was repeated with a 38
ohm resistance to simulate a temperature-indicating instrument included in the
cicuit. The results are shown in Figure (26). It was evident that no appreciable
error was introduced until the resistance fell below 10,000 ohms and an error of
±0.5% was introduced only when the insulation resistance dropped to about 1000
ohms.
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Testing of Refractories

Wests were mae at West Lynn to cMM. the resistivities of a mdwr of
available refractories. 0010 BeuWere mae VP In stainless steel sheaths; mom con-
tamaing parallel and som concentric thermoeomnts.* In each case, a short sample
was suspended'by Its leads beside a chrmel-aluml thermocouple in a furnace.* A
previous furnace survey had shown that the area surrounding the sample would, te at
constant tert- * 12is mg-pratwre wae readL on a thermocouple potentiometer
and the resistance between the thermoelements and later between the therimaelements
and sheath. was measured. The relation between resistance and te-rature was plot-
ted in each case.

Baowles of magnesivot oxide and almaina,, both in a owaged construction, were
tested in the standard parallel-wire forn. Mhe maguesium oxide, being hygroscopic,
had to be thoroughly dried out before testing. Nylunina, a fused high purity
sania, and NCO coOined with glass and with boron nitride were also tested in this
form.

Periclase, pingle crystal magnesium, oxide, was crushed under high-purity condi-
tions and its resistivity compared with that of powderea KgW. Both were tested In
ovaged concentric constructions of approximately the some dimensions.* Alumina was
also tested as a concentric samle but of much smaller dimensions.

Results of these tests are shown In Figures 27 and 28. Resistivity decreases
rapidly, but not uniformly, with rise in te__ erature. For most samples tested,
the rate of decrease in resistivity lessens at higher teprtures. Of all refrac-
torie tete. alon ha the hrees -.is~ ie th raWe-on
though powdered periclase has a hihroresitvt tha magnesium oxide at tempera-
tures below 85oPC-, it decreases rapidly in value at higher temperatures.

Refractories

The general comments on the oxides which were considered for use as Insulation
can be summrized as follovs:

Magnesium Oxide

Powdered magnesium oxide Is popular as a thermocouaple insulator. It has a
melting point of 2072OF (28000 C), can be need in a reducing atmosphere uto tem-
peratures of 3092"? (17060C) and., in an oxidizing atmosphere, up to 4i352 0F(24WO0C).
It is stable in contact with carbon up to 32720? (180006).

Th values reported for its electrical resistivity vary considerably. The
highest value reported Is 2.5 x 107 ohm - cm. at 18320? (10000C) for fused VgO, while
Vest Lynn tests of a swaged sample give a value of J.2 x 105 Ohm - cm at this tem-
perature. Other data is shown in Figure 29.

The mechanical strength and thermal shock resistance properties of XgO are suf-
ficient, though not as good as those of alumina. Also, NgO is hygroscopic, and this
decreases its resistivity and Increases fuel absorption. However, It is easy to
fabricate And the present owaging method used by the General Electric Company com-
pacts the oxide and thus decreases porosity, fuel absorption, increases electrical
resistivity and mchanical strength.
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Magnesium oxide has been combined with both glass and boron nitride to test
the effect of these addatives on the resistivity. The results for MgO + glass were
comparable with those of MgO alone but when boron nitride was combined with Mgo
the resistivity drop?ed more rapidly with increased temperature.

Periclase

Magnesium oxide appears in nature as the mineral periclase. It is formed by
driving carbon dioxide from magnesite at temperatures between 752 and 16529F (4000
and 900°C). Its reported electrical resistivity, in ts natural crystalline state
is 1.79 x l07 ohm-cm at 20120F (110000) and 2.50 x 10e ohm-cm at 25529F (l4000-C).
This is higher than any other known refractory (Figure 22). However, in this cry-
stalline form, periclase is very difficult and expensive to fabricate and entails
the use of ultrasonic drilling. Although its mechanical strength is good, it is
unlikely that it would survive a vibration test in this form,

Periclase was crushed to powder form and tested in a swaged construction

but the results indicate that this destroys the high resistivity properties.

Aluminum Oxide (Alumina)

Aluminum oxide has a higher electrical resistivity than magnesium oxide, but
once again, reported values vary with degree of purity and the form in which the
alumina was tested. The swaged sample tested at Wet Lynn showed a resistivity of
1.12 x lo7 ohm-cm at 183201 (1000c), and 4.19 x 100 ohm-cm at 2012OF (11009C). A
reported alumina, sintered at 32720F (18000C), although indicating a lower resis-
tivity value at 18320F (1000C, decreases in value less rapidly with increasing
temperature than the West Lynn sample and still has a resistivity of 4 x 105 ohm-
cm at 25520F (1 400C).

Alumina has a melting point of 39690F (20150C) and is stable in reducing or
oxidizing atmospheres up to 354eF (1950C). It is one of the strongest refractories
mechanically, certainly superior to magnesium oxide in this respect and in thermal
shook resistance. It is more stable with most metals than MS* but less stable when
in contact with carbon at high temperatures. Water absorption by alumina is negli-
gible and fabrication should present no difficulties.

Beryllium Oxide (Beryllia)

This refractory has an electrical resistivity of 8 x 107 ohm-cm at 1832eF
(10000C) and 2.5 x 105 ohmwa at 2552eF (14000C). This is considerably higher than
both MjP and alumina at these temperatures, but as beryllium oxide it is higly
toxic and is dangerous to work with unless ppecial precautions are taken. This
increases difficulty and expense of fabrication.

The melting point of beryllia is 462201 (550eC). and it is chemaically inert at
high temperatures. It has a high resistance to reduction and is thermally very sta-
ble. At high temperatures, it has great mechanical strength though it is weak at
low temperatures. Beryllia is volatilized by water vapor at temperatures above 300007
(1650C). A refractory grade (99.5% pure) is available comnercially.
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Conclusions

It was determined that thermoelements of small diameter would require insul-
ation of a lower resistivity for any given probe size than would thicker wires. The
smallest diameter feasible for the standard design with parallel thermoelement was
0.02'. At outer diameters greater than 0.221 the standard design was more efficient
than the concentric whose tube O.D. was this size. Sheath material would add to the
size in both cases, but more sc in the case of the concentric as further insulation
would be required between it and the tube. It was determined, that a parallel wire
thermocouple of maximum feasible outer diameter, containing thermoelements of minimum
feasible diameter would best meet specifications. A minimum feasible length should
also be maintained.

For a probe of this design, aluminum oxide was selected as the most suitable
type of insulation. It has the highest resistivity after periclase and boron
nitride, which are not recommended for reasons already stated. Alumina also has
suitable physical and chemical properties over the range of temperature required.

WAMJ lT 57-74j4 49



Section V - Sheath Material

The sheath material dictated that an analysis similar to that in the general
intoduction be made. This assumed that the sheath material would be subjected to
peak teWeratures. The recommendation of a noble metal sheath material seemed
impractical so that a detailed analysis of the problem was needed.

The specifications applicable to the sheathImaterial were as follows&

1. Steady state range = 0 to 230007

2. Maxium transient range = up to 25001F

G- Gas flow rate - The thermocouple system shall be capable of measuring the
temperature of gases whose velocities vary fram 0 to Mach. 0.8.

L. The system shall not require special cooling provisions.

5. Prospective materials shall be studied in view of structural strength
at high temperatures and their adaptability to the various thermocouple
fabrication processes that may be employed.

6. The various materials studied shall be described and notations included
regarding their applicability to the problim.

7. In studying and determining the final assembly and composition of the
thermocouple, prime consideration shall be given to the probability of
mechanical failure within the limits of engine operation and prevalent
temperatures. The development can not be considered successful unless
the thermocouple is desigaed to be extremely reliable when used for
measuring turbine inlet temperatures.

An analysis of the pre-turbine application and more specifically the definition
of the environment of a probe was undertaken. It was reasonable to assume that at
the operational temperatures, gradients of 200 to 400oF (93 to 2040C) existed in
a combustion chamber. It was also known that a clear definition of the temperature
and velocity gadients at any time was impossible because of their dependence on
flow conditions from the compressor. Pulsation, surging or shock from the compressor
delivery radically altered the conditions at any time.

In an effrt to define the existing conditions, Figure 30 shows a temperature
and velocity contour at a segnental entry to a turbine under specific conditions
(83). Zrom this figure, it was determined that a thermocouple tip in a pre-turbine
application may see temperatures of the order 1800 to 23000F (982 to 12600c), how-
ever, the sheath material would possibly be subjected to a maximum of 1600 to 210007
(879 to 1149 0C) at its very end. The rest of the sheath material would be subjected
to temperatures which depend on the inside temperature contour and the ambient tem-
perature outSide the combustion chamber. Under these conditions, a base-metal
which was operational to a maximum temperature of 11490 (21000F) was needed.

When considering any high temperature application, the oxidation characteristics
of a material were first considered, and its mechanical properties second. Con-
sideration of mechanical properties as.a prerequisite was useless if the material
deteriorated through oxidation.
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During this phase of the development, attention was given to three classes of
materials, iron, nickel, and cobalt base alloys. Table 8 was prepared to show the
comparative oxidation resistance of these three classes of materials. From this
table considering the maximum indicated table temperature of 13160C, four wrought
nickel base alloys appear to be the best, these are Inconel W. Inconel 702, In-
conel X, and Inconel in the order of their desirability.

For consideration of the intergranular oxidation, Table 9 was prepared for
those materials shown' in Table 8. Considering only those materials exhibiting
superior oxidation characteristics, intergranular oxidation reduced the materials
recommended for consideration to Inconel or Inconel 702, and of these two, Inconel
702 is the least oxidizable.

When it was assumed that the maximum temperature the sheath tip was at 1149C
(21000F) because of combustion chamber temperature gradients, from Table 8 in the
order of their oxidation characteristics, the possible choices were M-252, L-605,
Inconel 702, Hastelloy X, Inconel W, Incoloy T, Inconel X. J 1570, 310SS, A-286,
Inconel, and Hastelloy B. Reconsidering the possibility of intergranular attack
and assuming that no attack was desired for reliability, this list of materials
reduced to Inconel 702, Hastelloy X, and Inconel. The first choice would again
be Inconel 702, however, the other two materials were considered for furthcr appli-
cation to the problem.

A variety of mechanical properties were possible with the latter three alloys
whose compositions are:

C Ni Or No Co Mu Si Ti Al W Fe

Inoconel 702 .02 79.7 15.8 .11 .09 .45 3.73 .04

Inconel .05 77.5 14.5 6.50

Hastelloy Z .10 Bal. 21.88 9.03 1.01 .50 .48 .43 18.86

The alloy Inconel 702 is hardened by what is probably a nickel-aluminum-titanium
compound precipitate. Inconel and Hastelloy X exhibit solution and work hardening.
For high temperature service applications at 1800 - 2000*F, only solution hardening
can be depended upon for strengthening due to stress-relieving, averaging, and re-
solutioning effects making Inconel 702 peculiar in this case.

An analysis of the strength properties of these alloys was then considered
The comparison of the load carrying capabilities, assuming the arbitrary maximum
temperature limitation for each alloy based on an assumed stress of 10,000 psi for
10 hours were found to be:as follows:

Max.Service Temp OF
Alloy Mechanism of Strengthenini 10,000Dsi. 10 hours

Inconel 702 Precipitation hardening 1650

Inconel Solution and work hardening 1450

Hastelloy X Solution and work hardening 1650
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TAI 9. INWRQRANUIAR OXIDATION OF IRON, NICKEL, AND COBALT BASE
ALLOYS

PERCENT OF ORIGINAL THICMIESS EXHIBTING INTER-
GRANULAR ATTAtCK____ 200 2001201

A800 a 1900F 200001 2100°F 2200F 240001?
Wr'ought
NLokl Mae
Inoonel 0 0 0 0 0 0
Inoonel V - - - 40 30 40
Inoonel 1 10 25 35 40 30 40
Inool, 700 - 0 20 20 15 -
Inoonel 702 - - 0 0 0 0
Justelloy B 0 5 15 23 30 -
Iftstelloy R - - 0 0 - -

IstelloyX 0 0 0 0 0 -

X-252 15 3 95 100 - -

Wr'ought
Ian hae
A-286 -830 50 50 - -
N-155 -8 10 Comp.Ox.
31088 - 5 5 10 10 13
3218 0 5 25 Coop.0m.
Inooloy T - 35 32.5 *0 40 -

wrought
Cobalt Bass

z.-605 - - 8 40 Cow.O.
J-1570 28 28 28 30 -
v-0 0 0 Comp.Ox.

O-16 0 0 0 Totalcm.

cast
Cobalt hs
1E-109 15 23 30 Total Ox.
x-40 10 10 10 30
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The high oxidation resistance of these alloys permits their use at low stress
levels (2000 - 3000 psi) up to 2000'F and in the case of Inconel 702, up to 22000F.
Fcr very short periods of time, these temperatures can be raised an additional 2000F.

Havinc chosen the materials which were most probable for applica t ion to this
development, confirmation testing was undertaken. Figures 31 and 32 illustrate
the comparative surface effect of an oxidizing atmosphere on the three materials
(77). Figure 33 illustrates a series of photomicrographs of Inconel 702, made at
a higher operational temperature. These show that even at 2450*F (134_30) serious
intergranular attack does not occur until after approximately 96 hours. These
tests served to confirm the prior deductions of good high temperature oxidation
resistance.

The preceding analysis provided materials of relatively low strength at
elevated temperatures. Attention was then turned to the possible factors which
may allow these materials to be applicable in this development. One approach
was to idealize a condition in order to obtain a relative maEnitude of the actual
strength requirements.

Assuming these ideal conditions, consideration was given to a flat surface in a
gas stream. This would be the case of maximum requirements. Structure-borne exci-
tation was not considered initially and the assumptions were:

1. Air was the force producing medium.

2. The probe had a flat front surface for purposes of estimating a maximum
force.

3. Air impinges on the flat surface and none rebounds.

4-. Velocity undergoes a constant deceleration.

Lettings

M = MasS of the air

Aeo= Density of the Air

A = Incremental cross-section

X = Incremental length

V = Velocity of the air

V = Average velocity of the air = Vl - v o

the usual analysis provides the force relation

F = AV -d v

By substitution of the conditions specified by this contract, it was found that
a force of 13 pounds would be distributed along a surface 3 inches x 1 inch.
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Figure 31 - Surface Oxidation of Inconel and Inconel 702
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The same force can be obtained by using a reported relation (84).

7 CW._$V 2

2

In this relation, a drag coefficient, CD, of unity-vas used for aMach 0.8 gas
flow rate. Further modifications of the first pquation considered to include den-
sity changes due to pressure and temperature provided a new force expression which
Is given as -

1 + 0.0076

when the contradt specifications are used.

wheret p = pressure in psi

7 z Maroo in dyaes

T a temperature iid @C

A family of curves were plotted (Figare 34) of the force (F) as related to the
temperature (T) and at various values of pressure (p). The curves obtained show
that a large amount of variability with pressure exists at lower temperatures; how-
ever, at temperatures above 18O2F (10000C) the separation becomes less. At the low
temperatures the probe will not be exposed to the high pressures encountered at the
operational temperature. It was deduced that the probe force would be more or less
operating at a somaehat constant force value most probably under 50 pounds.

Comparing the force on various shapes of the same projected area, when viewed
on a screen perpendicular to the air stream, it was found that for a force/drag of
one pound on a flat surface, pointing the upstream surface reduced the force/drag
to 0.2 pounds. Altering the model shape to an air foil, reduces the force/drag to
0.02 pounds (85). The prior 50 pound probe force/drag was then modified to one
pound by designing a probe of the shape of an air foil.

From the usual stress calculations, it Was found that a 282 psi shear stress
existed for a rod and 178 psi for the air-foil.

The present G.E. system incorporates a 321 stLanloss steel sheath and is
operated at a maximum temperature of 1600oF (8719C) with ambients to 700 to 8000F
(371 to 427e). Figure 35 shows comparative mechanical properties of Inconel 702,
Inconel and 321S. Inconel is included because it is receiving limited use on
present day system. In all cases, Inconel 702 exhibited superior mechanical
strength at lower temperatures, however, at the elevated temperatures, the relative
differences disappear.

Although the probLem af mechanical testing at temperatures higher than 2000OF
(10930C) has mny problems, West Lynn did undertake a comparative short time axial
loading test at elevated temperatures with the hopes of obtaining conparative in-
formation at very high temperatures. Since other parameters could also contribute
to the measurement, the experimental validity of these tests was doUbtful.
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in figwe 36 the arrangement of the test apparatus for the high temperature
axial loading test is illustrated. Testing of the sample was started when the
furnace attained a relatively stable- predetermined value. The test provided the
results of table 10. Although these data were extremely difficult to obtain and
interpret, the indication in each case was that in the low stress regions. Inconel
702 is superior to the present design whether it is the basic sheath materials or in
a composite prototype. In the extremely low stress regions, Inconel 702 appears to
be better by one order of magnitude when compared to SS321.

The problem had been investigated and based on all the tests and didaussion

above. The most probably sheath material for recommendation was Inconel 702.

Gormets & Alloys

Figure 37 illustrates the results of two hours in combustion for some high
temperature alloys and cermets discussed in the introduction of this section. The
cermets were not completely oxidized so that an axial strength test was made and
accounts for the breakage shown in the figures. It was found that this aggre-
gates of metal and ceramic possess no measurable ductility. Further testing was
then limited to more detailed confirmation studies and new materials which were
supplied by various vendors familiar with the problem of this development.

Kennametal materials were obtained as shown in the as received condition in

figure 38. These were combustion tested at 24500F (13430C) with the results
shown in figure 39. Both cermets exhibited unstable dimensional characterietics
and spalling of oxide coatings which were formed during coi,bustion. Aside from
the dimensional instability and spalling, these materials did not fracture
during three thermal shock cycles. They did, however, exhibit cracking deep
into the sample body at the third cycle which was considered a failure.

In figure 40, there are illustrated the results of additional tests of the
Haynes Stellite Company LT-1 cermet (77% chromium and 2% aluminum oxide by weight).
This material exhibited dimensional instability and mild creep characteristics early
in the test cycle (after 25 hours 245007) (134300). It can also be observed in
figure C that cracking of the body occurred. Sample B survived three thermal shock
cycles after 75 hours of combustion while sample C fractured after four cycles and
125 hours of combustion.

Several new materials were provided as experimental samples by the Haynes Stel-
lite Company. One of these was a cermet designated LT-IB (60N chromium, 20% molyb-
denum and 20% aluminum oxide). This material exhibited characteristics similar to
those discussed above, however, it only survived two thermal shock cycles with the
results shown in figure 41. Another material provided by the Haynes Stellite Co.
was designated at LT-2 (60% tungsten, 25% chromium and 15% aluminum oxide). This
cermet exhibited destructive oxidation characteristics as shown in figure 42.

It was concluded from these tests that the most probable cermet studied was LT-1,

however, all of those tested exhibited dimensional instability and their use in this
development was not recommended.

Another probable solution in order to attain a reliable high temperature sheath
material was through coating. An attempt was made to the deter intergranular
corrosion of Inconel 702 to extend its life beyond 96 hours at the elevated
temperatures.
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TABL 10. COMPARATIVE X&SULTS AS CAICUTED FROM HIGH TEMPERATURE
SH ET MATERIAL TESTS

SHORT TI DEFORmaTION DUE TO STESS IN/KIN.Nxo- 3

BDING INCONEL 702 INCO.702 88321 INCO 72+ PROTOTYPES
32ES-pSI 02300OF 830v 10 P NgM00O 0~100 01800

1290 1.0 5.0

20o 0.2

2230 0.2 0.2 2

2580 6.0 9.0

3100 0.2

3870 8.0 12.0

4140 2.0

4460 1.0 0.3 6

516o 1.6 9.0 16.0

5170

6200 38

6500 1o.o 6.o

6700 1.0 0.7 6.4
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Figure 3 illustrates Inconel 702 coated with a dense alumina coating designated as

LA-1 by the Linde Air Products Comany who splied the coated saples. Figure 44

i1lusVrates the results of combustion testing these samples for 15 hours at 214MOF
(3-316rC).-

As a result of these tests, the Linde Air Products Company furnished a new
porous coating designated as LA-3. Mhe results of testing these coatings are
shown In figure 45. Sample B exhibited a small amount of spelling, however , these
tests were much improved from those with the IA-1 coating. Figure s shows the coa-
plete failure of the LA-3 coating after three thermal shock cycles such as the car-
mes vere subjected to earlier.

These tests confirm that when heating or cooling a metal protected wLth a
ceramic coating, sharp teerature gradients exist across the low conductivity
ceramic. This difference in temperature coupled with a difference In expansion
coefficient results In very high stresses. Me expanding metal stretches the
coating until rupture occurs.

It vas concluded that Inconel 702 appeared most favorable after an analysis of
the sheath problem and tests which are discussed above. From the standpoint of
reliability in a pre-turbine application, it was further concluded that as a result
of the limited testing accomplished during this development, no tested cermat or
coating showed sufficient success to warrant recomendation.
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FIGURE 43 LA-I COATED INCONEL 702 - AS RECEIVED CONDITION

FIGURE 44- LA-i COATED INCONEL 702- AFTER 25 HOURS
@ Z400'F AND THERMAL SHOCK TO 68 0 F

Coating Supplied By: Linde Air Products Company
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FIGURE 45- LINDE AIR PRODUCTS LA-3 COATED INCONEL 702

A. As Received
B. Eight Hours Combustion @ Z3000 F - One Thermal Shock to 68°F.
C. Sixteen Hours Combustion @ Z300°F - One Thermal Shock to 680F.

FIGURE 46- LINDE AIR PRODUCTS LA-3 COATED INCONEL 702
(After Combustion Test at 24500F and Three Thermal
Shock Cycles to 68 0 F).
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Section VI - System Design

This development contract considered two types of systems from the standpoint

of design. These systems were:

a. One type of thermocouple with a maximum time response of 1.2 seconds at a
maximum flow rate of six pounds per foot square per second.

b. One type of thermocouple with a recovery factor of not less than 0.98.

The characteristic time of a thermocouple is a transient behavior which is

usually identified by the Greek letter, (tau). When considering only a condi-

tion of convective heat transfer to or from the couple, a heat balance can be

written to obtain results similar to those of several investigators (5) (15) (16)
(61) and (62).

(tp( i - t) = (t i - t 2 ) (1 - e"a/-

where:

ti = initial temperature as indicated before a temperature change occurs.

t = temperature indicated by a thermocouple at a time after the change occurs.

ta = temperature of the air stream after a temperature change occurs.

c = specific heat of the thermocouple material.

_0= density of the thermocouple material.

h = coefficient of heat transfer.

D = Diameter of the thermocouple wire.

= time elapsed after a temperature change occurs.

Characteristic time is identified as whenen.18 and theratio of temperature

involved in this expression gives that

t i - t 2

If =I the value of this ratio for characteristic time if 0.632 similarly

if 7= 2 S, and Or = 3o the value of the ratio is 0.865 and 0.95 respectively.
In the following discussion, the mximum characteristic time of 1.2 seconds
specified for this development was used.
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Two qatems of different materials were compared by allowing the following

oondition t

1. All teperatures equal for two thermocouples of different materials.

2. Both thermocouples vere of the same diameter.

3. Both thermocouples had the seie heat transfer coefficients.

A ratio of the two systems providess

Indicating that the ra%&o of characteristic times are equal to the ratio of density
and specific heat.

Listed in Table (11) are characteristics of commercial thermocouple materials
as well as estimates for thermoelament materials recommended under this development.

If the ratio of a chromel/alumel system with % average -0 C of 62 and a palladium/
platinum 15% Iridium system which has an average AwC of 44 are taken

e/NO#C/A 1.41

or C7i/A = 1.41 7"pd/pt Ir

In figure (47), are shown characteristic times vs. mass velocity from ref. (14).
These values are both calculated and experimental for a chromel/alumel, 16 gauEe,
loop junction. Also shown are the expected characteristic times for either a
platinum/platinum rhodium or a palladium/platinum-iridium system at the maximum
tenperature of 160007 (8716C).

This figure illustrated that a characteristic time lower than the specified 1.2

seconds could be predicted for a 16 gauge palladiu;/platinum 15% iridium thermocouple at
as low a temperature as 1400OF (760c) and a 6 lb/ft 2 sec. mass flow. It was
therefore not anticipated that the time response requirement in this development
would present any problem.

In order to better understand the factors which more directly effected the speed
of response of the thermocouple junction, the following simplified problem analysis
was prepared. This analysis was made in preparing specific recomendations for
characteristic time improvements.

Considering a heated thermocouple placed in a cooling, movinE air stream. Radiation
and conduction losses neglected; the only mechanism available for remoVing energy
from the couple was the moving air stream. Density and viscosity variations were like-
wise neglected. The air stream was considered to be tube-like with:

dm A77 (dl)
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DENSITY SPECIFIC HEAT
NAZUUL-- Ds. &Z. 3 B.T.V./LB./OR B.T.U./jrT. 3 ,/o
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where dm is an element of mass, Ag is the area of the stream (equal to the area of
the Junction Aj), ,,oO g was the density of the air, and dl ts a unit of length along
the tube. Dif erentiatine this equation with respect to time given the rate of
change of mass flowing pass the thermocouple. Using this relationship in the energy
equation for heat flow gave, after integration, the results

T (Ti - Tf) exp () (t/CjSg. A jV)

where

t a Instantaneous time greater than zero

T u Temperature at any time (t) greater than zero

Tin Initial temperature

Tru Final temperature

C jo Heat capacity of the Junction

Aja Area of the junction

Sj= Specific heat of the gas

wA , Density of the gas (considered constant)

Ve. Velocity of the air stream

expu Base of the Natural log (e)

The denominator of the exponent of (e)ie called the time constant.

That iso. "' tjsg.

A similar expression to this has been given by Dahl and Flock, (82) and mention
was made that the coefficient of heat transfer (he) is dependent on the mass flow
rate. The quantity '-o* gVg is the mass flow rate, so he does. in fact, contain
that term.

In practice, the equation above cannot be used to riwously define the time
response constant 7. Heat transfer of this type is extremel Scuplex, and in
addition to the assumptions made, it has also been shown that Tdependb on the
temperature interval. The value of the equation lies in the fact that it points
out sm variables which are significant for rapid response, knd it therefore pro-
vides a direction for proper thermocouple design.

Although the equation cannot be used to measure 7 theoretically, exqination
of it showed that the quantity an be determined experimentally. When t Is equal to
a)'al s pointed out earlier, the temperature of the thermosouple will have reached
azaie: T - Tf # (0.362) (Ti - Tf). Thus, by measuring the time it takes the probe
to travrse approximately 63 of the temperature interal, the I"- is determined.
Actually, since ?-is a constant of a particular system (couple and measuring equip-
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ment), any arbitrary change in the temperature Interval can be used together with
the corresponding time interval to calculate 'r . This will hold true only if the
experimental temperature-time curve is logarithmic as the theory suggests.

Test Results

In order to evaluate the speed of response of various thermocouple junction
configurations, a test facility was set up to measure the speed of response'under
contract conditions. This facility is khown in Figure (48). The equipment was
operated and measurements were correlated with the National Bureau of Standards for
several types of thermocouple junctions. Table (12) shows the test results as com-
pared to those of the National Bureau of Standards for three different types of
thermocouple junctions. Figure (50) shows a sketch of these three junction types.
In Figure (48) the high steady-state temperature was provided by an electric oven;
the lower temperature was a cool. moving air stream. An orifice plate used in con-
junction with a U-tube manometer provided for mass flow calibration. The enf of
the thermocouple was fed into a recording oscillograph. Decade resistance
boxes are used to provide both proper impedance matching and desired recording sen-
sitivity.

Since the time response was defined as that time required to reach 63% of the
temperature change, it was, in general, incorrect to use 63% of the emf change. For
chromel-alumel couples which exhibit a linear emf-temperature relationship, a
conversion was not necessary.

Errors could be introduced if the temperature or the velocity of the air stream
ware to very significantly with time. The recording device was such that any drift
was detedted on the trace and necessary corrections made.

Since there were no pressure sensine devices situated near the couple, it was not
possible to guarantee that the probe was 'seeing* the mass flow indicated by the
orifice plate. A simple 'dip-stick* measuring device insured that the thermocouple
was at the same position in the air stream, and the results indicated excellent repro-
ducibility. Comparison of results with the Bureau of Standards indicated the
necessary corrections.

It was also found that the galvanometer reached equilibrium in a time a,prox-
imatinL its natural frequency. With the impedance match used (6% critical damping)
the time lag was approximately 0.005 seconds.

The slope of the emf (tenperature)-time curve was such that an error in measure-
ment of temperature corresponding to an error in length of 1/60 of an inch produced
errors in time responses of between 1% and 2%. Using an engineers' scale kept
these errors to within these limits.

Time Response Conclusions

An analysis was performed indicating that the response of a palladium/
platinum 15% iridium thermocouple should be faster than those observed by chromel-
alumel by a factor of 1.41. Several responses of various chromel-alumel desigus
were measured and with an 18 gauge, machined loop system, a 1.17 second response
was attained. It is concluded, that the time response specification of 1.2 seconds
could be attained using 16 gauge wire in a machined loop configuration.
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7.

FIGURE 48. SPEED OF RESPONSE TEST

TYPE Z TYPE 1

FIGURE 49. CONCENTRIC SUB-MINIATURE THERMOCOUPLE JUNCTIONS

(APPROXIMATE 0. D. AT TIP ': 0. 020 INCHES)
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TABLE 12. TIME RESPONSE RESULTS

a. Time response of chromel-alumel junctions for a mass flow rate of 6 lb/ft2-sec.
and a temperature interval of approximately 1000 degrees Fahrenheit.

Beaded Junction (26 GA) 0.78 ± 002 seconds

Machined Loop (18 GA) 1.17 ± 0.02 seconds

Beaded junction (18 GA) 1.92 ± 0.02 seconds

Fused splice junction (18 GA) 2-59 ± 0.03 seconds

Concentric junction (.028 OD) 0.71 to 0.50 ± 0.02 seconds

b. Variation of time response as a function of mass flow rate. Fused splice
probe was used.

Mass flw rate: Time Responset
(lb/ft2-sec.) (seconds)

3.0 3.66

4-5 2.97

6.0 2.56

7.0 2.37

c. Variation of -yoax a function of da$ to day anling. Fused splice probe warn
used. Mass flow was 6 lb/ft2 -sec.

DTime Response (Sec.)

1 2.58 & 2.61 sec.

2 2.56 * 2.58 sec.

3 2.56 & 2.59 sec.
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d. Calaulatiofd of time response using arbitrary percentage changes in
teMerature.

TOup
Fused MUGip0 Machined loojp ohm"

2.58 sec. 1.17 see- 63

2.58 so. 1.14 see. 3d

2.61 sec. 1.14 so. 28%

2.60 s. 1.15 see. 18%

* Cmarison of time response results SoaiaNt tests made at the National
Biureau of Standards. The mass flow rate was 6 lb/ft2 -sec. The temperature
interval was approximately 1000 degrees Fahrenheit.

General Electric National Bureau

COUD10 Date of Standards

Beaded Junction 0.78 0.72

26 G&) 0.78 0.72

o.68
Average 0.78 see. 0.71 see.

Machine loop 1.16 1.12

(18 Ga) 1.17 1.00

Average 1.17sec. 1 sec.

Fused Splice 2.58 2.49

(18 GA.) 2.61 2.35

Average 2.59 2.33 sec.

There is a constant conversion factor between the two sets of data. This conver-
sion factor iss

G = N.B.S.1.1
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TABLE 12. CONTINUED

f. Time Response of Concentric Design

Junction Unit Record Time
Form* NO. No. Response-sec. T.OF

1 1 3459 0-79 1000

1 1 3462 0.77 1000

1 1 3466 O 1000

Average 0.77 Corrected Ave. 0.71

2 2 3469 0.54 1000

2 2 3472 0.53 1000

2 2 3475 0-54 1000

Average 0.54 Corrected Ave. 0.49

2 3 3478 0.57 1000

2 3 3481 0.57 1000
2 3 3484 0 1000

Average 0.56 Corrected Ave. 0.51

*See Figure 49.

FUSED BEADED MACHINED
SPLICE JUNCTION LOOP

FIGURE 50. JUNCTION TYPES USED FOR TIME RESPONSE DETERMINATION
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RIoh-Recovery System

In 1tis section, consideration Is given to the system Vhich required a recovery
factor of not loes than 0.98.

In speaking of gas temierature mawsurmnts in a h1gh-velocity gas flow, there
are two existing states. Sre Is the static teprakuwhic wIL old be measured if
the ness-, nut was taken by moving a device alon, g with the gas stream. The other
is a total tIprtr vwre the mesasurement Is mde 'by a stationary measuring device.
She total t k7raue device brings the gas to rest and the kinetic *zMer is conwer-
ted to an afiabatic temerature wise.

fthe deteralsetion of these states of tae atue Is a difficul.t tosk. The
static Ite ewature Is the met di1fficult with a stationay probe, because of the
Vas velocity reduction by the boundary layer. This t meature Is usually deter-
mined by measuring the static pressure and either the density, velocity or Index
of refraction of the gas.

awe conventional probe usually Indicates somewhere between the static,. T, A
-total te-pratures, TtO depending on the shape, orientation, radiation end oiLer
factors af the probe. The stagnation, Tet, and static aeeatrs Too are related
by the following equation:

where N a free stream mach. number.

joetting -/-Cp/CT a 1.Ii for air, the relationship can be written -

which holds for sonic as well as subsonic flows.

We define the recovery factor as the ratio of the Indicated tesperature rise,
T- T... to the aftabatic te-_erature rise,. 2,t - T.or

Tot - T

This relation Indicates that a system of mimm~ efficiency can have the ratio of
one.* Under thkis condition, the Indicated temierature would be as near the stagna-
tion teieatr as possible.

Aplying the conditions of this contract

r >0.98

and x - 0to 0.8

VAN 2B 57-7"~ 81



From the recovery factor definition above, we have that:

Tst = 1.128 or Tst = 1.128 Ts
Ts

and:

Tt = 1.125 To

It Is now possible to proceed in determining what is needed for a high recovery
system. From the discussion above and experimental data on high recovery systems,
it is found that the system is required to be of some aspirated or stagnation
design. The aspired or stagnation design provides for the reduction of differences
in the indicated and true temperature by consideration of the following factors:

1. Reduction of the effect of adiabatic temperature rise, due to bring the
gas to rest.

2. Reduction of radiation losses.

3. Reduction of conduction losses.

The first of these factors is affected by establishing a stagnation zone aead
of the temperature sensing element. The calibration of such a probe shows bet'er
reproducibility than that of a probe for which the flow characteristics in the boun-
dary layer determine the recovery factor. A probe of this type is shown in Fig. 51.

The other factors can be affected by considering the following characteristics
as they are related to the system.

1. The thermoelements should have low heat capacity to reduce couple time lag.
Although it is tot intended to consider tnme lag in the high recovery probe.
An attempt must be made to provide an acceptable response.

2. To reduce conduction losses, the thermoelement leads should be partially
exposed to the temperature of the stagnation chamber.

3. Radiation losses are reduced since the stagnation chamber serves as a
radiation shield also. The radiation shield should be of a low heat con-
ductivity and low surface emissivity so that the thermoelements "see" as
small a temperature difference as possible. A low temperature difference
reduces the radiative heat transfer.

4. A number of vent holes should be provided In the stagnation chamber to
replace the air. The temperature of the air in the chamber will tend to
drop below the stagnation temperature due to heat conduction and radiation
if not replaced. These holes must be of small size so as not to cause the
air in the probe to assume an appreciable velocity. The small velocity
effect of these holes are advantageous, however, as they reduce the time
lag by increasing the convective heat transfer.

5. The heat losses from the probe can be reduced by having a blunt probe with
a strong normal shock wave In front Vhich effectively raises the boundary
layer temperature. The effect of a strong normal, shock wave also provides
insensitivity to flow inclinations.
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High Recovery Desin Conclusion.

Since the design of a system is a judicious choice of factors, and material
characteristics, definite conclusions can not be made in the strict sense. An
attempt has been made in this section to point out the controlling factors and
ways to provide that a probe of suitable design be provided. Figure 51 illus-
trated a relatively complex design from the manufacturing standpoint, however,
Figure 52 illustrates that the requirements of high recovery can be attained
by minor modification of the present G.E. high recovery probe.

W O 2R 57-744 84



34
GROUP -1

GROUP -2

UNCTI(N CHARACTEISTIC TIME (SECOND) RECOVERY
GROUP NO. @MS FLOWf (L1.#T-Ea FATO

3 7.2 4.7 3.7 3.0 0.95
1

4 8.3 5.8 4.3 3.6 0.95

3 4.3 2.9 2.5 2.1 0.96
2

4 15.4 10.3 8.3 6.9 0.96

FIGURE 52. GENERAL ELECTRIC HIGH-RECOVERY SYSTEMS
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Section VII - Connectors

The thermocouple connector has three problem areas; contact resistance, spurious
voltage, and mechanical life. The problems are not insurmountable, howeter, they are
of such a nature that it is highly improbable that absolute elimination can be attained.
They can be reduced to a minimum only by extreme designing care and observation of the
following precautions resulting from field test data.

The contact resistance of a connector operating in a region of high temperature
and Vibration can increase from any of several causes; oxidation of the contacts,
loss of contact pressure due to loosening or wear of the contact parts or relaxa-
tion of the spring member. The contact may also be damaged mechanically by forcing
the contacts together improperly, over-stressing the spring or by inserting an over-
sized test lead into the socket. This problem can be overcome by proper material
selection and elimination of mechanical damage.

Spurious voltage can be introduced into the thermocouple circuit at the con-
nector by formation of a 'econdary thermocouple. If the contact members are of
materials which do not match the lead wires, a temperature gradient at thb connector
would cause a spurious voltage error. If other extraneous materials such as studs,
nuts, washers or solder are used in a high temperature gradient zone, a spurious
voltage may also result. These errors are eliminated when connector contacts are
made of materials similar to the lead wires and extraneous materials avoided. The
connector can also be installed in a region of small temperature gradient while
locations such as a firewall or a thermocouple mounting pad, where high temperature
gradients exist, are to be avoided.

The mechanical design of a thermocouple connector should be such that it encloses
the contacts protecting them from the products of combustion, dirt and foreign metal-
lic particles. These can short-circuit the thermocouple circuit to ground or cause
excessive wear of the contacts. Means should also be provided to prevent the con-
tact pin from entering the socket at such an angle as to over-stress the contact
spring itself. When galling of the thread occurs at high temperature, it would be
an advantage to be able to replace the coupling nut and return the unit to service.

The specifications applicable to this phase of the development were as follows a

1. Spurious EAf. - Each connector of the thermocouple system shall be tested
for spurious junction effect. This test shall be conducted in a similar
manner to the procedures used in WADO TR 53-341. The amoomt of emf genera-
ted when a temperature gradient of 100F is imposed across any one harness
connection shall not introduce an ewor in excess of plus or minus 50F. When
a 10000F gradient is imposed, the amount of emf generated by any firewall con-
nection, if applicable, shall not exceed plus or minus 50F.

2. Torque Resistance - The operation of each threaded connector used in the ther-
mocoUple system shall not be affected by being torqued to 100 in-lbs. Upon
heating in an airframe installation, or its equivalent, disassmbly of the
connector shall not result in damage when the initial torque value is 100 in-
lbs. At torque settings of 30 in-lbs. to 100 in-lbs., the contact resistance
shall not vary from the design contact resistance by more than plus or minus
0.1 of an ohm at all ambient temperatures from 500 to 15000F. In addition,
if some type of spring loaded socket is determined to be more advantageous
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fee this application, testing shall be conducted to prove that a reliable
positive contact is maintained at the maximum operating temperatures as well
as at room temperatures.

3. M - The cmlete thermocouple system shll be assembled and dim-
assembled 50 tUmes without damage occuring to any one component. It shall
take no more than 12 minutes to assemble and disassemble the complete sys-
tem on an engine installation.

Waluation

There is no recognized method for evaluating thermocouple connectors to insure
that they will perform satisfactorily under the high ambient temperatures and Vibra-
tion forces that are found on jet engines. In lieu of accepted tests, a comparison
test was used as developed for evaluating improvements on thermocouple connectors.
The test consists of cycles of vibration at 45 g's, 190 cps and 5 mil vertical dis-
placement and then heating the connedtor assembly to 15000F (8160C) temperature.
When a voltage is applied across the contacts and monitored on an oscilloscope, a
failure is indicated by a hash due to intermit t ent contact or voltage increase due
to high resistance or an open circuit. Under these conditions, a standard produc-
tion connector which has operated satisfactorily for over 150 hours in the field
would fail in a matter of 2 1/2 hours test time at 100007 (53C).

The stud and nut type of thermocouple dectrical connection was discarded early
in the development. Ibis type of Junction has several draw-backs. The contact pres-
sure relies on the care with which the nut is tightened and locked and the studs are
subject to damage by cross-threading and galling. Its use also presents the constant
risk that field personnel may use nuts of standard aircraft design to replace special
thermocouple alloy parts which are required. Tests by the National Buteau of Stan-
dards have also indicated that considerable error can result from this type of con-
nection.

Three basic connector designs were evaluated; the Villiamsgrip connector (Fig-
ure 53) which utilizes a tapered thread to obtain the contact pressure, the G-2 705
type connector (Figure 54) which is the improved version of the connector used on the
B-47 and 1-86 aircraft, and the Canadair type connector (Figure 55). Connectors were
also requested of the Thermo Electric Co. of Saddle River Township, New Jersey, and
Aval ioorporated of Ashland, Mass., however, were not received in time for eval-

uation under this contract.

All connector evaluation tests were made with chromel alumel lead wires as
developmental lead wire material contacts had not been determined when testing was
initiated. The results wdre deemed valid for the Canadair and G-3 705 types as the
contact force was sup?lied by a spring of Inconel X in the test unit. It has also
been recommended that the contacts be protected by platinum plate as are the present
chromel alumel counterparts for comparable oxidation and wear resistance of the
surface.

"The Villiamagrip connectors (Figure 53) failed, in 15 hours or less. The failures
observed were; breakage of the lead wire where it entered the MgD insulation, breakage of
the wire at the end of the socket, and loose interconnecting nuts. As a result, this
connector was not recommended for use since-

1. The present design does not provide adequate space to tighten the socket
nuts properly. It was recoummended that a housing design change could pro-
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vide sufficient access space.

2. The sockets should be lengthened to effect a decrease in wire vibration.

3. The design can be modified to incorporate insulated supports of the pins
to prevent freedom of movement.

4. The open area can be filled with insulation after contact assenbly.

5. The design of the housing should be reduced in size and weight.

The Canadair type connector (Figure 55) was modified by anchoring the inter-
connecting pins to the junction box to reduce freedom of movement. The anchoring
supports were electrically isolated from the junction box. Using the modified
design, a connector failure was noted after 3.4 cycles (47 hours vibration, 24
hours heat). The failure was due to breakage of one lead at a point where it was
welded to the socket. A second connector failure was noted after 7 cycles (98
hours vibration, 56 hours heat). Failure was found to be due to poor contact
resistance due to oxide build up.

The General Electric type 705 connector was modified by replacing the %420
locking ring with an Inconel X ring. Three samples failed at 3.7 cycles (51.5 hours
vibration, 24 hours heat), 4.2 cycles (58 hours vibration, 32 hours heat), and 3.8
cycles (52.5 hours vibration, 24 hours heat) respectively. All the failures were
related to wire breakage at or near the socket.

Conclusion

The modified G-I 705 donnector and the Canadair connector were found to have
comparable performance in the accelerated life test. The Allison T-56 engine thermo-
couple harness designed under this contract, required that the Canadair connector be
selected. The harness, as specified by the Allison Division of General Motors. has
a dual thermocouple system and the Canadair connector provides the necessary four-
contact arrangement with essentially the same size and weight as the G-E 705 connec-
tor.

Both connectors should give performance far in excess of the 400 hour life re-
quired by this development.
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Section VIII - Harness Design

Mhe purpose of the harness Is to permit the electrical Joining of More thn

one tbemoouple and to present at the end device an electro maotive force wich h

a relation to the temerature in the engine. Me most useful output would be an

average of the thermocouple pattern througout the eagine cross-section.

eas five basic circuit types presently used for thermocople averaging are as

follom:

1. Comn junctions

2. Ladder harness

3. Nqual resistance

i. Geometrically balanced harness

. Cmensated ladder harness

Ues are also Illustrated in figure 56. Combinations of two or more of the above

can be used In particular cases.

Sw simplest type of harnessing is the comn Junction harness. In this cir-

cuits all thermocouples are connected at a comn point and all branches have the

sam resistance. 2his design involves balancing vire sises j;o yield equ L resis-

tsace or the use of leads of equal length and wire size. The multIple leads run-

ning to the Junction point, however, result in extra weight. The m111volt averag-

Ing characteristic is good and the upset in the resistance balance due to amblent

taerature variations is small.

Mhe ladder harness involves connecting the Individual thermocouples between

commn leads or bus-bars. It is apparent that the thermocouple closimt the end

device has the least, resistance in the circuit and would exert the greatest influ-

ene on the output voltage. The thermocouple farthest from the end device would

contribute the least output. The averaging error depends on the ratio of the therno-

comple bash to the bus segment. Since the branch wire size in detairined by the

mechanical strength required at the junction, the bus conductor would have to be

larp to obtain a high ratio. With a 10:1 ratio or higher the loss of a taermo-

couple branch circuit would introduce a small error vhich becomes a problem of size

and valht balanced against acceptable error. fhese ratios and their errors are
discussed in reference 36.

the equal resistance harness determines the lead wire resistance in such a

manner that at the design ambient temperature the two lead vire elements have the

same resistance per unit length. In this way, the effects of the lead wire are

the same for anl Junctions. A change of ambient temperature from the design value

will cause a large Wet In the balance In the thermocouple circuit dae to differences
in teertuwe coefficient of resistance of the leads. Loss of a probe will not up-
set the averaging ability of the remaining circuit.

he geometrically balanced system is essentially a series of clon Junction
harnesses combined into an entire system. In the normal form, pairs of thermocouples
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DIAGRAM TYPE AVERAGE ERROR

L COMMON

L JUNCTION 1250°F 0%

HARNESS

-L LADDER 140 .3
HARNESS 1213°F 0.53%

-L EQUAL
RESISTANCE 1280F 2.46%
HARNESS

L

GEOMET-
RICALLY 1247OF 0.21%
BALANCED
HARNESS

COMPEN-

L SATED 1250oF 0%
LADDER

HARNESS

HARESSES AVERAGING THE SAME PATTERN. ANBIENT-800°P

PATTERN: 12000F, 11000F,13000F, 1 000F. AVERAGE: 12500?

FIGURE 56. FIVE BASIC HARNESS DESIGNS
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are joined, then sets of pairs joined. A variation of this basic type of system is
one in which a proper cholde of lead lengths, balances unequal numbers of probes.
Another variation involves the use of compensating resistors to obtain the sae
electrical balance while maintaining a desirable mechanical design. This system
gives a true mllivolt average as long as the probes are all at an equal tempera-
ture and the harness is at a constant temperature. The harness in this case, does
not have a design temperature for a true average as in the case of the equal resis-
tance and compensated ladder harness. Variations of temperature between probes or

in harness temperatures will introduce small errors. Loss of a branch in this cir-

cuit will introduce errors in averaging.

The compensated ladder harness is similar to the basic ladder except that each
branch resistance is adjusted to give a circuit which balances the effective con-
tribution of each thermocouple to the output. This system is affected by the changes
in resistance due to ambient temperature. The effect of ambient temperature and loss
of branch circuits can be reduced by increasing the thermocouple to bus resistance
ratio. This type of harness is adaptable to any number of thermocouples.

A typical four thermocouple harness which has linear output characteristics
can be used as an indication of the errors involved by loss of a probe. For a
resistance ratio of 10:1, the error due to the loss of a probe is 4.10F when
occurring in a 200oF spread. For a ratio of 20:1, the error would only be 207.

The possibility of averaging error due to non-linearity of noble metal thermo-
elements was investigated by John Wood of the General Electric Company's Aircraft
Gas Turbine Division. For this purpose, he used a 12 thermocouple common junction
type circuit and the thermocouple elements of rhodium-palladium as being represen-
tative. For a spread of temperatures between 16500F and 19500F with a normal dis-
tribution around the average temperature of 18000F, the error due to averaging was
calculated as 1.70F. This error is small when compared with the present day tem-
perature amplifier and other components in the temperature system. For all the
parallel circuit arrangements discussed above, the averaging error is found to be
proportional to the temperature spread.

Consideration was also given to construction of a flexible type cable which
would be suitable for high temperatures and vibration. This construction utilizes
bellows type flexible conduit with ceramic beads. The design is such that the
beads are not put under any undue strains as long as the flexible conduit is not
bent in a sharper radius than that recommended by the manufacturer.

Figure 57 shows a construction of this type which would be suitable for a four
wire harness which could be used with dual junction thermocouples.

This type of construction has been used successfully on a J-73 engine thermo-
couple system, however, the bead was redesigned and a stronger material substituted
to give improved life. The flexible construction was found to be somewhat more
expensive to fabricate. It is also more susceptable to damage due to mishandling
and requires more support from the engine. Except for applications where the extra
flexibility is essential, the rigid construction has been recommended.

Conclusion

One of the harness types as required to be supplied under this contract, is

for the Allison T-56 engine. The Allison T-56 engine has 18 dual thermocouple
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probes. The design selected utilizes six interchangeable elements of three probes
each. The three-brahch circuits are balanced by the use of a compensating resistor
to give an average output. The elements are Interconnected by a harn6ss thich forms
a six element copensated ladder circuit.

The three probe sent permits engine Installation without introducing special
problem. The harness Is to be supported from the engine so thAt vibration of the
harness Junction box does not unduly load the thermocouple structure.

The connector is located at a point aft of the thermocouple probes. This
places the connector in a zone of relatively uniform te_erature rather than the
large gradient due to conduction If located directly on the themocouple mounting
pad. This reduces any spurious eaf due to tegeture gadients.

Individually replaceable thermocouples have been considered and Uased on eco-
noodc and reliability consideration; they have not been recommended. Fabrication
and circuitry is simplified by the use of the three 3Mobe elements. This simpli-
fication rfduces the resultant size and welght of the overall system. An indIvidual
thermocomple connector operating under conditions of high ambient temeratures and
vibration has al%ays been a point of hazard fro a ,_,roper assembly, poor locking of
parts, and the introduction of foreign aterial. By reducing the number of connec-
tor from 18 to 6, the probability of failure is reduced correspondingly. In addi-
tion, the reduced number of connections will Involve less tedious repetition and,
perhaps, result in greater care being exerted during installation and replacement
operations.
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Section IX - Conclusions

The thermocouple systems which will meet the requircments of this contract are
recommended to be of the following materials and dimensions:

Fast Response System

Thermoelements - Palladiwm/Platinum 15% Iridium

Palladium-C.P. Grade as supplied by the Baker Co., Inc.
133 Astor Street, Newark 5, New Jersey
Platinum i_% Iridium - ISA Standard as supplied by the
Sigmund Cohn Co.. MIount Vernon, New York
Wire Diameter - 0.051 inch, 16 AWG.
Junction form - Inert-arc butt welded type in machined loop configuration.

0

Insulation - 4agnesitui Oxide, however, more pvefcrably Aluminum Oxide for its
higher resistivity. lagnesium Oxide was recoirended since it has been
found to withstand vibration better than aluminum oxide when in the swaged
form.

Lead Wires - An alloy of 4.31% Silicon balance Nickel/Nichrome*

Since the nickel-silicon alloy and the Nichrome are not supplied to
particular thermocouple characteristics, these would require standar-
dization. Standardization would require melt selection from a thermo-
couple manufacturer based on thermoelectric characteristics which are
within the specifications required by this contract.
Wire diameter - 0.051 inches, 16 AWG.

Sheath Material - Inconel 702 as supplied by the International Nickel Company,
New York. Material dimensions would be determined by the particular ap)pli-
cation.

Connector - Canadair type for Allison T-56 harness as required for delivery
under this contract. Modified G.E. type 705 for the experimental harness
also required for delivery.

Harness Design - Six-element compensated ladder harness for the Allison T-56
harness. The experimental harness should also be of this type designed
to fit the application.

High Recor ery System

All components of this system are identical to those listed under the fast re-
sponse system. The only exception is the requirement of a stagnation cup. The
stagnation cup should be of the same materials .s the sheath, however, it is under-
stood that Allison has requested that some be made of Inconel for the T-56
type harness.

National Bureau of Standards Informal Report

This report was received on Decemoer 18, 1957 and has been included as it was
*Driver Harris Conpany, Harrison, New Jersey
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received 1hae t3m did not permit its inolusion in the body of this report.

General Electric Palladium vs. Platinum + 15% Iridium Thermoouplem

Thermocouple probes suitable for use in the temperature ranip of 2000eF to 25000Q

are under development for the Air Force (WAM) by the General Electric Co..A goup

of eight experimental thrmoooWpwere submitted for determination of their tempera-

ture-eaf characteristics and rates of response.

All samples were of similar construction. The thermocouplejunctions were made

from 0.051 inch diameter palladium versus platinum 15% iridium thermoelements. The

junctions*were butt-welded and formed into a stirrup-type configuration. The junctions
in most bases protrude 5/16 inches to 7/16 inches beyond their ceramic insulators.

The thermocouple elements extended approximately 6 inches inside the i1sulator. where
they are welded to matched extension leads. The extension leads were nickel + 4.31%
silicon alloy versus Nichrome.

Probes 1 and 2 were heated in air in an electric tube furnace, and the tempera-

ture-emf relation of each was determined over the range of temperatures from 80W7
to 200007. Measurements were made on samples 3, 4, 5, 6, 7. and 8 at temperatures cf
80001 and 1600p7. A calibrated thermocouple of plitinum versus platinum 10 tfodium

was used to measure the actual temperatures of the furnace; all reference junctions
were maintained at 32M. The depth of immersion of all measuring junctions in the
AuMace was about 7 inches.

The temperature of the area where the lead wires joined the thermoelements was

not measured. In all cases, these junctions were approximately one inch inside the
furnace. Although temperature gradients exist along the furnace tube, especially
at the ends, it is believed that the environment is fairly reproducible, and that

effects due to the presence of the junctions between the thermocouple and leads are
small. Further measurements will be made with the lead junctions completely outisde
of the furnace tube to test the latter belief.

The results obtained from calibrating these thermocouples are summarized in
Table 1. The values of emf versus tmperature were adjusted to correspond to even
values of temperature to facilitate comparison of samples.

Table I

Thermocouple Thermal emf in millivolts at temperatures,OF, of
No.

800 1000 1200 I00 1600 1800 2000

1 9.750 12.934 16.452 20.290 24.352 28.666 33•374
2 9-684 12.800 16.300 20.169 24.178 28.474 33.036
3 9.738 .------ ------ ------ 24099 ------
4 9.814 ------.------ 24.344 ......
5 9.724 ------------- 24.400
6 9.718 ------ ----- ------ 24.223 ------
7 9.770 24.359
8 9.665 ----- -------------- 24.218

Average 9.736 12.867 16.376 20.230 24.270 28.7o 33.205
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At a given temetur, the mazium deviation of any one thermocoule from an
aver%p value of thermal o for all samples was not geater than 171 microvolts or
qUNnimately 8*P. awNever, this difference was about 30 to 5OF at most temeratures
chec)"d.

Mwtherimocouples were checked a second time following a heating period in the
exaust ps stream. fte largest change in thermal imd corresponds to s at 20000,
and at most te-seratures checked was less than 20P.

Me rates of response of these thermocoxples were determineA in the exhaust gas
stream. ,asurments vre made at a gas te-erature of 1600 F and at mass flow rates
of 2, ho, 6 and 8 1be/fjrsec. for therm les 1, 2, 3, 4 and 6. Observations were
made at 2 and 8 lbw/ft sec on thermocouples 5, 6 and 7. All seas aent were made
with the thermocouples oriented in the gas stream so that a plane through the therso-
elements e normal to the gas flow (00 orientation). In addition, the response rate
of probe No. 3 was determined at 900 orientation.

2he results of these tests are saried In table II.

Table II

2rmocouple Characteristic Time in Reconds at
NO. Mass Flow Rates (lbs/ft ec) of

2 4 6 8

1 1.31 1.01 o.86 0.77
2 1.4o 1.06 0.91 0.82
3 00) 1.42 1.o8 0.93 0.84

900) 1.55 1.15 1.00 0.88
4 1.39 1.08 0.9 o.84
5 1.56 .. 0.9
6 1.63 ---- 0.96
7 1.56 ---- 0.93
8 1.6o 1.22 1.01 0.90

tfor one v e at 2 lb/t 2 sec, the mzimm spread at any mass velocity
Is about 0.2 second. The fact that the results are divided Into two sets in which
the characteristic time of probes 5 through 8 are somewhat higher than those of 1
throv& 4 is unexplained. The observations were taken In a randon order rather than
the order In which the probes ar listed in table II; chaygs in the exhaust gas
system thus cannot be the cause. It seem reasonable, therefore, that these small
differences may have been built into the probes, through design or otherwise, by
different treatent of the elements at or near the junctions.

Cabustion Controls Section
National Bureau of Standards
Washington, D.C.
Decemer 12, 1957
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Appendix I

TM ILECTRIC PROPETIES OF MA7ERIAL CO1MILED FOR STUDY

ELEKM JGATIVE RELATIVE TO PLATINM

Range of Thermo- 0

Element Electric Measurement - C MicrovoltsPC

Si 0 - 300 - 367

Co o - 800 - 17.5

Pd 0 - 1500 - 15.2

Ni 0 - 11oo -12.

BLENW POSITIVE TO PLATINUK

Ti 0 - 900 + 12.8

Fe 0 - 1000 + 14.6

Ir 0 - 1500 + 15.0

Zr" 0 - 260 + 16.2

Rh 0 - 1500 + 16.9

Ta 0-1200 +17.8

Mo 0 - 1200 + 30.8

W 0 - 1200 + 31.5

ALLOY S7S7M RELATIVE TO PLATINUM

Au-Pd Ni-Cr

(0 - IO0°C exP. range) (25-1000 C exp. range)

SMicrovolts/oc Wt. % Microvoltsfc

0 Au 100 Pd - 5.7 99.6 Ni, 0 Cr, o.4 Mn - 12.9
10 Au 90 Pd - 8.5 97.6 Ni, 2 Cr, o.4 Mn + 15.6
20 Au 80 Pd -12.5 94.6 Ni, 5 Cr, o.4 Mn + 28.6
30 Au 70 Pd -14.2 89.6 Ni,10 Cr, 0.4 N + 32.0
40 Au 60 Pd -16.9 84.6 Ni,15 Cr, 0.4 Mn + 27.8
50 Au 50 Pd -24.4 79.6 Ni,20 Cr, 0.4 Mn + 22.9

Au 0 Pd - .7 Chromel P (nominal 90 Ni

JODAu 30OPd -10 Cr) + 32.7
20 Pd - 76.2 Ni, 19.1 Cr,

90 A 10 Pd - 0.5 4.8 Al +,17.0
100 Au 0 Pd + 7.8 7612 Ni, 19.1 Cr,

4 .5 91 + 17.9
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Ni-Mo-Cr Ni-Mo

(25 - 10000C exp. range) (25 - 10000C exp. range)

wgt. % Microvolts/° - Microvolts/Oc

Ni, 5 Mo, 9.4 Cr +30.7 Ni, 5 Mo, 1 Mi +6.5
Ni, 10 No, 8.9 Cr +30.2 Ni, 10 Mo, 1 Mn +29.0
Ni, 15 Mo, 8.4 Cr +28.4 Ii, 16 Mo, i mn +35.7
Ni, 18.8 Mo, 5 Cr +30.0 Ni, 20 Mo, 1 Mn +41.0
Ni, 17.8 Mo, 10 Cr +25.2 Ni, 20 Mo, 3 Mn +29.2
Ni, 13.8 Mo, 3.2 Cr +35.0 Ii, 20 No, 5 Mn +30.4
Ni, 6.9 Mo, 6.6 Cr +33.9 Ni, 25 No, 1 Mn +38.9

Ii, 30 No, 1 Un +38.4

Fe-Mo

(25 - 10000C exp. range)

.Microvolts/oC

Fe, 1 Mo, 1 Mn +14.6
Fe, 7 Mo, 1 Mn +20.8
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mISnMAOUS ALL07B RCLATIVE TO PLATInRM

Approx. Thermo-
Melting electric

A Point OC Pover

Constantan -143.9
(45 Ni 55 Cu) 1290 (0- 9000C)

4o Pd 60 Au 1160 -42.8
(0 - 9000C)

50 Pd 50 Au 1485 -38.4
(o - 9000 c)

30 Pd 70 Au 1425 -31.7
(0 - 9000 c)

6o Pd 140 Au 1500 -31.0
(0 - 9000C)

70 Pd 30 Au 1515 -25.6
(0 - 9000c)

80 Pd 20 Au 1535 -20.2
(0 - 9000C

90 Pd 10 Au 1550 -15.7
(0 - 9000C)

Driver Harris -lo.4
No. 99 Alloy 1450 (0 - 900°C)
(.2 C, .01 Mn,
.01 S!, Sal Ni)

Alumel -8.8
(91 Ni, 2A4, 3 Mn, 1400 (0 - 9000C)
1 Si)

20 Pd 80 Au 1375 -08.3
(0 - 9000C)

98 Pt 2 Pd 1552 -1.25
(o - 12000 C)

10 Pd 90 Au 1265 +2.3
(o - 9000C)
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Aprox. Thermo-
Nelting electric

Alloy Point C Power

91 Pt 6 Pd 1552 +3.25
(0 - 12000 C)

96Pt 2 .& 1790 +3.58 0
(0 - 1200 C)

88 Pt 12 Pd 1552 +5.1
(0 - 12000C)

98 Pt 2 Ir 1780 +5.75
(0 - 12ooC)

94 Pt 6 pu 1825 +7.75
(0 - 12000C)

98 Pt 2 Ru 1774 +9.2
(0 - 12000 )

9oPt 10 , 181 +9.9
(0 - 12000 c)

18-8 +10.0
Stain. Steel 1420 (0 - 9000c)

88 Pt 12 Rh 1865 +10.4
(0 - 12000C)

87 Pt 13 Eh 1870 +11.0
(0 - 12000C)

84 Pt 6 Ir 1790 +11.7
(0 - 12000c)

8oPt 2o_ 1900 +12.3
(0 - 12000)

98 Pt 2 Os 1774 +12.9
(0 - 12000C)

70 Pt 30 1f 1930 +13.5
(0 - 12000C)

6o pt ho Rh 1950 +14.2
(0 - 12000)
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Approx. Thermo-
malting electric
Point OC Power

Driver-Barrls
1o. 525 Alloy +13.1
(1.37 Ma, .14 si., 1525 (0 - 9oo0 c)
16.02 cr, 36. i,
al re)

98 Pt 2 Fe 175 +14.6
(0 - 12000c)

99 Pt i Re 1774. +15.0
(o - 12000C)

98 Pt 2 Re 1774 +15.6
(0 - 12000C)

lo Ir 9o Rh 1966 +16.2
(o - 12000c)

9o r1 oRh 1966 +16.5
(0 - 12000c)

9o Pt 10 Ir 1780 +15.4
(0 - 9000c)

96 Pt Fe 1710 +16.7
(o - 12o°C)

94 Pt 6 Ru 17711 +16.9

(0 - 12o°c)

88 Pt 12 Ir 1800 +17.7
(o - 12000C)

25Ir T5 Rh 1966 +17.9
(0 - 12000C)

85Pt 15 r 1820 +16.2
(o - 000c)

T5 Ir1 25R 1966 +18.5

(0 - 12000c)

60 11, 2 1 e, 16 cr 1350 +17.2
(0 - 9000C)

60I 0o a 1966 +19.2
(0 - 1200c)
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AWzx. Mbermo-
Melting electric
Point C Power

Nichrome V +20.o
(80 NI 20 Cr) 1350 (0 - 9000C)

94 Pt 6 os 1774 +22.2
(0 - 12000 c)

88 Pt 12 Os 1774 +30.0
(0 - 120000)

Nirex (13 Cr, 6 Fe, +25.1
D.l Ni) 1425 (0 - 9000 C)

Driver-larris
No. 105 Alloy +25.4

(2.11 mn, .11 si, 14o (0 - 9000c)
3.85 Cr, U1 N)

Chromel, P 1430 +32.1
(90 Ni 10 Cr) (0 - 120000)

82 NI 18 No 140 +36.8
(o - 9000C)

79 Ni, 20 No, 1 Nn 1100 +41.0
(25 - 10000C)
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Ap"endix II

qMr !,RTI ARACTISTICS OF BAM MTAL ALLOYS UMD I LEAD W IMZLOM

The folloving alloys were tested against a platinug reference and have been

included for general information. Reference Junction 0 C.

Alloy 50007 100007 15000?

Stainless Steels

302 1.44 3.93 7.42

304 1.43 3.99 7.62

305 1.6 4.02 7.63

310 1.58 4.32 8.24

316 1.51 4.23 8.03

316 1.43 4.o9 7.83

321 1.4 3.97 7°56

330 1.92 5.45 10.3

347 1.46 4.03 7.66

Almet C-2 1.75 5.07 9.61

Misc. Alloys

Alloy 45 -9.56 -22.4 -34.5

AlloY 529 1.86 5.30 9.97

Beraloy 2.29 6.50 12.4

Bastelloy C 2.66 7.28 13.4

Sichrome 2.72 7.23 13.0

Nichrome 2.76 7.33 13.2

Nichrome V 3.78 9.50 16.4

Nichrome V 3.94 9.82 16.8

Figures (58) through (60) have also been included to designate those
counercial material combination which were found to have the nearest
characteristics for the indicated thermocouples,
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Appendix III

STATISTICAL ANALSI13 OF LEAD WIE EXPRiim

The data of this analysis consists of voltage measurements on thermo-
couples, each type made up of a particular cobination of one of sixteen
stainless steel wires and one of three nichrome wires. Thirty-nine of these
types were reproduced in duplicates and nine types were made only singly.
Thus data was obtained on eighty-seven thermocouples. For each thermocouple
the voltage was measured for the following three temperature differentials
5000F, (26o0 c) 10000r, (5380c) and 15000F, (8160c).

For each type of wire the percent of all constituent metals, as well as
a random variable, was given. The object of this analysis was to find equations
that will predict the output in terms of these characteristics of the stainless
steel wire. Nine such equations have been derived, one for each combination of
nichrome wire and temperature differential.

Besides iron, there were eleven constituent metals in the steel wire.
The percentages of these were treated as the independent variables. The percent
of iron was not considered in the regression equations since it was redundant in
terms of the other eleven constituents. Its inclusion would lead into
mathematical difficulties. X12 was included as the twelfth independent rand mM
variable.

The following notations were used in computations.

X is the percent of carbonk " phosphorus
. .nickel

chromium
X5 "manganese

" " "sulfur
7 I " " molybdenum

18 " columbium
X9 I if " copper
X10 " " " titanium
X " " " siliconarandom variable

Yl is the emf (in my) obtained with a nichrome wire at 500OF
2 if of . " " ""1000

t3 It it i " 1 5 0 0o F

4 " " " " another " it " 500OF
f I t t If , i t n ,, 1000OF
f6 ,t ,, . ,, ,, ,f ,, ,, ,, ,, 1500oF

7 a If f t nichrome V 5000F
Y' if I T f1 t 11f i I t f 10000?
9 if "" 1500oF

For each y it was postulated that y can be approximated by an equation of the
type

y = b0  + bi 1x + b 2 x 2 . . . + bllx1 1  + bl2xl 2
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The coefficients bi were estimated by least square methods. The results of this

estimation ind further analysis shows that vithin the range of the independent

variables in this experiment the above equation gave a rather good approximation.

2he primary interest of this investigation was to detect differences between

6quations for different y's. If the b's pertaining to y's of different temperature

levels are different, then one can make thermocouples with desirable characteristics

by choosing the x's properly.

This experiment did not give all the information that might have been obtained

with respect to the differences in the b's. The reason for this was that there

existed smsal variations in most of the x's. It vas difficult to assess the effect

of a constituent if this constituent was observed only within a range of a fraction

of a percent. The only constituent which was present with greatly differing amounts

was nickel. In fact, the amount of nickel in the steel wire seems to dominate the

data. The Nilstain 330 and Almot C-20 stainless steel wires which had the highest
nickel cotent yielded the lowest output for all temperatures in combination with
nichrom. On the other hand, the output of the 302 stainless steel wire with the
lowest nickel content was among those having the highest output. lowever, from the
regression analysis, It seemed very plausible that other constituents have a greater
effect than nickel. Titanium, for example, was estimated to have an effect about
15 to 100 times larger than that of nickel. lowever, the estimate of bll (pertain-
Ing to titanium) was not very precise because of the small variation in titanium.
The maximum amount of titanium in any steel wire was only .03%. lowever, in spite
of these experimental shortcomings, the results obtained are useful in constructing
thermocouples with appropriate lead wires.

The experiment provided thirty-nine pairs of thermocouples vhich, for this
analysis, were assumed to be identical. Noweverp the output of identical thermo-
couples differed from each other. These observed differences may be considered as
dus to Inherent random errors with which this Investigation was not directly con-
cered. The standard deviations of these randoam errors were estimated to have the
following values.

Sample X - Nichrome Sample T - Nichrome Semple Z - Nickrome

500OF 10000o 15O° 5000 1000O1 15000 50001 ooo°0 15000
.oo596 .0061 m0886 .00537 .00690 .00985 .003)48 .00836 .00635

These standard deviations were taken as being within standard deviation (within
pairs of Identical thermocouples). Unless the methods of experimentation was made
more precise, nothing could be done to reduce the variability that is measured by
the within standard deviation.

Constructing a regression equation presumably gives the correct expected value
of the observed dependent variable y. It was possible to estimate standard deviation
of the differences between observed and the predicted values. This measure of varia-
bility was called the standard deviation from the regression equation. If the expec-
ted value of y can be precisely expressed by the t7pe of the regression equation used
In the analsis, then the standard deviations as estimated fro regression should
appavalmately equal the standard deviation as estimated from within pairs of Identi-
cal thermocouples. If the former standard deviation is much arW than the latter,
then there is a very strong indication that the proposed type of equation does not
give an exact fit.
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It vas found that the standard deviations from. regression were about thre, to four
timas as large wsth ithin standard deviation.

S9wh large differences In the standard deviations are overwelmng evidence
that something Is "vrong. 2he lack of perfect fit my have been due to tke
possible fact that x's vere not precisely measured. More than likely the lack
of fit could be attributed to the postulated equations. Beveral theoretical
comsMerations indicate that a linear equation vrould not fit this data perfectly,

Swvalue of a regression equation does not necessarily depend on a perfect
fit. Its va lies In its potential predicting ability. If no account vere
taken at the x's, a likely prediction of a y value vould -be the observed average
at, the ye,s which my be consiered as the most rersentative'y value. So
standurd deviation of the differences of the observed y values from the sean of
the y values Is a measure of the variability of the y's without prediction.
Sm aamarismn of this standard deviation vith that from. regression -emonsta
the value of the regression equation. So standard, deviations from the nean are
about 10 to 30 as large as those from the prediction equations. Swe following
table gives the values of the stinates of both these standard deviations.

500"? 100001 150001 5o01 100001 1500 5WOJ oo 1 000O'1 1500O.T
2 .015k .0252 .0346 .0175 .0200 .0i417 .041l7 .0198 .0211k
M .1595 AM29 .7517 .1526 .132 .753U .1VA6 .4m27 07551

IU table clearly demonstrates predicting dili.ty of the computed regression
equations.-

It Is custawary to run statistical analysis on the regression coeffients b.
Sw validity of these analyses depend on various assumtions, among others is that
th postulated equation fits perfectZy. Since this is obviously not the case,
these analyses vare not mads here. fte following two tables give the values of
the b's as estInated. by least square procedures ad the estimates of the standard
davlation of the estimates of the b's. So~ standard deviation from regression

s used in the estimation of the standard deviation of the b's. B ince no
rigorous ana34sis vas possible as a rovo guide It van considered that a
regression coefficient was "nignIficantw If It exceded several time Its standard
deviation as given in the taW&e. A estimate of a regress$1on coefficient of the
value of about one standard derlatich or less nay in fact be due solely to rando=

IM tables of the regression coefficients an their stanard deviations
alaMg wjtU aun itaxebeatIon'of the coefficients are as follows:
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Nlicrosm] Nicrchm: e

5007 10001 15001 50 0 1000 150 0 5001 1 ow 1500
1 2 3 k1 5 6 7 8 9

0 2.T85 6.865 10.96k 2.91k 7.113 3.664 1.78 k.5" 7.743
1 .6" .98 1.378 .o,W .99 23T An .95 1.7o
2 .591 -1.871 -2.816 .360 -2.37 A1.820 .2k12 -2.182 -28t
3 -.022 -.06 -. 11 -. 022 -.. 61n -16 -. 02. -_.o63 -. n16
11 -.029 -.058 -.085 -.025 -.056 _.3 -. 26 -. 56 -. 088
5 .016 .021 -.017 .52 .01 -. 042 .01 .033 -.080
6 Ilk 2 AD53 2.066 1.813 k.321 3.165 1.098 14.094 +3.837

-.050 -.093 -.152 -.050 .093 -.134 -.08 -.102 ...15 .
-. 120 .133 .113 .097 -.11 -. 157 -. 086 -. 1441 -. 138

9 .052 :063 .066 .057 .062 .058 .01a .068 .072
10 -2.171 -2.351 -3.119 -2.759 -2.715 -1.576 -2.685 -3.139 -3.261
u .370 .62 .858 o 11 6 .626 .383 .61 .7412
12 -. 791 .592 1.2317 5082 :53 2.032 -. 821 .283 1.580

STANDARD MIMOM! OF SGMION TAIZT:

1 2 3 It 5 6 T 8 9

0 .0979 .1602 .2203 .in8 .1273 .2651 .096 127 .1550
1 .311711 .5686 .7820 .3967 .14518 .91110 .3322 .162 .5501
2 .8169 1.3368 1.8386 .9327 1.0623 2.212 .7810 1.090 1.293
3. .ooo6 .0010 .001 .0007 .0008 .0017 .0006 .0008 .0010
S .oo37 .0060 .0083 .o12 .006 .0099 .0035 .0017 .0058
5 .0139 .0228 .0314 .0159 .0181 .0377 .0133 .0179 .0221
6 1.351 2.2116 3.0117 1.5130 1.757 3.6600 1.2920 1.735 2.1397
7 .oo65 .0107 .017 .o7 .0085 .0176 .0062 .008 .0103
8 .0199 .o326 .o8 .0227 .0259 .0539 .0190 .0256 .0315
9 .0094 .0153 .0211 .0107 .012m .0253 .0089 .o12o .01 8
10 .1598 .7525 1.039 .5250 .598o 1.253 .1396 .5905 .7280
31 .0512 .0838 .M53 .0585 .0666 .1388 .090 .0658 .o8
12 .5096 .8339 1.1169 .5818 .6627 1.3801 .1872 .604 .8069
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The b's are obviously different for the different temperatures. The Nichrome V
vwie obviously has different b values from those of nichrome wires. From this data
it is difficult to determine v9ether the steel and nichrome wires interact. If
there are interactions, they seem to be moderate. This means that the effects of
the nichrome wire and of the steel wire are largely additive. (c.f. ccment in
Nickel).

Carbon (bl) seems to raise the output; the increase seem to be roughly

proportional to the output without any carbon.

Phosphorous (b 2 ) tends to lover the output for higher temperatures.

Nickel (b ) lowers the output. The effect is more marked for the higher
temperatures. 43ven though the coefficients have very small standard deviations,
the b's for the different nichromes but the same temperatures differ very little
from each other. This shows that the effects of nickel are not much influenced by
the type of nichrome wire used.

Chromium (b4) lowers the output; the lowering is more pronounced with the
higher temperatures. The b4 seems nearly proportional to the corresponding b0 .

Manganese (b5 ) raises the output for the lower temperatures. At 1500oF (8160C)
there is an indication of lowering the output.

Sulfur (b6) is interesting because it yielded the largest coefficients and
because those pertaining to 100007 (538 0C) do not lie between those of 500°7 (2600C)
and 1500°F (8160c). Unfortunately, the standard deviations of the coefficients are
so large that not much could be asserted about these phenomena with great assurance.
The only reasonable statement that could be made was that sulfur seems to raise the
output and the increase seemed more pronounced at the higher temperatures.

Molybdenum (b7) lowers the output. The decrease is more pronounced at higher
temperatures.

Co111hium (b ). Columbium lowers the output. Even though there is suggestion
of a temperature trend, the effect of columbium seems relatively independent of the
temperature level.

Copper (bq). Copper raises the output. Like columbium, the effect seems
relatively constant with a slight indication of temperature trend.

Titanium (blO) yields large coefficients; however, the standard deviations
are large. Titanium lowers the output, apparently at a relatively constant rate.

Silicon (b,l) raises the output. The increase is less pronounced at 500oF
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