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TestB were conducted to determine the operating limits of fuel clad-
ding thermocouples installed inside the fuel rods for the loss-of-fluld 
test (LOFT) F2 fuel bundle test. The fuel cladding temperatures in the 
LOFT F2 fuel bundle are measured with thermocouples attached to the 
Inside surface of the fuel cladding. From the point of attachment, the 
thermocouples are led through slots in the fuel pellets to the top of the 
fuel rod, where they exit. When the reactor Is operating, the lengths of 
the thermocouples In the slots may be heated to temperatures as great as 
2160°F. 

This Investigation was conducted to determine (a) the range of time 
and temperature exposure over which reliable performance can be expected 
for the dual diameter, O.CAO/0.020-in.-diam, Inconel-clad, MgO-insulated, 
type K thermocouples Installed in the LOFT F2 fuel bundle, and (b) the 
effect of reactor fuel preconditioning at various reactor power levels. 

Grounded, ungrounded, and unjunctloned thermocouples were tested In 
temperature profiles estimated for reactor power levels of 8, 10, 12, an<* 
14 kW/ft. The estimated peak temperature was 2160°F for the highest 
power level. The effects of fuel preconditioning for eight hours at peak 
temperatures of 1950°F were measured. 

The results showed that (a) in expected LOFT F2 temperature pro-
files, thermocouple read-out errors remained less than IX up to a peak 
temperature of 1900-1950°F; (b) thermocouple read-out errors from virtual 
junction effecta Increase rapidly with temperature above 1950°F; (c) wire 
breakage in peak temperature regions did not occur in any of the tests; 
and (d) thermocouple performance did not measurably improve nor degrade 
as a result of eight hours of preconditionli:^ ": 1950°F. The test data 
taken with the estimated profiles establish ai. jpper bound on performance 
errors. 

The results of the tests led to these conclusions: (a) thermocouple 
performance should be well behaved up to peak temperature of 1900-1950°F; 
(b) preconditioning at reactor power levels to 12 kff/ft (i.e., peak 
temperatures below 1900-1950°F) should neither degrade nor improve 



thermocouple performance; (c) preconditioning at power levels above 
13 kW/ft (at temperatures above 2000°F) should not be attempted; and 
(d) both loop resistance and Insulation resistance should be monitored in 
the F2 test. 
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EXECUTIVE SUMMARY 

Tests were conducted to determine the operating limits of the fuel\ 
cladding thermocouples installed Inside the fuel rods in the loss-of-
fluld test F2 (LOFT F2) fuel bundle test. 

BACKGROUND 
LOFT fuel cladding temperatures are measured to compare the actual 

thermal behavior with that predicted by computer codes during a loss-of-
coolant accident. The objective of these codes is to provide realistic 
predictions of the behavior of the reactor core under a wide range of 
such accidents. 

The fuel cladding temperatures In the LOFT F2 fuel bundle are mea-
sured with thermocouples attached to the Inside surface of the fuel 
cladding. The thermocouples are routed from the point of attachment 
through slots in the edges of the fuel pellets to the top of the fuel 
rods. When the reactor la operating, a portion of the thermocouples In 
the slots may be heated to temperatures as high as 2160°F. 

The present investigation was motivated by the failure of fuel clad-
ding thermocouples Installed in the LOFT F1 fuel bundle. These thermo-
couples were 0.030-ln.-diam zlrcaloy-clad, AL203-insulated, type K assem-
blies. The failures were characterized by erratic behavior In the emf 
output and an indication of temperatures much higher than expected. An 
explanation of this behavior consistent with the data is provided if 
(a) virtual junctions are formed in regions of the thermocouple where 
temperatures are much greater than at the measuring junction, and 
(b) broken thermoelements are assumed. Although data from the F1 fuel 
bundle are not sufficient to definitively establish the cause of wire 
breakage, the following appear to be the most likely causes: 

1. The fuel was preconditioned at full reactor power for 48 h prior 
to the tests, thereby subjecting the portion of the thermocouples In the 
8lots to a peak temperature as high as 2380®F. 

2. The exposure to high temperature could cause grain growth and 
mechanical weakening of the thermoelement wires and/or contamination from 
impurities in the thermocouple insulating material. 

xl 



This preconditioning treatment near 2380°F is considered severe for 
thermocouple assemblies with 0.003-ln.-diam wires that have been through 

* 

a drawing process. 

OBJECTIVES 

Specific technical Issues addressed by this investigation Include 
the following: 

1. Determination of the range of time and temperature exposure over 
which reliable performance can be expected for the dual-diameter, 
(0.040/0.020-in.-diara), Inconel-clad, MgO-insulated type K thermocouples 
installed in the LOFT F2 fuel bundle. 

2. The effect of preconditioning at various reactor power levels* 
At what temperatures might performance be Improved (or impaired from 
possible grain growth or corrosion in the thermoelement wire). 

3. Extension of the useful range of the Installed thermocouples by 
analytical modeling. 
TESTS 

Grounded, ungrounded, and unjunctioned thermocouples were tested. 
The assemblies, which were procured to LOFT Specification ES-60374, were 
obtained from the lot installed in the LOFT F2 fuel bundle* Temperature 
cycle tests were performed using a furnace that approximated the pre-
dicted temperature profile along the thermocouples In the LOFT F2-fuel 
rods* At higher reactor powers, peak temperatures along the profile were 
much higher than the temperatures at the thermocouple measuring junc-
tions. For example, at a 14-kW reactor power level, the measuring junc-
tion temperature was estimated to be 821°F and the peak temperature in 
the slot to be 2160°F. At temperatures above about 1900°F the electrical 
resistance of the insulation between the thermocouple wires decrease 
sufficiently so that virtual junctions can be formed at the hot spot. As 
a result the thermocouple will tend to Indicate the higher temperature 
rather than the temperature of the measuring junction. Characterization 
of this virtual junction effect for the particular materials and tempera-
ture profiles In use In the LOFT F2 fuel bundle was a primary area of 
investigation In this study. 

x l l 



The thermocouples were tested In temperature profiles estimated for 
reactor power levels of 8, 10, 12, and 14-kW/ft. The estimated peak 
temperature was 2160°F for the highest power level. The tests measured 
the effects of preconditioning for 8 h at peak temperatures of 1950°F. 
(In separate tests, basic bulk parameters such as Insulation 
resistance/ft, loop resistance/ft, etc. were measured with thermocouples 
heated In a uniform temperature profile.) In nn Independent cross check, 
limited uniform temperature profile nests were conducted on similar 
thermocouple materials at Hanford Engineering Development Laboratory 
(HEDL). 

RESULTS 
Results of the evaluation Include the fol1-vlng points: 
1. When tested to the expected LOFT F2 temperature profile, thermo-

couple readout errors remained less than 1% up to a peak temperature of 
1900 to 1950°F. 

2. Thermocouple readout errors, primarily froo virtual junction 
effects, Increase rapidly as the temperature rises above 1950°F. 

3. Wire breakage In peak temperature regions did not occur In any 
of the tests, which covered a temperature range from ambient to 2160°F. 

4. Thermocouple performance did not measurably Improve or degrade 
as a result of an 8-h preconditioning at 1950°F. 

5. Data taken In all tests, Including profile, preconditioning, and 
HEDL tests, were mutually consistent. 

6. Although the temperature profile of the fuel may be estimated* 
there appears to be no reliable method of determining the quality of the 
thermal contact with the fuel In the slotted region. This precludes the 
use of an analytical model to reduce readout errors, since the 
temperature profile would have to be accurately known* The test data 
taken with the estimated profiles do, however, establish an upper bound 
on performance errors* 

7. A brief review of the basis for determining temperature profiles 
suggests the following: 

a. The actual "shape" of the profile seems to be well 
established from direct measurement of flux profiles* 

xill 



b. It is difficult to establish accurate temperatures for a 
given power level from purely computational means* 

c. The absolute temperature aaslgned to a given recctor power 
level is based primarily on thermocouple data from the L07T 
LO-2 test with the F1 fuel bundle* Those data are not 
consistently well behaved, but they were only partially 
reviewed for this present study* The temperature assigned a 
given power level is conservative; that Is, it can be 
considered an upper bound* 

CONCLUSIONS 

1* Test results are consistent with other data taken at Idaho 
National Engineering Laboratory, ORNL, and HEDL on similar type K thermo-
couple materials and suggest that the quality of fabrication for thermo-
couples installed in the LOFT F2 test is equivalent to the best materials 
commercially available* 

2* Thermocouple performance should be well behaved at reactor power 
levels to 12 kW/ft (i.e., peak temperatures below 1900 to 1950°F* 

3* Preconditioning at r*>»c.cor power levels to 13 kW/ft should 
neither degrade nor Improve thermocouple performance. Preconditioning at 
power ̂ levels above 13 kW/ft (at temperatures above 2000°F) should not be 
attempted because it may be detrimental to the thermocouples. 

4. Both loop resistance and insulation resistance (on ungrounded 
thermocouples) should be monitored In the F2 test. These data would 
assist in identifying conditions that could result In thermocouple 
readout errors. 

5. Computer modeling cannot Improve data interpretation in the F2 
test because of uncertainties In determining the actual temperature pro-
file along the Installed thermocouples, resulting from large uncertain-
ties (and probable variability) in the quality of the thermal contact 
with the fuel cladding along the length of the thermocouples. 

6. The temperatures assigned to various reactor power levels are an 
upper bound. Additional reviews of the LOFT F1 thermocouple data may 
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justify decreasing the assigned temperatures, which would raise the limit 
on the power level at which thermocouple performance would be 
unimpaired* 
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I- INTRODUCTION 

Ths failure of eha Internal fuel rod thermocouples In ch« loss-of-
fluld teat (LOFT) FI fuel bundle led to extensive analyse* to determine 
the cause(s) of the failure*1 and, equally Important to this Investiga-
tion, to characterise and determine the operating Hales of the thermo-
couples installed for subsequent tests in the LOFT F2 fuel bundle* The 
experimental tests described In this study were conducted by LOFT 
Facility personnel and reviewed by the authors* 

I.A REVIEW OF LOFT FI THERMOCOUPLE FAILURES 

The thermocouples ussd In the L07T FI fuel bundle were dual-diameter 
[1- to 0.5-nm-dlam (0.040- to 0.020-in.-diam)J zircaloy-clad, alumina-
insulated type K assemblies, installed with the smaller diameter Inside 
the fuel rods. From the top of the fuel rod to the point of attachment, 
the assemblies were threaded through slots in the fuel pellets. The tips 
of the thermocouples were imbedded In the internal surface of the slr-
caloy fuel rod cladding at the 26-in. elevation In the core (see Fig. 1). 
Analysis predicted temperaturae between 750 and 775*F at the tip. Above 
the point of attachment to the lnelde of the cladding, the assemblies 
were in poor thermal contact with the cladding and could be heated by the 
fuel to temperatures considerably higher than the temperature of the 
cladding. It was calculated that the thermocouples could have been 
exposed to temperaturee between 900 and 2060*F along the slot during full 
power. Before the L9-3 experiment was run, the fuel waa "preconditioned" 
by holding the reactor at full power for about 48 h, so that the regions 
of the aesemblles in the slots between the Junctions and top of the fuel 
rods could have been exposed to temperatures above 2000"F for an extended 
period before the teats were run. Thus the second objective of thle 
investigation was to establish a basis for recommending changes In the 
precondltloning procedures, if required, to preserve the Integrity of the • •» i thermocouples. 

1 



2 
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I.B ANALYSIS OF LOFT 71 THERMOCOUPLE FAILURES 

I.B.I Observe! Anomalous Behavior and Probable Causes 
The investigation of the LOFT 71 thermocouple failures1*2 defined 

the observed anomalous behavior as consisting of one or both of the 
following: 

1. Anomalous, higher than expected signals, 
2. Erratic or noisy output signals* 

Two typical examples are given in Figs* 2-3.2 
A search of the literature found similar experiences with thermo-

couple failures that can be related to the failure of the LOFT F1 thermo-
couples. There is probably no single mechanism that resulted In the 
failures; they are probably due to complex Interactions between a number 
of phenomena. The following mechanisms that have been investigated 
appear relevant to the LOFT thermocouple failures: 

1. Reactions of the thermoelements with sheath and Insulation 
materials,3'7 

2. Breakage of the thermoelements,8*9 
3. Decrease of the electrical Insulation at high temperatures, 
4. Electrical shunting and formation of virtual junctions.10*11 

I.B.1.1 Reactions of the Thermoelements with Sheath and Insulation 
Materials 

Experience with reactive metal sheathed thermocouples, namely 
tantalum-sheathed, alumina-insulated, Type 8 thermocouples,3 would indi-
cate a high probability of a similar reduction reaction in zlrcaloy-
sheathed thermocouples. Indeed, Hllklns found evidence of such reactions 
in zircaloy-clad type K thermocouples.12 He recommended that alumina-
Insulated, zlrcaloy-clad type K thermocouples not be exposed to 
temperatures above 1850" except for brief periods of time. 

I.B.1.2 Breakage of the Thermoelements 
Anomalously high signals such as those observed in the F1 thermo-

couples were also observed in 0.5-am-diam type K thermocouples in 
prototype fuel rod simulators* Problems occurred with both individual 
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thermocouples In the laboratory and thermocouples Installed In electrc-
cally heated fuel rod simulators and subjected to thermal cycling tests 
as reported In ref. 6. This behavior was not fully Investigated or 
explained, but It did correlate with breakage of the thermoelements. 

A high rate of breakage in Inconel 600-sheathed, MgO-insulated, 
0.5-mm-dlam thermocouples was Investigated at ORNL. Such failures are 
believed to be the result of several effects! large grain size, eobrlt-
tlement of the thermocouple wires, and differencial thermal expansion 
between the thermoelement wires and their surroundings. (The results of 
this investigation were reported at the recent 6th Temperature 
Symposium8'9. It was found, for instance, that small-diameter thermo-
couple materials from one vendor ("Vendor AM) had consistently higher 
failure rates under thermal cycling than did those from a second vendor 
("Vendor B"). Further, It was found the thermoelements In the thermo-
couple materials from Vendor A had consistently larger grain sizes, 
particularly in the Alumel, than did similar materials from Vendor B. 
Single-grain boundaries frequently extended across the diameter of the 
wire, and In Vendor A materials the thermoelements were brittle. The 
embrlttlement is believed to be due to concentration of aluminum at the 
grain boundaries and subsequent oxidation, forming small inclusions of 
aluminum oxide along the boundaries. Based on these results, McCulloch 
and Cllft conducted an extensive Investigation of small-diameter thermo-
couple manufacturing procedures and developed revised procedures for 
minimizing grain growth during the drawing and annealing processes9. 
Metallography of unirradiated sections of the thermoelements in the F1 
thermocouples would provide useful Indications about the grain size of 
the thermoelements in the as-fabricated thermocouple materials. 

1.B.1.3 Decrease of the Electrical Insulation at High Temperatures 
The electrical Insulation resistance of all electrical insulators 

decreases with increasing temperature (or conversely, the electrical 
conductance Increases with Increasing temperature). For commonly used 
metal oxide Insulating materials such as MgO or alumina, the Insulation 
resistance decreases exponentially with increasing temperature above 
1100°F in sheathed thermocouples, even with materials of the highest 
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purity. Above 1650°F, the Insulation resistance Is typically lowered 
enough to Introduce temperature measurement errors In thermocouple 
thermometry. Impurities can increase the conductance of the insulating 
materials and result In even larger errors. 

I.B.I.A Electrical Shunting and Formation of Virtual Junctions 
Electrical shunting has been extensively Investigated in 0.5-mm-diam 

metal-sheathed Type K thermocouples.6 A mathematical model was developed 
which successfully predicted the behavior of these thermocouples with any 
arbitrarily imposed temperature profile.10 This model was later adapted 
to a study of possible electrical shunting errors in Inconel 600-
sheathed, 1/16-in.-diam type K thermocouples for the Nuclear Safety 
Analysis Center.11 The model could be used to predict or confirm 
electrical shunting errors In the F1 thermocouples. Before It can be 
employed, however, aeveral parameters must be known: sheath resistance, 
thermoelement resistance, insulation resistance per unit -ength, and 
Seebeck coefficients between the thermocouple assembly materials as a 
function of temperature. These parameters must be determined experimen-
tally using the actual thermocouple materials in question. In addition, 
the temperature profile along the thermocouple would have to be 
established. 

The model successfully predicts the formation of "virtual junctions" 
as a result of increased conductance of the Insulation at locations other 
than the measuring junction.10*11 

II. LOFT THERMOCOUPLE TESTS 

Tests of small-diameter thermocouple materiala similar to those used 
for the LOFT F2 inside surface thermocouples have shown that significant 
electrical shunting effects can occur above 1650"F (900°C). This is an 
inevitable consequence of the increaae of electrical conductance in metal 
oxides with increasing temperature* Two strategies were therefore 
formulated to provide means for Interpreting and correcting LOFT F2 
thermocouple data.13 
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First, ths environment to Which the thermocouples will be exposed In 
the LOFT F2 experiments was duplicated In an out-of-rsactor experiment. 
Temperature profiles estimated for different power levels were reproduced 
on a ltl seals and are lleted In Teble l.13 

Table 1. Eetlmated temperature profllee (In °F) for 
LOFT F2 reactor power levela 

Distance from Temperature (°F) 
meaauring junction 8 10 12 14 16 

(In.) Power levels In kW/ft 

0 773 790 806 821 836 
4.0 1484 1700 1934 2159 2384 
12.5 1358 1534 1709 1885 2060 
23.5 1016 1124 1232 1340 1448 
34.5 620 665 710 775 800 
40.0 620 620 620 620 620 
150.0 620 620 620 620 620 

Three factors were Identified as contributing to the overall uncertainty 
of this approach: (1) uncertainty as to the actual LOFT temperature 
profllee under varloua operating conditions; (2) even If the exact pro-
file were known, In the laboratory It Is only possible to simulate It 
approximately; and, finally, (3) the tests were conducted on thermo-
couples not sctuslly used In the fuel bundle. This last uncertainty was 
minimized, however, by using thermocouple macerials from the production 
batch used to fabricate the F2 thermocouples. 

The second strategy Involved a separate set of tests to characterize 
the thermocouples generlcally. The parameters derived from these tests 
(e.g., insulation conductance per unit length as a function of tempera-
ture) could then be used In sn analytical thermocouple shunting model 
sueh as that developed by Roberts and Kollle.10 LOFT temperature pro-
files, estimated to any level of detail desired, can be used to calculate 
temperature measurement errors. As in the other strategy, the uncer-
tainty of this approach will be affected by the degree of accuracy with 
which the actual tempereture profiles are known, as well as the fact that 

I 
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the tests were not performed on the actual Installed LOFT 72 thermo-
couples. The tests will, nevertheless, provide a reliable characteriza-
tion of expected thermocouple performance In the LOFT F2 test* 

II.A. TEST OBJECTIVES 

1. Measurement of the Effects of Preconditioningt The LOFT Fl 
bundle underwent fuel preconditioning that Involved holding the reactor 
at full power for about 48 h preceding the tests. As the thermocouples 
had already been Installed In the V2 fuel bundle, this test was performed 
to determine. If preconditioning wowld Improve or be detrimental to the 
thermocouples, so that recommendations for optimum preconditioning con-
ditions could be made to the operations staff. The objective of this 
test would be to assure that the thermocouples would provide accurate and 
precise temperature measurements for the F2 series of tests. 

2. Measurement of Calibration Datai The Junctions of the test 
thermocouples were tied thermally to the measuring junction of a type S 
standard thermocouple. A calibration of the test thermocouples was thus 
obtained as a part of the testing. Thermocouple data were taken during 
the heating up and cooling down of the test system, which provided cali-
bration data at temperature points other than those at which shunting 
errors occrrred. 

3. Measurement of Electrical Shunting Data with the LOFT 
Temperature Profile; Wire-to-wire and wlre-to-aheath Insulation 
resistance was measured in simulated LOFT temperature profiles with 
grounded, ungrounded, and Junctlonless (open circuit) assemblies. These 
measurements can be correlated with the measured temperature measurement 
errors caused by electrical shunting and provide a basis for comparing 
the values obtained from the shunting model calculations. 

4. Measurement of Generic Electrical Shunting Data; Measurement of 
the shunting parameters on LOFT thermocouple materials in a uniform 
temperature zone will provide input data for the shunting model* 
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II.B. TEST PROCEDURES 

Inhoaogenelty Tests. Checks of sample thermocouple homogeneity were 
made by passing a heat source along the length of the thermocouple. This 
provided a qualitative check on the thermocouple materials. 

Preconditioning Tests. The effects of extended bakeout during fuel 
preconditioning were evaluated during these tests by holding the test 
bundle at 1900 to 2000°F for 8 h. 

LOFT Temperature Profile Tests. The calculated LOFT temperature 
profiles were simulated for 10-, 12-, and 14-kW/ft reactor power levels 
(cf. Table 1). 

II.C. EXPERIMENTAL APPARATUS 

II.C.l. Test Thermocouples 
The test thermocouples were taken from the batch of thermocouple 

materials fabricated for the LOFT F2 fuel bundle. These thermocouples 
were fabricated to meet LOFT Specification ES-60374, Rev. A (see 
Appendix A).1** None of the materials had been preconditioned or 
previously used. 

Each thermocouple test assembly consisted of nine dual-diameter 
(0.020- to 0.040-in.-dlam), Inconel 600-sheathed, MgO-lnsulated type K 
thermocouples. Three thermocouple assemblies were used as fabricated, 
with junctions grounded to the sheath, and three assemblies were modified 
by removing the original junctions and refabricating them as ungrounded 
junction thermocouples. The junctions were cut off of the three remain-
ing assemblies and the sheath resealed without junctions (open circuit). 

II.C.2. Profile Simulation 
The LOFT temperature profiles were simulated In the test apparatus 

shown in Fig. 4. A 20-ft length of 3/4-ln.-dlam Inconel tubing was 
heated electrically with a high-current power supply. The Inconel tube 
provided a uniform temperature of "600°F to simulate the temperature 
profile to which the portion of the thermocouples outside the core but 
within the reactor vessel was exposed. The Inconel tube was thermally 
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Insulated by wrapping it with fiberglass tape. Six 0.062-in»-diam, 
metal-sheathed type K thermocouples were attached at 34.5, 40, 67, 94, 
121, and 150 in., respectively, from the end of the tube nearest the test 
thermocouple Junctions. 

A water-cooled copper induction coil was located near the Junction 
end of the test thermocouples. This coll was nonunlformly wound on a 
fused silica tube to simulate the predicted LOFT core temperature pro-
file. Before loading the test thermocouples Into the apparatus, the 
temperature profile produced by the induction coll was probed with a 
moving thermocouple, and the winding pitch was adjusted until the pro-
files given in Table 1 could be produced to within about ±25°F. This is 
probably as good as the actual profile is known from the analysis. 

Fpsed silica tubes were Inserted along the length of the Inconel 
tube to electrically isolate the test thermocouple assemblies. 

The test thermocouples were initially Inserted through the Inconel 
tube, extending about 3-ft beyond the Induction-heated end. Four type S 
thermocouples were attached to the thermocouple test assembly at 0, 4, 
12.5, and 23.5 in. from the measuring junctions. The measuring junctions 
were connected thermally but not electrically by inserting them from 
opposite directions into an alumina insulating body fabricated for this 
purpose. After attachment of the type S thermocouples, the test assembly 
was pulled back into the Inconel tube, into the region where the 
Induction coll had been installed to generate the LOFT profiles. At the 
reference junction end, the test thermocouples and the profile 
thermocouples were connected to an ambient thermocouple reference 
junction block. 

II.C.3. Measuring Apparatus and Data Acquisition 

All thermocouple data were recorded using a Hewlett-Packard Model 
1000 minicomputer system. The thermocouple leads from the reference 
block were connected to an H-P Model 3495A scanner, and the output of the 
scanner was connected to a Fluke Model 8500A digital voltmeter. The 
computer was programmed to BWltch the inputs listed In Table 2 to the 
DVM, instruct the DVM to read the appropriate data, and record the 
results on magnetic tape. 

Rt- i 
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Table 2. Inputs to data set 
All reference thermocouple emf outputs 
Grounded junction thermocouple emf outputs 
Grounded junction thermocouple loop resistances 
Grounded junction thermocouple Alumel-to-sheath resistances 
Ungrounded junction thermocouple emf outputs 
Ungrounded junction thermocouple loop .resistances 
Ungrounded junction thermocouple Alumel-to-sheath resistances 
Unjunctloned thermocouple emf outputs 
Unjunctioned thermocouple loop resistances 
Unjunctloned thermocouple Alumel-to-sheath resistances 
Unjunctioned thermocouple Chromel-to-sheath resistances 
Reference block resistance thermometer resistances 
Millivolt standard emf 
Standard resistor 
Zero volts (shorted input) 
The data were taken In the sequence given in Table 3.13 

The DVM was programmed to take 32 samples for each reading and out-
put the average. The computer averaged the forward and reverse readings, 
corrected them for the reference junction temperature, and calculated 
temperatures corresponding to the measured emfs for all thermocouples* A 
threshold of 54.875 mV was set and emfs greater than this were Indicated 
as noise in the computer printout. Values of emfs greater than the 
threshold would correspond to temperatures greater than 2460°F (1350°C) 
and fall outside the range of the standard type K thermocouple reference 
tables. Such values of thermocouple emfs would occur only with the 
unjunctioned thermocouples (open circuits) and would not represent a 
valid measurement* Examples of computer printouts are shown in Figs. 5 
and 6. 

The data are presented in sufficient detail in the computer print-
outs to allow interpretation and verification of the results of each data 
set. Comparison of the data in the two examples given in Figs. 5 and 6 
will illustrate the latter point* The thermocouple emf readings are 
given in columns 1 and 2 for the forward and reverse polarities* In 
column 3, the absolute difference In the forward and reverse readings is 
given* Column 4 lists the computed averages of forward and reverse emfs* 
Examination of column 4 In Fig. 5 at a peak profile temperature of 1005°F 

w A^u JlAZLA&SL. atM 



14 

020/040 INCONEL 

TTIT TITLE 
SHEATHED THERMOCOUPLES 
TUT PROC6DUN6 
T U T DAT! 

TIME OR SCAN 300 IS SI SI 96 •Mr uv rwo 

LOFT TC TESTING 
H/A 
2ND TEST 
11I4S AM WEO.,27 OCT. 1982 

REV OIF Hit 

REF TC TTFI K 

TEMP 010 F 

34.5" .148706*05 .146611*05 .90000E*01 .146656*05 667.13 40,0" .160176*05 .160011*05 .110002*02 .160116*05 735.56 67 jO" .15319(405 .13352E*05 .70000E*01 .13355E*05 622.10 t 4.0" .130622*05 .130691*05 .13000E*02 .130756*05 609.92 1*1.0" .127111+05 .127001*05 .11000E402 .12705 E*0S 593.76 150.0" .135111>05 .13577E*05 .11000E*02 .135S2E*05 631.95 REF TC TYPE S 631.95 
0.0" .249101*04 .26S20E*04 .90000E*01 766656*04 662.91 4 JO" .464101*04 .463606*04 .500006*01 .464056*04 1005.6 tZ.S" .37550E*04 .37480E*04 .70000E*01 .375156*04 IU62 H.I" .321602*04 .520901*04 .90000E*01 .321356*04 74375 TEST TC TYPE K 103 .139066*05 .138986*05 .60000E*01 .139026*05 645.77 117 .13765E*05 .13777E*05 J0000£*01 .137S1E*05 640.54 206 .136006*03 .137926*05 .600006*01 .13796E*05 641.19 261 .14075E»05 .14066E»05 .900006*01 .140706*05 653.40 97 .137056*05 .156956*05 .100006*02 .13700E*05 637j04 25? •14005E*05 ,13997E*05 •600006*01 .14001 E*05 630.05 133 LOST 170 .11899E*06 .59155E*05 .59S33E*05 490716*05 NOISE 95 .30212E*05 -73746*04 .313996*05 139041 RESISTANCE IN OHMS rwo REV DIF tut REF JUNCT RTD .10905E+03 .10902E*03 A9111E-02 ,10903E*03 72.93 REF TYPE S • 1 LOOP .13356E*02 .127952*02 .56522E*00 ,13076E*02 61 TO #2 •OOOOOE'OO .12429E*OS -.1243E*06 .62147E*07 ' 2 LOOP .13238E*02 .12255E*02 .9S2966*00 ,12746E*02 #2 TO »3 .124366*06 .OOOOOE+OO .12436E*0S .621796*07 » 3 LOOP .140166*02 .13219E*02 .791976*00 .1361SE «02 •3 TO N X0000(*00 .OO00OE*OO 4MMKME«00 .000006*00 1 4 LOOP .14S39E*02 .14160E*02 ,67918E*00 ,14499E*02 64 TO 61 £0000E*00 .000006*00 JB0Q00Z*00 .000006*00 TEST TC I RESISTANCE LOOP 103 .62277E*03 .60010E*03 72677E*02 .611446*03 117 ,61344£*OS .59096E*03 724606*02 M220E*03 206 .4S6STE*03 •4663SE«03 724936*02 .47762E*03 261 .617SSE*03 .594576*03 729836*02 40606E*05 97 ,62S63E*03 .60646E*03 72351E*02 •61765E*03 25* .59978E*03 .59691C*03 726736*02 .58635E*03 133 LOST 17® .14220E*0S .1S930E*0S -.47102*07 .16575E*0S ft .43537E*07 .36233E*07 .730376*06 .39885E*07 TEST TC RESISTANCE AL TO SHEATH 103 713666*03 •22396EHI3 -.10106*02 716916*05 117 70S67E*03 71865E*03 -.99736*01 713666*03 206 .167906*03 .169061*03 -.11736*01 .166496*03 261 .300452*07 .20442E*07 .96028E+06 •2S244E«07 97 .79S63E«07 767236*07 .531406*07 .532936*07 259 74565E*07 724806*07 710506*06 735326*07 133 71330E*06 J7761E«07 .175546*06 •12553E*08 170 .14592E*08 ,52215E*07 .937046*07 .990676*07 95 783006*07 711556*07 .71646E«06 747266*07 TEST TC RESISTANCE CR TO SHEATH 133 .17009E«08 .5S52SE*07 •13156E*0S .10431E*06 170 .181601*08 .441546*07 .13745E*06 .112666*08 « .19056E*0' .1402«E«OT .502662*06 .165446*07 REFERENCE MV SOURCE (IN VOLTS) .49930E-02 .499106-02 7OOO5E-05 •69920E-02 2ER0 VOLTS SHORT CIRCUIT (IN VOLTS) .MOQ0E-O5 -.3000E-05 40000E-05 .100006-05 REFERENCE RESISTOR (IN OHMS) .17326E+06 .173272*06 -•82196*01 .173266*06 

Fig. 5. Example of experimental data taken during thermocouple 
teats. (These data were taken early in the tests at a peak temperature 
too low to stimulate shunting. Note the large values of the differences 
In the forward and reverse emf readings for open-circuit assemblies 170 
end 95.) 
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020/040 INCONBL 

TEST TITLE LOPT TC TESTINO 
SHEATHED THERMOCOUPLE * N/A 
TEST PROCEDURE 2N0 T U T 
TEST DATE 1H45 AM WED. 

TIME OP SCAN 300 17 45 27 31 
1H45 AM WED. 

IMP UV PW0 REV OIF AVE 

REF TC TYPE K 
34.3" .17476E«03 .17460E*05 .160002*02 ,1746SE*05 
4 0 4 " .16C4SE*05 .16934C*03 .139962*02 .16*411*05 
6 7 4 " .I374SE+05 .137322*05 .160002*02 .1374«E*05 
9 4 4 " .135442*05 .13962E*05 .1S000E*02 .1353>E«05 
1214" .13165E*05 ,1314SE*0S .17000E*02 .13157E«05 
190M" .I412O(«05 .14101E+05 .190001*02 .14111(*05 
l i r TC TYPE 1 
0.0" .394261*0* .39436E*04 -.1000E*01 .39431 E*04 
4.0" .103691*05 .10364E+04 40000E*01 .10366E*05 
12.5" .77616C+04 .775242*04 .90000E*01 .773711*04 
23.5" .56256E»04 .55906E*04 .35000E*02 .56001 E*04 
TEST TC TTPE K 
101 .199521*05 •199ME+05 .140001*02 .199491*03 
117 .190369*05 .19S23E*05 .13000E*02 .190301*05 
204 .196901*05 .196779*05 .13000E*02 .196049*03 
261 40401E*05 4039SE*05 •13000E*02 403999*05 
97 .197642*05 .197512*05 .13000E*02 .19TMC*03 
239 40690E*05 .20677E*05 .13000E«02 2 0 M 4 M ! 
133 LOST 
170 .45292E+0S 45291 E*05 .11000E*02 452071*03 
95 45209E*05 45199E*05 .90000E«01 452041*05 
RESISTANCE IN OHMS 

PWO REV OIF AVE 
REP JUNCT RTD 

.1(>fS0E*03 .10977E*03 40503E-01 .10970E*03 
REF TTPE S 
» 1 LOOP .13532E+02 .126S9E*02 44327E*00 .131110*02 
91 TO 02 J M I M M O .75776E*05 .-.7570C«05 •37tOSE*OS 
• 2 LOOP .139S6E*02 .11762E*02 .22366E*01 .120761*02 
•2 TO 93 .37559E*06 .40*23E*05 .33S17E*06 .200011*06 
• 3 LOOP .14SS4 E*02 .13206E*02 .16779E*01 .140451*02 
93 TO 94 49396E*05 40107E*06 -.172SE*06 .115631*06 
• 4 LOOP .157SSE*02 .14609E*02 .1I795E*01 .151909*02 
•4 TO 91 .197192*06 40000E*00 .19719E*06 .995939*05 
TEST TC RESISTANCE LOOP 
103 .70624E*03 .74607E*03 40171E*02 .76615E*03 
117 .769996*03 .73019E«03 39796E*02 •75009E*03 
206 .59497E*03 .55693E+03 .30043E*02 .57595E*03 
261 .70752E+03 46905£*03 .3*469E«02 40029E*03 
97 .71454E*03 47904E*03 •36499E*02 4M29E*03 
239 .701379*03 4*1209*03 40367E*02 401301*03 
133 LOST 
170 .70560E*04 49243E*04 41325E*04 .5990*1*04 
95 .775031*0* .55652E*04 41S50E*04 465771*04 
TEST TC RCSMTAN .fi AL TO SHfATH 
103 J 2 M 1 M J 443579*03 -.16961*02 •235091*03 
117 42002E*03 4373OE*03 -.16609*02 4291*E*03 
206 .17933E*03 .1S154E«03 -4012E*01 .100931*03 
261 .959651*03 .95292E*03 .572909*01 ,95579E*03 
97 .1260SE*04 .127S2E+04 -.17301*01 .1269SE*04 
259 .509*9E*43 iimi«oj -.29279*02 406320*03 
133 .19313E*04 40014E*04 -J702E*03 436069*04 
170 .17319E*04 463S9E<*04 -.907IC*OJ 410S4E«04 
95 .19341E*04 494719*04 -.91291*03 4390*9*04 
TEST TC RESISTANCE CR TO SNCATN 
133 46726E*04 434179*04 430919*03 450719*04 
170 4*203C«04 .229192*04 42S40E*03 445619*04 
95 .262199*04 42953E*04 J2650E*03 465001*04 
9CFCIICNCC MV SOURCE ON VOLTS) 

4974SE-02 499301-02 i M N 4 4 49645E-02 
ZERO VOLTS SNORT CIRCUIT (IN VOLTS) 

.70000E-05 -.5000E-05 •12000E-04 •100009*05 
REFERENCE RESISTOR (IN OHMS) 

.17327E*06 .173201*06 -33001*01 .17329E*06 

TEMP O « r 

m.n 
771.00 
43* .40 
629.92 
* « . * • 
654.T9 

070.93 1NM 
1539.9 
1170.9 

90*47 
•97.79 Hlil Mli) 
•94.74 
93346 

20*04 
201*4 

74.43 

Fig. 6* Example of experimental data taken during the 8-h bakeout 
at 1950°F. At this temperature algnifleant shunting occurs, as is shown 
by the agreement between the value of the peak temperature and the 
temperaturea Indicated by the open-circuit thermocouple. The 
differences between the forward and reverse emf readings are comparable 
to thoae of the other thermocouple. 
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Table 3. Measurement sequence 
Zero volts (shore circuit), forward polarity 
Millivolt reference source, forward polarity 
Type K thermocouple emf, forward polarity 
Type S thermocouple emf, forward polarity 
Test thermocouple emf, forward polarity 
Test thermocouple emf, reverse polarity 
Type 8 thermocouple emf, reverse polarity 
Type K thermocouple emf, reverse polarity 
Mllllvo1 -e source, reverse polarity 
Zero vox circuit), reverse polarity 
Reference rt , forward polarity 
Reference jun^^n resistance thermometer, forward polarity 
Type 8 thermocouple resistances, forward polarity 
Test thermocouple resistances, forward polarity 
Test thermocouple resistances, reverse polarity 
Type 8 thermocouple resistances, reverse polarity 
Reference Junction resistance thermometer, reverse polarity 
Standard resistance, reverse polarity 

shows that the differences in the forward and reverse emfs are generally 
three to four orders of magnitude smaller than the emfs. The differences 
in the unjunctloned samples, however, are of the same magnitude as the 
emfs themselves. Such readings were regarded as invalid.3 

Figure 6 Is an example of a data set taken at a peak profile temper-
ature of 1952°F. The principal difference here is that the differences 
in the unjunctloned thermocouple emfs Indicate that the these emfs are 
now valid readings. There is sufficient conductance In the Insulation to 
form a "virtual junction" that gives a reasonably accurate indication of 
the highest temperature to which the thermocouple Is exposed. In this 
case, the peak temperature indicated by the type S thermocouple is about 
50"F less than the temperature indicated by the junctloned thermocouples. 
This was generally true above 1700*F and may Indicate that the type S 
thermocouple was not actually located at the position of highest 
temperature. 
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III. DISCUSSION OF EXPERIMENTAL RE8ULT8 

III.A. PRECONDITIONING TESTS 

The experiment was planned to determine the effects of precondition-
ing on the LOFT F2 thermocouples. To this end, the temperature of the 
test samples was raised to a peak temperature of *1900°F and held for 
8 h. At the end of the 1900°F bake, the peak temperature was raised to 
«2160°P for 2 h, than cooled in steps to room temperature. The experi-
mentally measured values of the insulation resistance for the ungrounded 
and unjunctloned test samples are given in Table 4. 

Figure 7 shows the insulation resistance for test samples 259, 261, 
and 97, and 133, 170, and 95 (three ungrounded and three unjunctloned 
assemblies, respectively) as a function of time. The corresponding value 
of the temperature at the highest point of the temperature gradient is 
also shown. The high temperature portions of the insulation resistance 
measurements from Fig. 7 are shown in Fig. 8. 

Inspection of Fig. 8 shows that after an initial period of change 
during the first half hour, the insulation resistance was essentially 
constant for the 8 h period at "1950*F. This is the basis for our con-
clusion that preconditioning at a constant temperature of 1950°F results 
in no appreciable Improvement in insulation resistance. A separate set 
of experiments run on similar LOFT thermocouple materials at the Hanford 
Engineering Development Laboratory by one of the authors confirmed the 
results obtained in these tests. 

X1X.B. CALIBRATION 

An approximate calibration of the test thermocouples can be inferred 
from the data. The differences between the temperatures indicated by the 
test thermocouples and the type S thermocouple thermally connected to the 
measuring junctions of the test thermocouples are listed in table 5 and 
are plotted in Fig. 9. 



18 

Table 4. Electrical insulation resistance of test thermocouples 
as a function of time and temperature 

Insulation rtilitunca (11) 
Klapfod T t a p c r i t u r * 

t l l M ( V ) Test u i p l i no. 
(h ) 153 170 259 261 ii "57 Av«r«g« 

1 0.17 74.7 1.34E408 1.033+08 4.28E+06 4.17E+06 1.05E+08 4.22E406 5.91E407 
2 0.67 73.9 1.36B+07 1.17E+08 9.54E+06 4.19E+06 1.15E+08 4.22E+06 4.39E407 
3 1.07 383.8 1.30E+08 1.00E+08 4.28E+06 4.21E406 9.60E407 4.12E406 5.64E407 
4 1.17 538.6 1.19E+08 6.65B+07 4.27E+06 4.22E+06 4.28E+07 1.53E+07 4.20E+07 

S 1.28 611.0 1.15E408 5.93E+07 4.24E+06 4.18E406 3.23E+07 1.49E407 3.83E407 
6 2.00 1005.6 1.25E407 9.90E+06 2.35E+06 2.52E+06 2.47E+06 5.32E+06 5.84E+06 
7 2.17 999.3 1.33E407 1.10E+07 2.96E+06 2.92E+06 3•34E406 6.33E+06 6.64E406 
8 2.42 1199.5 2•49E+06 2.41E+06 5.05EKJ5 4.37E+05 1.56E+06 1.28E406 1.45E+06 

9 2.73 1481.1 3.37E405 2.35E405 2.61E404 3.44E+04 3.25E405 1.36E405 1.821+03 
10 2.83 1483.3 3.29B+OS 2.29E+05 2.36E+04 2.76E+04 3.06E+05 1.33E+05 1.75E+05 
11 3.37 1917.1 4.31E403 2.85E403 8.058+02 1.10E403 4.32E403 2.80E403 2.701403 
12 4.03 1947.3 2.948+03 2•50E+03 6.60E+02 I.OIE+03 3.17E403 1.76E403 2.01E403 

13 4.33 1961.4 2.44E+03 2.19E403 5.93E+02 9.30E+02 2.58E403 1.40E403 1.69E+03 
14 S.12 1951.3 2.44E-f03 2.55E403 6.00E+02 9.64E+02 2.S2E403 1.34E+03 1.74E+03 
IS 3 .1 ) 1951.3 2.49E403 2.30E+03 6.09E+02 9.81E+02 2.S6E+03 1.35E403 1.72E+03 
16 5.27 1948.0 2.50E+03 2.31B403 6.10E+02 9.85E+02 2.56E403 1•35E403 1.72E403 

17 5.90 1952.8 2.36E+03 2.18E+03 6.04E+02 9.56E+02 2.39E+03 1.27E403 1.63E+03 
18 6.60 1926.1 2.59E+03 2.42E+03 6.63E402 1.07E+03 2.43E403 1.38E+03 1.791403 
19 7.25 1938.1 2.54E+03 2.i01*03 6.70E+02 1.07E+03 2.60E403 1.36E403 1.77E+03 
2(1 7.63 1936.5 2.578*03 2.4JE+03 6.84E+02 1.10E+03 2.64E+03 1.38E+03 1.80E403 

21 8.63 1951.1 2.248+03 2.14E+03 6.39E+02 1.02E+03 2.29E+03 1.24E403 1.59E+03 
22 9.13 1929.2 2.57E+03 2.50E+03 7.14E402 1.16E+03 2.66E+03 1.41E+03 1.84E+03 
23 9.80 1932.4 2.49E+03 2.43E+03 7.07E+02 1.1SE+03 2.58E403 1.38E+03 1.79E403 
24 10.13 1932.8 2.47E+03 2.42E+03 7.11E+02 1.16E+03 2.56E+03 1.38E+03 1.78E403 

25 10.63 1917.1 2.63E+03 2.59E+03 7.51E+02 1.23E+03 2.73E+03 1.46E403 1.901+03 
26 11.13 1939.5 2.33E+03 2.29B+03 6.98E+02 1.13E+03 2.42E+03 1.33E403 1.70E+03 
27 11.33 1938.1 2.34E+03 2.31E403 7.04E402 1.14E+03 2.44E403 1.33E403 1.71E+03 
28 11.42 2160.1 6.10E+02 5.97E+02 3.28E+02 4.22E+02 6.24E+02 4.54E+02 5.06E402 

29 11.73 2159.3 5.89E+02 5.72E402 3.34E402 4.23E+02 5.97E+02 4.41E402 4.93E+02 
30 11.98 2160.6 5.76E+02 5.54E+02 3.36E+02 4.20E+02 5.81E+02 4.33E+02 4.83E402 
31 12.23 2160.4 5.71E+02 5.44E+02 3.38E402 4.18E+02 5.74E+02 4.29E+02 4.79E+02 
32 12.73 2161.5 5.88B+02 5.22E+02 3.38E+02 4.10E+02 5.57E+02 4.20E402 4.73E+02 

33 12.98 2159.8 5.61E+02 5.22E+02 3.40E+02 4.102+02 5.58E+02 4.21E+02 4.69E+02 
34 13.67 1935.3 2.16B403 1.90E403 9.14E+02 1.25E+03 2.10E+03 1.15E403 1.58E403 
33 14.13 1703.4 1.48E404 1.41E+04 4.81E403 7.15E+03 1.49E+04 5.94E403 1.03E+04 
36 14.47 1704.9 1.46E+04 1.38E404 4.82K+03 7.14E+03 1.47E+04 5.90C403 1.02E404 

37 15.93 1487.8 1.48E405 1.47E+05 2.99E+04 4.88E+04 1.488405 3.87E404 9.34E+04 
38 16.40 1204.6 2.35E406 2.64E+06 3.43E+05 5.98E+05 2.43E406 5.14E405 1.48E+06 
39 16.48 1201.8 2.43E+06 2.72E+06 3.38E+05 6.19E405 2.50E406 5.30E405 1.538406 
40 16.55 1200.5 2.472+06 2.76E+06 3.66E+05 6.30E405 2.S4E406 5.38E405 1.55E406 

41 16.62 1200.4 2.493406 2.77E+06 3.7IE+05 6.34E403 2.55E406 5.40E405 1.56E406 
42 16.92 1004.7 1.35E407 1.515+07 2.23E+06 4.71E+06 1.33E407 4.40E+06 B.87E+06 
43 17.00 1000.9 1.46E407 1.52E+07 2.38E+06 5.05E406 1.37E+07 4.64E+06 9.26E406 
44 17.22 997.5 1.49E+07 1.50E+07 2.57E+06 5.35E+06 1.36E407 4.89E406 9.39E406 

43 17.38 547*.0 1.31E408 9.87E+07 3.19E+06 3.16E+06 1.02E408 3.18E406 5.69E407 
46 17.55 324.3 1.31E408 9.54E407 3.19E+06 3.17E+06 9.83E407 3.18E+06 5.57E407 
47 17.72 214.9 1.29E+08 1.00E+08 3.19E+06 3.16E406 1.04E+08 3.17E406 5.71E+07 
48 17.88 155.0 1.32E+08 9.36E407 3.I8E+06 3.16E+06 1.02E408 3.16E+06 5.62E407 



Table 5. Calibration of test thermocouples 
Deviation of Indicated taop«ratur« 

Standard 11 P « k 
temperature Sample no. t«ap«ratura 

C P ) 103 117 206 261 97 259 ( * F ) 

1 170.8 -12.2 -12.4 -12.4 -14.2 -25.4 -12.6 73.9 
2 703.0 -0.5 - 6 . 1 -5.2 7.6 -6 .1 9.4 383.7 
3 938.8 -0 .5 -7 .0 -6.7 9.9 -9.7 11.0 538.5 

4 1038.0 0.5 -6.3 -6.5 12.1 -10.1 12.4 611.1 
5 1189.2 5.2 -4.3 -3 .1 18.2 -10.6 12.8 1005.6 
6 1203.1 5.0 -4.3 -3 .1 18.5 -10.8 13.1 999.3 

7 1252.0 6.8 -3.6 -2.0 20.3 -11.2 13.0 1199.5 
8 1335.0 9.7 -2.7 -0.2 23.8 -12.4 12.6 1481.2 
9 1355.0 9.2 -2.9 -0.5 23.6 -13.1 12.1 1483.0 

10 1520.6 39.6 21.1 16.6 66.1 4.3 63.2 1917.0 
11 1594.4 45.2 30.6 19.4 72.9 15.8 84.1 1947.0 
12 1610.6 47.5 36.0 21.8 79.4 25.7 99.9 1961.1 

13 1612.4 43.6 34.0 21.8 76.5 26.8 98.3 1951.0 
14 1612.4 42.8 33.7 22.1 75.8 26.5 97.0 1947.9 
15 1612.4 44.5 35.6 24.5 78.7 30.1 100.6 1952.1 

16 1574.6 36.7 29.0 22.7 66.6 23.6 81.9 1926.0 
17 1607.0 39.4 31.5 24.3 71.8 26.1 88.7 1938.0 
IS 1603.4 39.6 31.9 25.2 71.6 26.5 87.8 1936.0 

19 1612.4 41.4 34.4 25.9 74.9 30.1 93.4 1951.0 
20 1616.0 37.4 29.5 24.8 66.8 25.0 79.7 1929.0 
21 1612.4 36.4 29.5 24.3 67.5 24.8 80.6 1932.1 

22 1608.8 35. fl 29.5 24.5 67.3 24.8 80.3 1932.1 
23 1599.8 32.6 25.9 23.2 62.3 20.9 71.5 1917.0 
24 1607.0 36.5 30.4 25.0 68.2 26.5 81.5 1938.9 

25 1605.2 36.9 30.8 25.7 68.6 26.8 81.2 1938.0 
26 1637.6 155.3 159.3 72.0 227.3 184.0 326.9 2160.0 
27 1968.8 116.6 72.5 84.6 122.4 56.7 226.1 2159.1 

28 1860.8 135.5 114.3 83.9 167.6 122.0 256.0 2160.0 
29 1868.0 133.0 112.0 80.8 164.0 121.0 246.4 2160.0 
30 1760.0 152.3 153.9 87.5 215.3 186.5 280.1 2161.0 

31 1758.2 151.7 154.3 87.3 215.8 187.9 276.7 2159.1 
32 1628.6 39.8 34.4 29.5 65.7 35.8 61.2 1935.0 
33 1545.8 16.6 10.1 13.5 35.6 0.2 21.4 1702.9 

34 1520.6 16.0 9.7 12.2 34.2 0.2 20.3 1704.0 
35 1427.0 10.3 4.9 2.5 27.9 -5.6 16.0 1486.9 
36 1347.8 9.0 3.2 0.2 23.8 -4 .5 16.0 1204.0 

37 1342.4 9.2 3.6 0.5 23.9 - 4 . 1 16.4 1200.9 
38 1338.8 9.2 3.8 0.5 24.1 -4 .0 16.6 1200.0 
39 1337.0 9.5 4.1 0.9 24.5 -3 .6 16.9 1200.0 

40 1293.8 6.5 1.8 -1 .3 22.5 -4 .5 17.5 1004.0 
41 1286.6 6.3 1.6 -1 .6 22.1 -4 .5 17.5 1000.0 
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Table 5. (Continued) 
Deviation of lndlcatad tamparatura 

Standard • Paak 
eaaptratura Sampla no. eamparaeura 

( • ? ) 103 117 206 261 97 259 ( *P) 

42 1274.0 8.5 3 .2 0 .2 23.4 - 2 . 7 18.5 997.0 
43 800.6 7 .0 1 .8 1.8 14.4 - 1 . 8 11.0 546.1 

901.8 7.2 4 . 9 5.2 12.4 2.5 10.6 324.0 
45 334.2 2.3 1 .6 1.3 5 .9 0.2 4 .9 214.0 
46 276.8 - 3 . 2 - 3 . 4 - 4 . 0 - 1 . 1 - 4 . 3 - 1 . 6 154.0 
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Effects of preconditioning on LOFT thermocouples 
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Fig. 7. Sheath-to-wire insulation resistance measured in ungrounded assemblies 97, 259, 
and 261 and in unjunctioned assemblies 95 and 170 as a function of time. The value of the peak 
temperature is also plotted for reference. 
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Effects of preconditioning on LOFT thermocouples 

o 1500 -•m 

6 6 10 12 
Elapsed Time (k) 

Fig. 8* A more detailed plot of the sheath-to-wire insulation resistance measured in 
ungrounded assemblies 97, 259, and 261, and in unjunctloned assemblies 95 and 170 as a function 
of time at temperatures of - 1950°F and above. 
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Calibration of LOFT Thermocouples 
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Fig. 9. Calibration for LOFT thermocouples 103, 117, 206, 261, 97, and 259 Inferred from 
data taken at the beginning of the test during heat up and at the end of the te8t during cool 
down. The error Is the difference in temperatures indicated by the test thermocouples and the 
type 5 thermocouples attached to tbe measuring junctions. The Indicated temperature is that 
determined from the type S thermocouples. 
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III.B.l. Virtual Junction Errors 

The onset of large temperature measurement errors around 1650°F 
(900*C) I s Immediately obvious from the plot. An Inspection of the data 
In the table shows that large errors occur above a peak temperature of 
1650°7. This Is due to the formation of virtual junctions at that 
temperature and above. Thua, the temperature indicated by the thermo-
couple is more nearly that of the peak temperature than that at the mea-
suring junction. Figure 10 shows the data replotted as shunting error 
versus peak profile temperature. 

A more detailed plot of the calibration data, limited to the data 
taken with peak temperatures less than 1.800°F (1000°C) is shown in 
Fig. 11. For reference, the 0.75% ISA error tolerance bands are indi-
cated by dashed lines. Much of the data fall outside tb&se limits; this 
is not too surprising, since the experiment was not set up to provide 
conditions for precision thermocouple calibration: the measuring junc-
tions were located In a steep temperature gradient, the thermocouple used 
as a standard did not make direct contact with the test thermocouples, 
and the standard thermocouple was led in from the low-temperature end of 
the test setup, while the test thermocouples approach the point of con-
tact with the standard from the high-temperature side of the gradient. 
Thus the "calibration" data should be regarded as a measure of the preci-
sion of the temperature measurement, but the actual calibration of the 
test thermocouple is probably much better than indicated in Fig. 10. 

III.C. INSULATION RESISTANCE 

A summary of the Alumel-to-dheath insulation resistances given in 
Table 6 for the ungrounded and unjunctioned test thermocouples is plotted 
in Fig. 12 vs the peak temperature. The solid line represents a least 
squares fit of the average of all these samples. The values of the 
insulation resistance and the spread of the values between samples Is 
typical of those for 0.020-ln.-dlam, MgO Insulated, metal sheathed 
thermocouples reported by others. Based on the insulation resistance 
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Shunt ing Errors Observed in Al l T / C 

Fig. 10. The shunting error as determined by the difference between 
the temperatures Indicated by the test thermocouples and the type S 
standard plotted versus the profile peak temperature. 
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Calibration of LOFT Thermocouples 
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Fig. 11. A more detailed view of the calibration data shown in Fig. 9, made by excluding 
data above 900°F. The standard ISA +/-0.75Z tolerances for type K thermocouples are indicated 
by the dashed lines. 
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I n s u l a t i o n R e s i s t a n c e O b s e r v e d in Al l A s s e m b l i e s 
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Fig. 12. Sheath-to-wire Insulation resistance of the ungrounded and 
unjunctioned assemblies as a function of peak profile temperature. 
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Part profile 
temperature 261 97 259 133 170 95 

73.9 
74.7 
155.0 

4.19E+06 
4.17E+06 
3(/16E+06 

4.22E+06 
4.22E+06 
3.16E+06 

9.54E+06 
4.28E+06 
3.18E+06 

1.36E+07 
1.34E+08 
1.32E+08 

1.17E+08 
1.03E+08 
9.36E+07 

1.15E+08 
1.05E+08 
1.02E+08 

214.9 
324.3 
383.8 

3.16E+06 
3.17B+06 
4.21E+06 

3.17E+06 
3.18E+06 
4.12E+06 

3.19E+06 
3.19E+06 
4.28E+06 

1.29E+08 
1.31E+08 
1.30E+08 

1.00E+08 
9.54E+07 
1.00E+08 

1.04E+08 
9.83E+07 
9.60E+07 

538.6 
547.0 
611.0 

4.22E+06 
3.16E+06 
4.18E+06 

1.53E+07 
3.18E+06 
1.49E+07 

4.27E+06 
3.19E+06 
4.24E+07 

1.19E+08 
1.31E+08 
1.15E+0M 

6.65E+07 
9.87E+07 
5.93E+07 

4.28E+07 
1.02E+08 
3.23E+07 

997.5 
999.3 
1000.9 

5.35E+06 
2.92E+06 
5.05E+06 

4.89E+06 
6.33E+06 
4.64E+06 

2.57E+06 
2.96E+06 
2.38E+06 

1.49E+07 
1.33E+07 
1.46E+07 

1.5OR+07 
1.10E+07 
1.52E+07 

1.36E+07 
3.34E+06 
1.37E+07 

1004.7 
1005.6 
1199.5 

4.71E+06 
2.52E+06 
k•37E+05 

4.40E+06 
5.32E+06 
1.28E+06 

2.23E+06 
2.35E406 
5.05E+05 

1.35E+07 
1.25E+07 
2.49E+06 

1.51E+07 
9.90E+06 
2.41E+06 

1.33E+07 
2.47E+06 
1.56E+06 

1200.4 
1200.5 
1201.8 

6.34E+05 
6.30E+05 
6.19E+05 

5.40E+05 
5.38E+05 
5.30E+05 

3.71E+05 
3.66E405 
3.58E+05 

2.49E+06 
2.47E+06 
2.43E+06 

2.77E+06 
2.76E+06 
2.72E+06 

2•55E+06 
2.54E+06 
2.50E+06 

1204.6 
1481.1 
1483.3 

5.98E+05 
3.44E+04 
2.76E+04 

5.14E+05 
1.36E+05 
1.33E+05 

3.43E+05 
2.61E+04 
2.56E+04 

2.35E+06 
3.37E+05 
3.29E+05 

2.64E+06 
2.35E+05 
2.29E+05 

2.43E+06 
3.25E+05 
3.06E+05 

1487.8 
1703.4 
1704.9 

4.88E+04 
7.15B+03 
7.14E+03 

3.87E+04 
5.94E+03 
5.90E+03 

2.99E+04 
4.81E+03 
4.82E+03 

1.48E+05 
1.48E+04 
1.46E+04 

1.47E+05 
1.41E+04 
1.38E+04 

1.48E+05 
1.49E+04 
1.47E+04 

1917.1 
1917.1 
1926.1 

1.10E+03 
1.23E+03 
1.07E+03 

2.80E+03 
1.46E+03 
1.38E+03 

8.05E+02 
7.51E+02 
6.63E+02 

4.31E+03 
2.63E-4 '3 
2.59E+03 

2.85E+03 
2.59E+03 
2.42E+03 

4.32E+03 
2.73E+03 
2.63E+03 

1929.2 
1932.4 
1932.8 

1.16E+03 
1.15E+03 
1.16E+03 

1.41E+03 
1•38E+03 
1.38E+03 

7.14E+02 
7.07E+02 
7.11E+02 

2.57E+03 
2.49E+03 
2.47E+03 

2.50E+03 
2.43E+03 
2.42E+03 

2.66E+03 
2.58E+03 
2.56E+03 

1935.3 
1936.5 
1938.1 

1.25E+03 
1.10E+03 
1.07E-+03 

1.15E+03 
1.38E+03 
1.36E+03 

9.14E+02 
6.84E+02 
6.70E+02 

2.16E+03 
2.57E+03 
2.54E+03 

1.90E+03 
2.45E+03 
2.40E+03 

2.10E+03 
2.64E+03 
2.60E+03 

1938.1 
1939.5 
1947:3 

1.14B+03 
1.13E403 
1.01E+03 

1.33E+03 
1.33E+03 
1.76E+03 

7.04E+02 
6.98E+02 
6.60E+03 

2.34E+03 
2.33E+03 
2.94E+03 

2.31E+03 
2.29E+03 
2.50E403 

2.44E+03 
2.42E403 
3.17E+03 



Table 6. (Continued) 
Peak profile 
temperature 261 97 259 1' 170 95 

1948.0 
1951.1 
1951.3 

9.852+02 
1.02E+03 
9.64E+02 

1.35E+03 
1.24E+03 
1.34E+03 

6.102-4-02 
6.392+02 
6.002+02 

2.502+03 
2.24E+03 
2.44E+03 

2.31E+03 
2.14E+03 
2.55E+03 

2.562+03 
2.292+03 
2.522+03 

1951.3 
1952.8 
1961.4 

9.81E+02 
9.562+02 
9.30E+02 

1.35E+03 
1.272+03 
1.402+03 

6.092+02 
6.042+02 
5.932+02 

2.4?<E+03 
2.36E+03 
2.44E+04 

2.30E+03 
2.182+03 
2.19E+03 

2.562+03 
2.392+03 
2.582+03 

2159.3 
2159.8 
2160.1 

4.23E+02 
4.10E+02 
4.22E+02 

4.412+02 
4.212+02 
4•542402 

3.342+02 
3.402+02 
3.282+02 

5.898+02 
5.61E+02 
6.10E+02 

5.72E+02 
5.22E+02 
5.97E+02 

5.972+02 
5.582+02 
6.242+02 

2160.4 
2160.6 
2161.5 

4.18E+02 
• 4.20E+02 
4.10E+02 

4.29E+02 
4.332402 
4.202402 

3.382+02 
3.362+02 
3.382+02 

5.71E+02 
5.762+02 
5.88E+02 

5.44E+02 
5.54E+02 
5.22E+02 

5.74E+02 
5.812+02 
5.572+02 
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measurements, the LOFT thermocouple materials are at least equivalent to 
the best commercially available thermocouple materials. 

III.D VIRTUAL JUNCTIONS IN OPFM THERMOCOUPLES 

Two of the sample assemblies tested, 95 and 170, had their junction 
removed and the sheath resealed. Below 1700°F, the conductance through 
the Insulation in these assemblies was insufficient to provide a valid 
emf reading. This was judged by observing the difference between the 
forward and reverse polarity readings made by the DVM. Valid readings 
were assumed when the differences between forward and reverse readings 
were IX or less of the average. The values of the peak temperatures, the 
temperature equivalent of the emf read on the open thermocouples, and the 
difference between these values are given In Table 7. Although the DVM 
did Indeed produce readings below 1700°F, these are arbitrarily set to 
zero In Table 7, and the related differences are indicated by ***. 

One interesting feature of these data Is that the open-circuit 
samples Indicate about 60 to 70°F above the Indicated peak temperature. 
Physically this is unlikely, so we must assume that the measurement of 
the peak temperature is somehow In error. This could occur if the posi-
tion of the thermocouple used to measure the peak temperature was dis-
placed from the actual location of the highest temperature. Figure 13 
shows plots of the temperature profiles (1) as measured by the Installed 
type S thermocouples, and (2) as generated by a cubic spline fit through 
the measured points, which are indicated by the various symbols and are 
connected by dashed lines. The cubic spline Interpolation Is Indicated 
by the solid line. Since the cubic spline is constrained to have contin-
uoua derivatives, the Interpolated curve Is not entirely fictitious. The 
linear temperature gradient on the measuring junction side of the peak of 
the temperature profile is + »286°F/in. at the highest peak temperature 
(2160*F). A dlsplscement of the peak reading thermocouple by only about 
1/4 in* could cause a change of about 65°F in the indicated temperature. 
These inherent uncertainties in locating the thermocouples in the steep 
temperature gradients in both the test setup and the LOFT fuel bundle 
reenforce the suggestion that the projected test series be completed to 
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Table 7. Equivalent temperature! (*F) Indicated 
by open-circuit test samples 

Peak Sample Sample 
temperature no. 170 Difference no. 95 Difference 

74.7 0.0 * * * 0.0 . * * * 
73.9 0.0 * * * ' 0.0 * * * 

383.8 0.0 * * * 0.0 * * * 

538.6 0.0 * * * 0.0 * * * 

611.0 0.0 * * * 0.0 * * * 

999.3 0.0 * * * 0.0 * * * 
1199.5 874.9 * * * 912.9 * * * 

1481.1 2125.5 * * * 1480.8 * * * 

1483.0 1844.4 * * * 1681.2 * * * 
1700.1 1768.7 68.6 1502.2 -197.9 
1712.4 1703.7 -8.7 1622.0 -90.4 
1917.0 1986.9 69.9 1985.9 68.9 
1947.0 2004.5 57.5 1998.6 51.6 
1961.0 2024.7 63.7 2020.6 59.6 
1951.0 2019.3 68.3 2016.1 65.1 

1926.0 1992.6 66.6 1988.6 62.6 
1951.0 2016.7 65.7 2012.4 61.4 
1932.0 1996.3 64.3 1992.2 60.2 
1938.0 2001.2 63.2 1997.1 59.1 
2160.0 2230.2 70.2 2225.5 65.5 
2159.0 2224.9 65.9 2219.3 60.3 
2159.0 . 2225.6 66.6 2219.6 60.6 
1935.0 1995.5 60.5 1991.5 56.5 
1704.0 1757.8 53.8 1750.4 46.4 
1487.0 1511.5 24.5 1151.9 * * * 

1204.0 1196.1 -7.9 1246.6 42.6 
1201.0 1174.5 -26.5 1219.7 18.7 
1200.0 1169.8 -30.2 1210.4 10.4 
1004.0 900.4 * * * 976.8 * * * 
1000.0 836.5 * * * 975.4 * * * 

997.0 949.7 * * * 998.0 * * * 
546.0 879.6 * * * 1373.4 * * * 

324.0 927.7 * * * 300.1 * * * 

214.0 0.0 * * * 0.0 A M 
154.0 0.0 * * * 0.0 * * * 
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Fig. 13. Temperature profiles measured during the test. The dashed lines indicate simple 
straight-line approximations of the profiles between the measured temperature points. The 
solid lines are the result of a cubic spline interpolation between the measured temperatures. 
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obtain the generic data In a measurable and controllable temperature 
profile and use the data thus obtained to calculate the expected high-
temperature effects using the shunting model* 

III.E. INSULATION RESISTANCE RECOVERY 

Following the completion of the LOFT temperature profile tests 
described above, the test thermocouples were removed from the apparatus 
to a lab bench* The room temperaturejlnaulatIon resistance waa monitored 
for several days to determine how much, if any, change In the insulation 
resistance might be observed. Figures 14 and 15 show these changes as a 
function of time for the ungrounded assemblies and the unjunctioned 
assemblies respectively. Table 8 lists the insulation resistance mea-
surements made on the assemblies used In the profile tests described in 
Sect. Ill.A and the pre- and post-test Insulation resistance measurement 
made on the assemblies In the recovery test. 

The insulation resistance of the ungrounded assemblies all tended to 
Increase with time; one, No. 261, Increased almost an order of magnitude. 
A plausible explanation for this behavior is that during the tests, water 
vapor absorbed on the insulation was released and diffused from the hot 
regions of the assemblies to a cooler region, where It was reabsorbed. 
An Increase In surface water content tends to lower the insulation 
resistance. After the assemblies were removed from the test apparatus 
and placed in a uniform temperature profile on the lab bench, there would 
be a tendency for the water concentrated near the ends of the assemblies 
to diffuse back into the dry insulation of the heated portion of the 
assembly, thereby reducing the localized concentration near the ends of 
the assembly. The end result would be a redistribution of the water 
Inside the assembly, which would reduce local "high" concentrations and 
Increase Insulation resistance. If this proposed mechanism is valid, 
then reinstalling the test thermocouples in the test rig, heating them 
for another 8 h, and repeating the Insulation resistance measurement 
during the relaxation period should reproduce a curve similar to those In 
Fig. 14. 
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Recovery of Insulation Resistance 
in Ungrounded Assemblies 
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Fig. 14. Recovery of Alumel-to-sheath insulation resistance at room 
temperature with time for the ungrounded assemblies after removal from 
the test apparatus. The data measured for assembly nos. 259* 261, and 97 
are shown by the curves reading from the top down. 
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Recovery of Insulation Resistance 

in Unjunctioned Assemblies 
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Fig. 15. Recovery of the insulation resistance at roon temperature 
with time for the unjunctloned assemblies after removal from the test 
apparatus. The data measured for the Alumel-to-sheath insulation 
resistance for assembly nos. 95, 133, and 170 are shown by the solid 
curves reading from the top down. The Chromel-to-Alumel Insulation 
resistance are Indicated by the dashed curves. 
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Tabic 8. Pretest Insulation resistance measurements (from data log 
sheets), alumel-to-sheath 

Ungrounded assemblies In profile tests 

261 4.18 x 10(exp)6 
97 4.22 x 10(exp)6 

259 4.28 x 10(exp)6 

Unjunctioned assemblies In profile tests 

133 1.33 x 10(exp)8 
170 1.03 x 10(exp)8 
95 1.07 x 10(exp)8 

Measured at beginning of relaxation test (digitized from plots) 

259 3.67 X 10(exp)ll 
261 3.83 X 10(exp)9 
97 2.42 X 10(exp)9 

95 7.32 X 10(exp)10 
133 1.58 X 10(exp)10 
170 1.07 X 10(exp)9 

Measured at end of : relaxation 

259 4.68 X 10(exp)ll 
261 8.54 X 10(exp)10 
97 1.03 X 10(exp)10 

95 6.89 X 10(exp)10 
133 5.40 X 10(exp)9 
170 1.92 X 10(exp)9 
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IV. CONCLUSIONS 

A. There Is no evidence that preconditioning improves thermocouple 
performance. Neither of the 8-h bakeout experiments at 1950°F showed 
any resulting Improvement In insulation resistance. 

B. Preconditioning at temperatures above 1920°F can cause excessive 
grain growth. This can lead to breakage of the thermoelements during 
temperature cycling; therefore, we recommend against subjecting the 
thermocouples to preconditioning above 1950°F. 

C. Measurements of the sheath-to-wlre Insulation resistances of the 
ungrounded thermocouples in the L2-6 bundle should be Included in the 
data set to assist In the analysis of the thermocouple data. These mea-
surements will prdvlde the key for determining the onset of shunting and 
the reliability of the thermocouple measurements taken with the grounded 
thermocouples. 

D. If possible, loop resistance measurements should be Included In 
the data set for all thermocouples in the L2 bundle. These measurements 
will provide a key to determine if any thermocouple assemblies fall 
through breakage of the thermoelements—even if they continue to indicate 
due to high temperature electrical conductance of the insulation. 

E. Based on the experimental measurements, a 1% error caused by 
shunting can be expected between 1850 and 1950°F. 

F. The generic tests should be completed to provide parameters for 
estimating shunting errors. 

G. Computer modeling will not Improve accuracy or range of use; the 
model is mainly useful for indicating the magnitude of error or the 
limits of reliability of thermocouple Indications and cannot be depended 
on to give exact value8 for critical thermal-hydraulic data. 
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1.0 SCOPE 

1.1 Intent; This specif icat ion presents the requirements for Inconel 
sheathed, Magnesia (MgO) insulated thermocouples, Type K, as 
ident i f ied 1n ASTM E 230, which ere intended for use In the Loss of 
Fluid Test (LOFT) Program to measure fuel pin cladding internal 
surface temperature. This specif icat ion 1s a modification of ASTM 
E235 (which covers sheathed Type K thermocouples for nuclear 
appl icat ions) . The requirements of th is specif ication Include 
Inconel 600 for sheathing, Magnesia for Insulat ion, and Type K 
thermocouple wires for thermoelements. 

1.2 General Design: The nomine) diameter of the finished dual, diameter 
thermocouple shall be 1.016/0.508 mm (0.040/0.020 1n), Other 
dimensions and tolerances shal l be In accordance with Figure 1. 

1.3 Temperature Limit: The thermocouple 1s Intended to survive one 
temperature cycle of 1255 K (1800*F) for three minutes. 

2 .0 APPLICABLE DOCUMENTS 

2 .1 Reference Documents: Unless otherwise specif ied, the following 
documents of the issues in e f fec t on the date of issue or revision 
of th is specif ication shall form a part of th is specif ication to the 
extent specif ied, 

2 .1 .1 Standards—American Society for Testing and Materials 

(ASTM) 

(1 ) ASTM 8167 Nickel-Chromium-Iron a l loy 

(UNS-N06600) Seamless Pipe and Tube 

1 



THERMOCOUPLE CABLE CROSS SECTION 

DIMENSIONS AM) JUNCTION 

E |0-0?5i(O.QOIO in . ) 

A To be specified on purchase order. 
Bl^i To be specified on purchase order. 

C 3.81 i 0.0S1 m (0.150 t .020 in. ) Tolerance 
0 1.016 • 0.025m (0.0400 t 0.0010 in . ) Tolerance 
E 0.508 i 0.02San (0.0200 s 0.0010 in . ) Tolerance 
F 0.15 an (0.006 in . ) Hinimim 
G 0.069 m (0.0027 in . ) Hiniaum 
H 0.10 an (0.004 i n . ) Hininuai 
0 0.05 an (0.002 in . ) Miniauai 
K 0.13 an (0.005 in . ) Hininun 
I 0.094 an (0.0037 in . ) Minimw 

Figure 1 

NOTE: Radius o f t i p no l a r g e r 
than "E" d i a . al lowed 
as long as dimension "C" 
remains as s p e c i f i e d . 

m VI • o> o w 
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(2) ASTM E 2 Standard Methods of Preparation of 
Micrographs of Metals and Alloys 
(Including Recommended Practice for 
Photography as Applied to 
Metallography) 

(3) ASTM E 3 Standard Methods of Preparation of 
Metallographlc Specimens 

(4) ASTM E 94 Standard Recommended Practice for 
Radiographic Testing 

(5) ASTM E 112 Standard Methods for Estimating The 

Average Grain Size of Metals 

(6) ASTM E 142 Controlling Quality of Radiographic 
Testing, Standard Method for 

(7) ASTM E 165 Standard Recommended Practice for 

Liquid Penetrant Inspection Method 

(8) ASTM E 230 Standard Temperature-Electromotive 
Force (EMF) Tables for Thermocouples 

(9) ASTM E235 Standard Specification for 

Thermocouples, Sheathed, Type K, for 
Nuclear or for Other H1gh-Rellability 
Applications 

2.1.2 Standards 

DOE - Division of Reactor Research and Development and 
Technology (ROT) 

(1) RDT C 2-1T Determination of Insulation Compaction 
1n Ceramic Insulated Conductors 

20 
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(2) ROT C 7-6T . Thermocouple Material and Thermocouple 
Assembly, Chromel-P Versus Alumel, 
Stainless Steel Sheathed, Magnesium 
Oxide Insulated 

(3) RDT C 18-1T Ceramic Electrical Insulators 

(4) RDT F 2-4T Quality Verif ication Program 

Requirements 

(5) RDT F 2-7T Acceptance Sampling Plans 

2.1.3 Standards—American National Standards Institute (ANSI) 

ANSI B46.1 Surface Texture 

3.0 REQUIREMENTS 

3.1 Definitions: 

3 .1 .1 Thermocouple: A thermocouple consists of two dissimilar 
e lect r ica l conductors joined to produce a thermally 
Induced electromotive force (emf) when the junctions are 
at di f ferent temperatures. 

3 .1.2 Thermocouples. Type K: Type K thermocouples have 
chromel/alumel conductors and an emf temperature 
relationship corresponding to and within the standard 
l imits of error specified 1n ASTM E 230. 

3.1.3 Thermocouple. Sheathed: A sheathed thermocouple occurs 
when the thermocouple conductors are embedded In compacted 
ceramic Insulation and placed within a metal protecting 
tube. 

20 
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3.1.4 Thermocouple Lot; A thermocouple lot Is a group of 
thermocouples manufactured from the same materials 1n the 
same production run. 

3.1.5 End Effects; Portions of the thermocouple cable that may 
be Imperfect because of production effects prior to 
stabi l izat ion of the manufacturing process. 

Materials and Manufacture; 

3.2.1 Materials; 

3 .2 .1 .1 Sheath Material; Inconel 600 seamless tubing used for 
thermocouple sheath material shall conform to the 
requirements of ASTM B 167 with carbon content less than 
O.OSX. The manufacturer shall supply cert i f icat ions and 
test reports showing that the sheath material conforms to 
these requirements. The thermocouple t i p extension Is 
considered part of the sheath. 

3.2.1.2 Thermocouple Wires; Thermocouple wires, or conductors, 
referred to in this specification shall be Type K, 
Chrome1-P and Alumel per Hoskins specification 36-178 and 
3G-220, with special l imits of error as specified 1n 
ASTM E 230. The special l imit error tolerance shall be on 
the low side of the standard l imi t of error band or 
+0X -0.75% error. The manufacturer shall supply 
cert i f icat ions that the thermocouple wire used 1n the 
manufacture of the thermocouple conforms to, these 
requirements. 

3 .2.1.3 Insulation: The insulating materials shall be Magnesia 
(MgO) which shall comply with the requirements of 
ROT C 18-1T and ASTM E 235. A cer t i f ied analysis of the 
composition of the insulating material as supplied to the 
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thermocouple manufacturer shall be furnished to the 
purchaser. The thermocouple manufacturer shall be 
responsible for maintaining the purity within the 
specified l imits 1n the finished product. 

3.2.1.4 Tracea&HUy; Cert i f icat ion for the thermocouple shall 
Indicate the manufacturer's heat numbers for components so 
each component (sheath, Insulator, and wires) of the 
thermocouple can be traced to the heat number, batch 
number, or lot number and manufacturer of that particular 
component. Each thermocouple shall be traceable to the 
Individual tube used. 

3.2,2 Processing: 

3.2.2,1 Cleanliness: The surface of the completed thermocouple at 
the time of delivery shall be free of residues containing 
nuclear poisons such as boron and cadmium compounds, or 
foreign substances such as halogen compounds, acids, 
bases, o i l s , greases, or dust that could become a source 
of corrosion or chemistry changes In a reactor. Acetone, 
alcohol, or methyl Isobutyl ketone may be used as cleaning 
agents, unless otherwise specified 1n the ordering 
document. Cleaning procedures shall be approved by 
purchaser. 

(1) The wires and Inter ior of the sheath shall be cleaned 
and free of dust, organic residue, contaminate metal 
oxides, and other contaminants at the time of 
fabrication. 

(2) The Insulators shall be free of moisture and 
contaminants at the time of assembly. Immediately 
prior to the start of fabrication, the Insulation 

20 
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material shall be baked at a temperature of 1366 * 
28 K (2000 + S0*F) for a minimum of 2 hours to remove 
contaminants and moisture. 

3.2.2.2 Annealing: The cable, after I ts f ina l size reduction, 
shall be bright annealed and no scale or discoloration 
shall be permitted after annealing. Anneal 1n a vacuum or 
Inert gas (99.99+% purity) atmosphere. 

3.2.2.3 Measuring Junction: The measuring junction end of the 
assembly shall be fabricated 1n accordance with a 
purchaser approved procedure submitted by the manufacturer 
prior to fabrication. No flux shall be used. 

3.2.2.4 Vacuum Drying Requirement: The "beaded" unswaged 
thermocouple assembly shall be vacuum outgassed at room 
temperature for a minimum of four hours, then vacuum 
outgassed 1n the temperature range of 672 to 727 K (750 to 
850°F) for a minimum of one hour. The vacuum charrber 
containing the thermocouple shall then be backfil led with 
commercial laboratory grade argon (99.998% pure) at 35 to 
70 kPa (5 to 10 psig) pressure and removed from the 
furnace. The ends of the unswaged assembly shall be 
sealed against moisture by temporary means unti l a 
permanent seal weld or swage seal can be made. The 
assembly shall then be swaged after I t returns to ambient 
temperature or the alternate procedure shall be followed. 

(1) Alternative Vacuum Drying Requirements: The cleaned tube 
inside diameter (ID) shall be de-mo1stur1zed by heating 
the tube to 505 + 28 K (450 + 50"F). While at 

~ J c 
temperature, evacuate to 2.66 x 10"J Pa (2 x 10"® 
t o r r ) . Backfil l with commerical laboratory grade argon 

20 
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(99.998X pure) to 35 to 70 kPa (5 to 10 ps1g). Repeat the 
evacuation and argon back-f111 2 more times (3 times 
t o t a l ) . The "beaded" unswaged thermocouple assembly shall 
be vacuum outgassed at 505 + 28 K (450 + 50*F) and 2.66 x 
10"3 Pa (2 x 10"5 tor r ) or higher for 5 minutes 
followed by an argon purge at 35 to 70 kPa (5 to 
10 ps1g). The ends of the unswaged assembly shall be 
sealed against moisture by temporary means unt i l a 
permanent seal weld or swage seal can be made. The 
assembly shall then be swaged after 1t returns to ambient 
temperature. 

3.2.2.5 End Effects: Al l end effects shall be removed from the 
Thermocouple and forewarded to the purchaser for archive 
samples. Traceabllity 1s to be maintained. 

3.2.3 Weld Qualification Thermocouples; 

3 .2 .3 .1 Definit ion: Sections of bulk thermocouple cable which 
have been cut to length, seal welded on both ends and 
conforming to the Outline Requirements of Figure 1. They 
w i l l be used to qualify thermocouple to fuel rod weld 
attachment. 

3 .2 .3 .2 Materials: Shall be the same as the active thermocouples. 

3.2.3.3 Dimensions: Diameters shall be the same as the active 
thermocouples. Length shall be as specified on the 
purchase order with a +12.7 mm (+0.50 In) tolerance. The 
diameter of the hemispherical seal weld beads shall not •' 
exceed the cable diameter by more than 0.50 mm (0.002 1n). 

20 
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3.2.3.4 Inspections: Helium leak detection 1n accordance with 
ASTM E 235 shall be performed on each cable. Radiography 
shall be performed on a l l end seal weld closures, two 
views, 90 degree rotation, to ver i fy that the t ip 
extensions have a minimum length as defined 1n Figure 1 
and have no voids or Inclusions greater than that 
specified 1n Paragraph 4.1 .4 .7 . 

3.2.3.5 Stralghtness: The weld Qualification Thermocouples shall 
conform to the stralghtness ret irements of Section 
4.1.13.1 of this specification. 

3.2.3.6 Meld Qualification Thermocouple Identi f icat ion: The weld 
Qualification thermocouples shall be tagged according to 
Section 5.2 of this specification except only one tag per 
cable shall be required. Each tag shall bear the cable 
length. The cables shall be traceable to the heat lot 
number and shall be serialized for Individual 
Identif ication to the heat lo t . 

3.2.3.7 Surface Finish: Surface f inish shall be as specified 1n 
Paragraph 4 .1 .6 . 

3.2.3.8 Cert i f icat ion: The manufacturer shall furnish the 
following Items of data with respect to the weld 
qual i f icat ion thermocouples: 

(1) Sheath material cert i f icat ion and test reports 1n 
accordance with Paragraph 3 .2 .1 .1 ; 

(2) Radiographic results, identif iable to the appropriate 
seal weld per Paragraph 4 .1 .4 .7 ; 

(3) Test results of the sheath Integrity tests. In 
accordance with Paragraph 3 .2 .3 .4 . 

16 
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QUALITY ASSURANCE PROVISIONS 

A Quality Assurance Program meeting the requirements of ROT F 2-4T shall 
be implemented and maintained for thermocouple materials and assemblies. 

4.1 Inspection and Methods of Testing: 

4.1.1 General: All thermocouples shall be Inspected and tested 
in accordance with the sampling procedures specified in 
this section and with inspection requirements stated 
herein and in referenced specifications. Acceptance of 
the sample inspection results does not relieve the 
thermocouple manufacturer of the responsibility that a l l 
thermocouples shall conform to a l l requirements of this 
specification and the referenced specifications. 
Acceptance of thermocouples manufactured 1n accordance 
with this specification require the satisfactory ° 
completion of the general tests specified for a l l 
thermocouples and additional tests on selected sample 
thermocouples. The manufacturing plan shall be approved 
by the purchaser prior to fabrication. 

The cable shall be sealed to prevent moisture penetration 
at a l l times after the vacuum drying requirement ( re f . 
Paragraph 3.2.2.4) except when stripping the able. 

4.1.2 The 1.5 AQL Single Sampling Method of RDT F 2-7T shall be 
used. Sublots may be combined to form larger lots for 
production efficiencies provided that grand lot sampling 
Is apportioned among the smaller lots. Lot/Sublot 
identity must be maintained. The following table defines 
lot sizes, sample sizes and accept-reject c r i te r ia . 

20 
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SAMPLING CRITERIA 
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Lot Size Sample Size Accept Reject 

26-90 8 0 - 1 

91-280 32 1 2 

Select sample thermocouples at random from each lot of 
thermocouples. Use a section of the sample thermocouples 
for the tests required 1n Sections 4.1.8 and 4 .1 .11. For 
the test 1n 4.1.10.2, the measuring Junction of the sample 
thermocouples shall be used. 

4.1.3 Room Temperature Insulation Resistance Test: The 
electr ical resistance of each thermocouple between 
conducting wires and between each conducting wire and the 
sheath shall be 30.48 megohm-meter (100 megohm-feet) 
minimum, as defined 1n ROT C 7-6T, with SO Vdc applied 
voltage. The measurement 1s to be taken Immediately 
before the junction closure on the thermocouple Is made 
and after f inal annealing. I t may be necessary to heat 
the thermocouple cable to drive moisture from 1t in order 
to meet this requirement. The heat treatment shall be 
done at 422 • 90 K (300 + 50'F). Failure of the 
thermocouple to meet this requirement shall be cause for 
rejection. 

4.1.4 Radiographic Inspection: 

4.1.4.1 Each thermocouple shall be radiographed In two 
directions 90 degrees apart along the X and Y axes 

11 
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(see Figure 1) and perpendicular to the thermocouple 
axis. The Y axis radiograph shall allow viewing of 
the thermocouple bead within the sheath closure weld. 

4.1.4.2 The radiography shall be performed 1n accordance with 
ASTM E 94 at a sensitivity level of 2-1T. Detailed 
radiographic procedures with sample films are to be 
approved by EG&G prior to production radiography. 

4.1.4.3 The design for a penetrameter shall be as specified 
1n ASTM E 142, as modified 1n ASTM E 235. 

4.1.4.4 The density of the Individual films shall be 1n the 
range of 1.8 to 3.0 1n the area of the shim as 
measured by a densitometer. (The term "density" 1s 
defined In ASTM E 94 Appendix.) 

4.1.4.5 Nonfllm radiographic techniques are not permitted. 

4.1.4.6 The radiographs shall be supplied to the purchaser 
with appropriate means to Identify each thermocouple 
with I ts radiograph. 

4.1.4.7 A length of the fabricated thermocouple extending a 
minimum of 4 Inches from the measuring junction, 
including the weld closure, shall be examined by 
radiography to determine that the following 
conditions exist: 

(1) The wall thickness at the corner of the weld 
closure shall be as specified 1n Figure 1. 

(2) Capture of the thermal elements into the closure 
weld shall be as specified in 4 . 1 . 4 . 7 ( 4 ) ( c ) . 

20 
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(3) Length of the thermocouple t i p extension shall 
be as specified 1n Figure 1. 

(4) Verify the following: 

(a) Crack's of any dimension are not allowed. 

(b) The maximum dimension of voids or 
Inclusions 1n the sheath wall and the t ip 
extension shall not be greater than 15 
percent of the sheat.'< v^';' thickness or 
0.025 mm (0.001 In ) , wnlchever 1s greater. 

(c) The maximum dimension of voids, Inclusions, 
discontinuities, or local reduction of the 
conductors, near the thermal junction shall 
not be greater than 0.002 Inch. In 
addition, 25X of the thermocouple junction 
bead shall be within the sheath closure 
weld. I f this requirement 1s not met, then 
the junction shall be cut o f f , discarded, 
and a new junction fabricated. The new 
junction shall be radlographlcally 
Inspected according to Section 4.1.4. 

4 .1 .4 .9 I f the cable or junction f a l l s any of the cr i ter ia 1n 
Section 4 .1 .4 , the cable shall be rejected or the 
junction refabrlcated and Inspected. 

4.1.5 Sheath Integri ty: Each completed thermocouple shall be 
leak tested by the helium leak detection test 1n 
ASTM E 235. Testing shall be performed by qualified 
operators. 

20 
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4.1.6 Surface Finish: The surface of the sheaths of a l l 
thermocouples 1n the completed condition shall have a 
clean, bright appearance. A visual comparison with 
roughness standards no rougher than 32 mlcrolnches rms, In 
accordance with ANSI B46.1 or a surface prof1lometer, 
shall be made on thermocouples from each.lot selected 
according to paragraph 4.1 ,2 . Three locations on the 
thermocouple sheath shall be required with a 4 foot 
minimum spacing between locations. 

Failure of the thermocouple sample to meet this 
requirement shall be cause for inspection of a l l 
thermocouples in the lot and rejection of those 
thermocouples that do not pass. 

4 .1 .7 Surface Defects: There shall be no cracks, seams, holes, 
or other defects on the surface of the sheath or welds of 
any finished thermocouple when Inspected at a 
magnification of 10X minimum or in accordance with 
Procedure A2 of ASTM E 165. Any indication of cracks, 
seams, holes, or other defects shall be cause for 
rejection. The fluorescent dye-penetrant procedure shall 
be approved by the Purchaser. 

4 .1 .8 Metallurgical Structure of Sheath: 

4 .1 .8 .1 Tests shall be performed on a section of annealed 
thermocouple samples selected 1n accordance with 
Section 4.1.2 as follows: 

Close wind the selected sections of both diameters of 
the thermocouple sheath three f u l l turns on a mandrel 
having a diameter equal to twice the sheath 
diameter. The insulation resistance shall be 

20 
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recorded before and af ter winding to monitor any 
degradation. After winding, a continuity check shall 
be performed to ver i fy that the thermocouple wires 
did not break. Cut the center turn from the section 
and mount for metallographlc examination. Prepare 
the metallographlc specimen 1n accordance with ASTM E 
3. The sheath material of the mounted specimen shall 
not contain evidence of cracks or localized wall 
thinning exceeding 20 percent of the sheath wall 
thickness when the coi l 1s longitudinally sectioned 
and examined by normal metallographlc practice at a 
magnification of 200 to 500 X in accordance with 
ASTM E 2. The sheath wall shall show a uniform 
transi t ion from thick to thin as a result of the 
mandrel wrap operation. 

4 .1 .8 .2 A section of both diameters of the sample 
thermocouples which have not been bent shall be 
mounted and examined for grain s ize, cracks and 
Inclusions. The grain size measurements shall be 
conducted 1n accordance with ASTH E 112. The maximum 
grain size allowed shall be ASTM No. 6. The sheatb 
material of this section shall not contain evidence, 
when examined at 200 to 500 X, of discontinuities or 
Inclusions extending more than 0.0254 mm (0.001 1n) 
rad ia l ly In the sheath, or of porosity with a maximum 
diameter larger than 0.0254 mm (0.001 i n ) . Figure 1 
dimensions shall also be measured and reported. 

4 .1 .8 .3 Failure of the sample thermocouples to meet the 
requirements of Section 4 . 1 . 8 shall be cause for 100X 
examination of a l l thermocouples. Failure of a 

thermocouple to meet the requirements of 
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Sections 4.1.8 of this specification shall be cause 
for rejection of the thermocouple. An option to 
examining each thermocouple shall be to reject the 
l o t . The Supplier shall noti fy the purchaser prior 
to any lot rejection. 

4 .1 .9 Thermal Cycling of Measuring Junction; Prior to 
cal ibration, the Individual measuring junctions of a l l 
finished thermocouples shall be thermal cycle tested per 
ASTM E 235. A visual examination of the weld after 
thermal cycling shall be made at 40X minimum to look for 
cracks 1n the closure weld. Any cracks shall be cause for 
reject ion. 

4.1.10 Calibration: 

4.1.10.1 Each finished thermocouple shall be calibrated 1n a 
noncorroslve, nonoxldlzlng atmosphere at.the 
following temperatures: 373, 505 and 692 K • 14 K 
(212, 450 and 787#F • 26#F), according to ASTM E 235 
Paragraph 6.10.1. The temperature-emf relationships 
and the standard l imits of error shall be 1n 
accordance with ASTM E 230. Just prior to 
cal ibrat ion, each thermocouple assembly shall be aged 
at 673 K + 6 K (750*F • 10*F) for 4 hours. 

4.1.10.2 A thermocouple sample from each lot ( r e f . 
paragraph 4 .1 .2 ) shall be calibrated at the following 
temperatures: 933 and 1233 K + 14 K (1220 and 
1761#F • 25*F). The temperature-emf relationships 
and the standard l imits of error shall be 1n 
accordance with ASTM E 230. The calibration shall be 
ptr fon ed 1n accordance with Section 4.1.10.1. 
Protect the heated portions of the thermocouple 
cable* with a high purity Inert gas. The length of 
thermocouple cable exy. ed to temperatures greater 
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than 1088 K (ISOO'F) shall be cut o f f , Identif ied, 
and Included 1n the shipment. Any length of 
thermocouple cable exposed to temperatures greater 
than 755 K (900*F) and Intended for use as a 
thermocouple shall be re-aged according to 
Paragraph 4.1.10.1. 

4.1.11 Insulation Compaction; A one Inch section of the sample 
thermocouples, selected according to Section 4 .1 .2 , shall 
be tested for Insulation compaction according to RDT C 
2-1T (either method). Failure to comply with the 
requirements of ROT C Z-1T shall cause rejection of the 
entire lot of thermocouples from which the sample 
thermocouple was chosen. The minimum allowable compaction 
density of the MgO shall be 75 percent of theoretical 
density. (Theoretical density Is assumed to be 

3.4 gm/cm3.) 

4.1.12 Wire Loop Resistance: The w1re-to-w1re resistance and 
each w1re-to-sheath resistance of each completed 
thermocouple assembly shall be measured and recorded on 
the data sheet prior to f inal seal welding of the 
cold-junction end of the cable. The w1re-to-sheath 
measurement shall be made between the wire at the 
cold-junction end of the cable and the sheath at the 
thermal-junction end of the cable. A Wheatstone Bridge or 
other similar high-accuracy device shall be ut i l ized In 
making this measurement. The sum of the wire-to-sheath 
measurements shall agree with the wire-to-wire measurement 
to within 1W or the measuring junction shall be repaired 
or removed and a new one formed. Retestlng 1n accordance 
with Sections 4.1.3, 4 .1 .4 , 4 .1.5, 4 .1 .7 , 4 .1 .9 , 4.1.10.1, 
and 4.1.12 1s required. 

16 



62 

ES-60374, Rev. A 

13 Stralghtness: The cable shall not have permanent bends or 
kinks with a radius less than 0.6 m (2 f t ) . These 
requirements shall be verif ied Immediately prior to 
packaging the completed thermocouple 1n preparation for 
shipment. 

4 .1.13.1 Thermocouple Stralghtness: When the thermocouple 
cable 1s pressed on a f l a t surface with contact 
points one Inch apart, the amount of cable bow 
between the contact points shall not exceed 0.05 mm 
(0.002 In ) . Cable bow is measured between the cable 
sheath and the f l a t surface. This degree of 
straightness applies to the f i r s t six foot cable 
portion towards the measuring junction end of the 
thermocouple. 

4.1.13.2 'Measuring Junction Stralghtness: Straightness of the 
measuring junction shall be maintained such that 
tip-up/tip-down shall not exceed O.OS mm (0.002 1n). 
This shall be measured by placing the section of 
cable 12.7 mm (O.S in) behind the junction on a f l a t 
surface and using a feeler gauge to measure the 
junction tlp-up/tlp-down. 

4.1.13.3 Weld Qualification Cable Stralghtness: The reduced 
diameter length of a l l cables shall meet the 0.05 mm 
(0.002 In) stralghtness requirement of 4.1.13.1. 
T1p-up/t1p-down of the weld qualif ication 
thermocouple ends shall meet the requirements of 
4 .1 .13.2. 

.14 The following characteristics 1n Figure 1 shall be 
veri f ied by physical measurement: 
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4.1.14.1 Figure 1 Sheath outside diameters (Olmenslon D 
and DATUM E). The 0.040 diameter sheath shall be 
checked with a 0.0420/0.0423 diameter by 1 inch gage. 

4.1.14.2 Figure 1 Length of reduced diameter portion 
(Dimension Bl) . 

4.1.14.3 Figure 1 Overall TC length (Dimension A). 

4.1.14.4 Figure 1 length of 0.040 to 0.020 diameter transition 
plus the reduced diameter portion (Dimension B2). 

Cert i f ication and Test Reports; 

4.2.1 Copies of the following cer t i f ied test and Inspection 
reports shall be submitted to the purchaser: 

4 .2 .1 .1 Cert i f icat ion that the type of thermocouple sheath, 
Insulation, and wire used In the manufacture of the 
thermocouples 1s in accordance with the purchaser's 
ordering documents and the requirements of this 
specification for the designated materials described 
1n Section 3.2.1. A copy of a l l test reports shall 
be Included with data package. 

4 .2 .1 .2 Test results on wire Insulation tests (see 
Section 4 .1 .3 ) , and wire loop resistance tests 
(4 .1 .12) ; 

4 .2 .1 .3 Radiograph results of radiographic Inspection (See 
Section 4 .1 .4 ) ; 

4.2.1.4 Test results of sheath Integri ty tests (See 
Section 4 .1 .5 ) ; 

4.2.1.5 Test results on metallurgical structure (See 
Section 4 .1 .8 ) , Including metallurgical mounts. 
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4.2.1 .6 Test results from thermal cycle tests (See 
Section 4 .1 ,9 ) ; 

4 .2 .1.7 Calibration results (See Section 4.1.10) , and 
compactions results (4 .1 .11) ; 

4 .2 .1.8 Results of l iquid penetrant Inspection. (See 
Section 4 . 1 . 7 ) . 

4 .2.1.9 Test results from the surface roughness test (See 
Section 4 . 1 . 6 ) . 

PACKAGING, MARKING, SHIPPING, AND PRESERVATION 

5.1 Sealing: All open ends of each thermocouple shall be seal welded 
prior to shipment. 

5.2 Thermocouple Identi f icat ion: Each thermocouple shall be Identif ied 
by two corrosion-resistant metal tags, each approximately 19 x 50 mm 
(.75 x 2 inches), aff ixed to the thermocouple with paper or 

. plastic-coated corrosion-resistant wire. Locate the tags 
approximately 152 mm (6 In) from each end on the 1.016 mm 
(0.040 Inch) diameter portion. The tags shall bear the thermocouple 
manufacturer's name, the purchase order number, and serialized 
identi f icat ion number for easy cross-reference to a l l records on 
sheath, Insulation, and conductor wires for each thermocouple. 

5.3 Packaging and Shipping: The thermocouple outer sheaths shall be 
cleaned free of grease, o i l fingermarks, d i r t , scale, and other 
foreign matter before packaging. Thermocouples shall be shipped 1n 
straight lengths. No more than ten thermocouples shall be packed 1n 
each dust-tight package. The manufacturer shall provide a metal 
shipping container that w i l l prevent the thermocouples from being 
damaged during shipment and handling. In addition, the reduced 
diameter portion of each thermocouple shall be adequately protected 
by a purchaser approved method. 
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5.4 Marking; Each shipping container shall be legibly marked with the 
address of the purchaser, purchase order number, and the name of the' -
manufacturer. The word "LOFT" 1n 2-1nch high bold letters shall be 
affixed by the shipping label. 

ORDERING INFORMATION AND BASIS OF PURCHASE 

6.1 The purchase order documents shall specify the following Information. 

6.1.1 The quantity, and dimensions of the sheathed 
thermocouple(s); 

6.1.2 The quantity, and dimensions of the weld qualification 
thermocouple^). 
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