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ABSTRACT

The technology and commercial vendore have been devel-
oped for fabrication of thermocouples to measure fuel
centerline temperatures to 2200°C in the Lose of Fluid
Test (LOFT) reactor. Two model A and one model B qual-
ification thermocouples satisfied all test requirements
during life tests at 2200°C and 1550°C. The emf output
drifted less than 2% during 400 hour teste at the max-
imuen test temperatures of 2200°C and 1550°C. Measure-
ment performance remained unimpaired after 145°C/e
transient survival tests.

The thermocouples did not meet the time response
requirement of one second. Time respomees of 4-1/2
geconds at 1550°C and 2-1/2 seconds at 2200°C were
measured. However, this result was not considered too
negative to preclude useful temperature measurement of
fuel centerline temperatures in the LOFT reactor. The
first qualification thermocouplee satisfied all other
test requirements.
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1.0 SUMMARY

Qualification tests have been completed on fuel centerline thermocouples
developed for the LOFT program. Two types of thermocouples were developed
and tested. Model B units contained a 1/16" 0.D. 24" long Mo/Re sheath
probe and were capable of temperature measurement to 1600°C. Model A
units contained a 1/16" 0.D. 41" long W/Re-augmented sheath probe and were
capable of temperature measurements to 2200°C.

Both thermocouples were insulated with sintered hafnium dioxide insulators
and contained W/5Re - W/26Re thermoelement wires. Both probe sheaths were
terminated with an alumina ceramic-to-metal seal capable of maintaining her-
meticity to 10"9 cc He/s during temperature transients to 360°C/min. at

2500 psi continuous and pressure transients of 350 psi/s at 450°C con-
tinuous. The alumina seal provides a barrier to fission gas escape from the
fuel rod in the event the thermocouple probe sheath fails. The probe sheath
is tested at 2500 psi for hermeticity to 10'9 cc He/s prior to assembly.

The ceramic seal and thermoelement wires were connected by means of a trans-
ition assembly to a 25 foot length of stainless steel sheath Mg0 insulated
cable for signal transmission to the ex-vessel reactor measurement instru-
mentation.

Two model A and one model B thermocouplies were tested in qualification
tests. AIll three thermocouples operated for 400 hours at their maximum
operating temperature of 2200°C (model A) and 1550°C (model B) with less
than 2% drift in the emf output. The thermocouples also survived thermal
transients of up to 145°C/s with no measurable degradation and measurement
performance. The time response of the thermocouples was measured to be
approximately 2-1/2 seconds at 2000°C and approximately five seconds at
1550°C.

The only performance requirement out of specification was the response

1-1



3s opposed to the five to two and

half

|f second response times measured during the tests. Follow on devel-

pment work is expected to improve the response time of the

thermocouple.

inificantly, each of the three units successfully operated for over 400

hours with less than decalibration after being subjected to severe thermal

transients, similar to those to be experienced in the service environment

of the LOFT reactor.
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heater tape. The temperature of the transition junction was measured using
sheathed Type K thermocouples placed inside of the copper foil. The meas-
urement junction inside the Brew furnace was held at a constant 1550°C,

and the transition junction was cycied between 100°C and 400°C as

required. Concommitantly, the output emf of the test thermocouple was meas-
ured for changes that would represent errors due to transition junction
heating effects. The test was then repeated with the measurement junction
held at 1100°C.

3.2+5 Transient Temperature Tests

The thermocouple assemblies were subjected to three negative temperature
transients each with a nominal rate of fall of 145°C/s. The thermocouple
assembly must continue to perform to specification after the transient
tests. The temperature transient included as a minimum the 400°C interval
below the maximum operating temperature, i.e., 2200°C for model A assem-
blies and 1550°C for the model B assembly.

3.2.6 Thermocouple Time Response Tests

The time response of each thermocoupie assembly must be measured. Time
response was defined by the following formula:

2

b ITTC te

where: tr is the observed rise time on the test thermocouple.
t is the -observed rise iime (10% to 90%) of the bare wire
thermocouple.
tt is the calculated estimate of the test thermocouple rise time.
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at 200°C intervals is an acceptable substitute. The time response of the
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FIGURE 5. Sketch Of The Test Configuration Inside The Brew Furnace Used To
Perform Time Response Measurements Tests.






then be monitcred for leaks when the exterior of the transition assembly is
pressurized at 2500 psi. No leak greater than 10'9 cc He/s is acceptable.

3.2.9 Transitior Junction and Thermocouple Junction Metaliographic
Examination

The transition junct:on from a minimum of one model B assembly and one model
A assembly must be mounted in plastic compound polished in such a manner %o
allow examination of all pertinent details of construction. In particular,
the closure welds and brazes shall be suitable for examination. Radiographs
of the measurement junction region at 0° and 90° must be taken and com-
pared with radiographs prior to testing. The radiographs shall be examined
and the results recorded in the test logbook. The thermoelement wires and
insulators must then be removed from the probe, and the insulators, thermo-
element wire, thermoelement junctions carefully examined for signs of corro-
sion, embrittliement, contamination or other evidence of deterioration.
Careful note shall be taken of dimensional changes in the insulators and
thermoelement wires. The thermoelement junction must be subjected to metal-
lographic examination by mounting the cross section of the weld and wire
twist region. At the option of the cognizant engineer, purity analyses may
be conducted on any or all of these materials.
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4.0 TEST RESULTS AND DISCUSSIONS

Test data on qualification thermocouple assemblies is summarized in the
following sections. Initial units satisfied all test requirements except

for hermeticity requirements on the initial transition junctions and response
time. A response time of two to five seconds was estimated at 2200°C compared
to one second required. New transition junction units were fabricated that
passed all qualification test requirements.

4.1 RECEIVING EXAMINATION

Figures 6 through 11 are photographs of the qualification thermocouple
assembies: two model A, and one model B. They are designated respectively
CQT-1 (model A), CQT-2 (model A), and CQT-3 (model B). Unit CQT-1 contains
a prototypic probe terminated with a ceramic-to-metal seal; however, the
remainder of the transition junction and compensating lead cable were
omitted from this unit in order to expedite qualification testing. The
transition assembly and the compensating lead cable were considered within
the state of the art and their deletion from this unit was not considered
within the state of the art and their deletion from this unit was not con-
sidered significant to qualification tests since units CQT-2 and CQT-3 are
prototypic in all aspects, including the compensating lead cable and com-
plete transition junctions. Tests on these two units were considered ade-
quate to qualify the transition Junction and compensating lead cable.

The required x-rays were taken on all three quaiification units. Table I
gives the summary of the measurements taken from the x-rays. All measure-
ments are within specification requirements, except for the allowable spac-
ing of loops in the thermoelement wires inside the sheath; measurements E,
F, and G. The effect of reduced loop spacing has been evaluated and is of
nNo consequence to the performance of the thermocouple. The cause of the
increased looping results in production wher the thermoelement wire/ insula-
tor string is loaded into the sheath. There appears to be no cost effective
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FIGURE 6. Photograph of Thermocouple CQT-1.
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FIGURE 7. Photograpn of Thermocouple CQT-1.

Neq 7904766-2




; ‘qu' = ph oar h ()f nermo )i e -
A J E q
Q. 0
| )COU
p )
C,‘: [ A

e
!
ey




ud|-/£206, bBaN

*2-100 @1dnodoouudy)] j0 uydeabojoud *6 I¥N9I4




UdE-£92606, baN

*€-100 9|dnodowuay] jo ydeabojoyd 0T 3I¥N914

4-6




uuuumm,mmluuuuLumqmuu,umnwmulmm||m|mluumw_i x
g0l oo o

_j_ﬂyi’ﬂl 4

FIGURE 11. Photograph of Thermocouple CQT-3.
Neg 7905263-2cn



TABLE 1
RADIOGRAPHIC MEASUREMENTS
OF THERMOCOUPLE MEASUREMENT JUNCTION

THERMOCOUPLE | A(IN.) | BUN.) | CUN) | DUN.)| EUN) | FUN.) | G(N.)
MODEL A
cQr-) .05 . 215 . 605 . 255 2.5 4.5 4.0
% MODEL A
& CQT-2 .06 22 .66 175 .99 4.0 6. 35
MODEL B
CQT-3 0375 | .09 .61 .27 2.813 | 6-3/8 76

fee—— C —f INSULATION CONTINUES
.ooooo<q<:;?’?:::::::z ‘“ﬁ:;,rczz:::::::::::>r<:;‘“____’_ “‘\ﬁrl

..lA.— *8’1% |~—D*l . =!: F _,L___(;‘-l

y

»

Sketch illustrating measurements taken from radiographs

HEDL 8006-003.1




way of reducing the amount of rotation incurred while the unit is being
assembled. Dimensions B and D, space provided for thermal expansion of the
transition junction, are considered critical. It is noteworthy that these
dimensions were within the requirement specifications. Good quality in the
transition junction weld and wire twist areas appears to have been achieved
by the production vendor.

Table II gives the external dimensions and ambient electrical measurements
of each test article. The sheath and compensating cable lengths are not
within the specification on some units. The changes were approved prior to
fabrication by the vendor in the interest of cost effectiveness (this
allowed the use of components too short for production) and do not impact
the validity of the qualification tests.

4.2 LIFE TEST RESULTS

A1l three thermocouple assemblies survived 400 hour life tests at the maxi-
mum operating temperature with less than 2% decalibration over the duration
of the test. Figures 12 and 13 plot the output emf of the two model A ther-
mocouples at 2200°C during 400 hours of testing. Figure 14 plots the

output emf of the model B thermocouple at 1550°C during 400 hours of test-
ing. Note that after thermal cycling to room temperature, the thermocouple
output emf returns to within 1/2% of its value at the maximum operating
temperature prior to the cvcle.

Figure 15 plots the value of insulation resistance as a function of tempera-
ture for the three thermocouples. The good agreement on all three units
suggests that the vendor achieved good consistency in bakeout and handling
procedures. The three thermocouples were fabricated in three different

lots. Figure 16 compares the value of insulation resistance versus tempera-
ture for a mode]l A thermocouple before and after 325 hours of testing at
2200°¢. Except for a small decrease at 2200°C, there is little noticeable
change in the curves. Figures 17 and 18 plot insulation resistance for the two
model A thermocouples as a function of time at 2200°C over the first 100

4-9
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hours of testing. The decrease in insulation resistance occurs at the start
of the 2200°C test period as evidenced by the graphs, and then remains
constant throughout the duration of the test period. Note that the value of
insulation resistance is plotted as measured from each thermal element lead
wire and that some asymetry exists. The apparently high values for insula-
tion resistance given for model CQT-2 are due tc the resistance of the lead
wire and compensating lead cable. As previously discussed, model CQT-1 did
not have compensating lead cable attached to the sheath probe.

Figure 12 plots insulation resistance for the model B thermocouples as a
function of time at 1550°C for the first 100 hours of testing. The

increase in insulation resistance as a function of time on the model A unit
is not unusual for mineral insulated components uf this type in high temper-
ature environments. A possible cause is that contaminents are migrating

from the high temperature end of the thermocouple into cooler regions, where
their effect on insulation resistance is not as pronounced.

Figure 20 plots the value of loop resistance, that is, thermoelement wire
resistance, as a function of temperature prior to and after 325 hours of
testing at 2200°C. The slight increase in loop resistance after the 325
hours at temperature is attributed to wire embrittiement :nd necking down.
However, the increase is slight and is within acceptable Timits. Figure 21
plots the loop resistance of the second model A thermocouple and the mode?!
B thermocouple as a function of temperature. Again, their increased values
are due to the longer lengths of thermoelement wire in the compensating lead
cable. It is important to note in the above figures that the increases in
loop wire resistance and insulation resistance are due only to changes in
temperature on the last four inches of the sheath probe. Table 3 compares
the value of loop resistance and insulation resistance on the three thermo-
couples before and after temperature testing.

The 1ift test data on all three thermocouple units satisfies all test
requirements. However, the low insulation resistance at 2200°C is consi-

dered less than optimum and will be discussed later in this report.
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RANSITION JUNCTION EMF ERROR TEST RE

plot the output emf of the test thermocouples as
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4.6 TRANSITION JUNCTION TEST RESULTS

The transition junction assemblies from the three initial qualification
thermocouples showed leaks greater than 10-9¢c He/s. The source of the
problem was identified and the vendor modified the fabrication procedure.

Two prototypic Model A junction regions and one prototypic Model B transi-
tion junction region were received for test and evaluation. A1l units
included a section of sheath, ceramic-to-metal seal, transition assembly
region, and at least two feet of compensating lead cable.

The tests required by section 3.7 of LOFT-QTP-CT-1 were performed. All
tests were successfully passed by all three transition junction regions.
While continuously internally pressurized at 2500 psi helium, the transition
junctions were thermal cycled to 430°C at rates of 6°C/s for three cycles.
Also, while continuously held at 450°C, the internal helium pressure was
cycled at a rate of 350 psi/s to a pressure of 2500 psi. There was no indi-
cations of helium leaks to a sensitivity of 10'9 cc He/s during subsequent
leak testing. A1l welds and brazes in the transition junction assembly
region were verified to be hermetic to 10'9 cc He/s with a pressure dif-
ferential of 2500 psig of helium,

Each of the three transition junction regions were then subjected to the
vibration tests required in section 3.8 of LOFT QTP-CT-1. The test con-
sisted of mounting a transition junction to a vibration table and heating it
to a temperature of 450°C by means of heater tape. The transition junc-
tion was then vibrated at an axial load of 2G at 40 to 50 Hz and an axial
load of .5G at 40 to 50 Hz as required in section 3.8. With a pressure
differential at 2500 psig helium no leaks greater than 10'9 cc He/s were

observed on any of the weids after the vibration test.
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observed in 90° bend tests, but the thernoelement wires remained sur-
prisingly ductile.

The sheath tubing was also examined as required by section 3.7 under 50X
optical magnification. No evidence of material deterioration appeared evi-
dent other than the slight roughness of the surface. Sections of sheath
tubing that had been at 2200°C were able to withstand a 90° pend test
without breaking, indicating that the tubes retained ductile properties.
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5.0. DISCUSSION

The qualification thermocouple assemblies satisfied all test requirements
except for time response. It is significant that all three thermocouple
assemblies satisfied the 400 hour life requirements at the maximum oper-
ating temperatures of 1550°C and 2200°C v'ith less than 2% emf drift, as
well as thermal transient tests of up to 145°C/s with no impairment in
performance.

Development efforts to date have focused primarily on fabricating thermo-
couple assemblies capable of operating at 2200°C; little attention has been
given to time response parameters. Substitution of helium for argon as the
fi1l gas would improve the response time by a factor of six. The differences
in thermal expansion between the thermoelement wires and the sheath over

the extreme temperature range to 2200°C makes successful construction of a
grounded junction in this type of unit highly unlikely. However, further
development efforts focusing on mechanical parameters at the junction re-
gion and substitution of helium for argon as a fill gas should significantly
improve the time response of the units.

Measurement of the insulation resistance as a function of temperature
demonstrates that the resistance of the hafnia insulators approaches a
marginal value of 1-10 ohms above 2200°C. However, this does not necessarily
preclude successful thermocouple operation within +2% at 2200°C. The effect
is primarily one of electrically grounding the thermocouple junction to the
end of the sheath; in this respect, at 2200°C the thermocouple operates no
differently than a grounded junction thermocouple. As the temperature de-
creases down the sheath probe in the temperature gradient, the insulation
resistance of the hafnia increases exponentially, thus providing adequate
separation of the emf being generated along the thermoelement wires. Above
2200°C serious shunting errors are encountered. Error bars on the absolute
accuracy of the thermocouple at 2200°C are t+ 40°C. Most of this error is
attributed to the shunting effect of the hafnia insulators.
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