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ABSTRACT 

An error analysis for the in -p i le measurement of UO2 fuel temperature 
at 2200°C was carried out to determine the accuracy of a future experiment 
in the Materials Test Reactor (MTR) at Idaho Fal ls. 

The main source of error was the change in the temperature pro f i le 
in the fuel capsule, due to the introduction of the thermocouple probe. 
Preliminary calculations on a d ig i ta l computer indicate that this error 
w i l l be several hundred C°. 

Out-of-pi le experiments with bery l ! ia- and thoria-insulated W/W25Re 
thermocouples were conducted. Up to the maximum temperature attained of 
2300°C, bery l l ia proved to be a better e lect r ica l insulator. Use of 
bery l l ia led to negligibly small errors, whereas use of thoria insulator 
led to s igni f icant errors in the measured emf above 1800°C due to the 
decrease of e lectr ica l res i s t i v i t y of thoria at these temperatures. 

Minor effects in a gas t ight s e i l , which the thermocouple wires 
through, and those in the lead wires were also taken into considerati 
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1. SUMMARY 

The accuracy of in-pi le measurement'of the temperature at the center 
of a UO2 fuel pin up to 2200°C was evaluated. The measurements are to be 
carried out in the near future in the Materials Test Reactor (MTR) at 
Idaho Falls. A U0£ fuel pin containing three instrumented capsules w i l l 
be used. The temperature w i l l be monitored in each capsule with an insu-
lated W/W25Re thermocouple. 

The present work is an analysis o f the di f ferent sources of error 
expected in these experiments. The most signif icant error is caused by 
the al terat ion of the temperature distr ibut ion in the fuel capsule due to 
the introduction of the thermocouple. I f the center l ine of fuel in the 
capsule is at 2315°C, the hot junction of the thermocouple w i l l be at about 
1870°C. This temperature was estimated by A.F. Zul l iger using.the MAMU 
computer program, which considers only radial heat transfer, to improve 
estimates of the error , a calculation including both radial and axial heat 
transfer with the SIFT-TOSS computer program was attempted, but recent 
changes in the design of the capsule made the results no longer repre-
sentative o f the actual phenomena. Although convergence problems were 
encountered in the computer solut ion, these calculations suggest a d i f -
ference of about 200C° between centerline and hot junction. Work on a 
SIFT-TOSS calculation should'be continued when the f ina l decision on design 
is made. Though this calculated error is large, a lower temperature in the 
zone surrounding the thermocouple favors improved performance of the elec-
t r i c insulator. 

Errors introduced by e lect r ic insulators were investigated. An out-of-
p i le cal ibrat ion showed that bery l l ia (BeO) gives better results than thoria 
(ThOg) up to the maximum temperature reached of 2300°C. Calibration curves 
for W/W25Re bare wire thermocouples can be used for bery l l ia insulated 
W/W25Re thermocouples. The agreement shown experimentally between the two 
is within + 1%, accuracy expected for commercially available W/W25Re bare 
wire thermocouples. Electr ic shunting effects were observed in thoria be-
ginning at 1800°C. No e lect r ic shunting was noticeable in bery l l ia in-
sulator. 

The hot junction of the thermocouple, made by welding with an electron-
beam, was found to be very f rag i le . Mechanical junctions with a double knot 
appeared to give a very satisfactory resul t ; the oxides of tungsten are 
vo la t i l e , so that oxidation did not affect the electr ical contact. 

The instrumented fuel capsule has a gas t igh t s i lver seal which the 
thermocouple wires go through. The presence o f d i f ferent metals in contact 
in a temperature gradient introduces an error. I f the temperature difference 
remains small, this error can be neglected. For 10C° temperature difference 
between the ends of the seal, the correction is +5C° in the temperature of 
the fuel . 
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Copper^alloy lead wires commonly used for Pt/Pt-Rh thermocouples were 
tested. With a hot junction at 120°F and a cold junction at 0°C, a cor-
rection of -0.166 mv has to be made on the reading. 

The possible errors caused by transmutation of the thermocouple ele-
ments depend on the duration of the experiment. This problem has been 
studied before and the corrections are readily available from the l i te ra tu re . 

2. INTRODUCTION 

In measuring high temperatures where optical pyrometry is not feasible, 
thermocouples are the most widely used temperature sensors. Their simple 
construction and small size allow remote operation. Unfortunately the 
ava i lab i l i t y of suitable construction materials rest r ic ts the choice of 
thermocouples when operation in a radioactive environment is necessary. 
Chemical and metallurgical s tab i l i t y and compatibil i ty at high temperatures 
are essential material properties to assure satisfactory thermocouple per-
formance. The poss ib i l i t y of transmutation in a neutron f lux must also be 
taken into account when selecting thermocouple elements (1). Sensing wires 
and insulators with high e lectr ica l res i s t i v i t y are also very,important fo r 
high temperature measurements. 

Plans have been made to measure UO2 fuel temperatures in the Materials 
Test Reactor (MTR) at Idaho Falls. These measurements are intended to in-
vestigate the behavior of fuel and f iss ion products at temperatures up to 
2200°C. The project is being coordinated by G.W. Parker, from the Reactor 
Chemistry Division at ORNL. 

The experiments w i l l involve placing-a UO2 (1.5% enrichment) fuel pin 
from the Dresden Reactor and a simi lar pin containing three instrumented 
capsules in the A-39 core piece of the MTR (see Fig. 1). The neutron f lux 
at this location is o f the order of 1 x 10^ nv. Tungsten-rhenium alloy 
thermocouples w i l l be used to monitor the fuel temperature inside the 
capsule shown in Fig. 2. The insulators suggested fo r this case are 
bery l l ia (BeO) and thoria (ThOo). The instrumented capsules were designed 
by A.F. Zul l iger of the General Engineering Division at ORNL. 

The purpose o f the work reported here was to evaluate the overall 
accuracy that can be expected when the experiments mentioned above are 
conducted sometime in the near future. The sources of error investigated 
can be grouped as fol lows: 

1) Variation in the temperature d is t r ibut ion in the capsule due to 
the introduction of the thermocouple probe. This was calculated numerically. 

2) Deviations caused by the varying res i s t i v i t y of insulators. These 
were determined by cal ibrat ion of BeO and TI1O2 insulated W/W25Re thermo-
couples against bare wire thermocouples and pyrometer. 
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3) Thermoelectric effects in the seal (which the thermocouple wires 
go through) of the capsule and in the extension lead junctions. These 
effects were determined experimentally. 

The error caused by transmutation has been studied before by W.E. Browning 
and C.E. Mi l ler (2J and the results are readily available in the l i te ra ture. 

Tungsten-rhenium thermocouples are currently used for temperature mea-
surements above 200Q°C, and cal ibration curves are available from the manu-
facturers. Beryl l ia has been observed to give satisfactory performance as 
an insulator, but i t s low melting point (2550°C) l imi ts i t s appl icabi l i ty . 
On the other hand thoria has a very high melting point (3300°C), but i t 
has reduced electr ica l res is t i v i t y above 2000°C. Some authors report that 
this reduced res is t i v i t y appears at even lower temperatures (3). Electr ical 
shunting effects should be expected with thoria insulators. "The res is t i v i t y 
of the insulators depends on the manufacturing process and the state of 
aggregation. For example, v i t r i f i e d thoria is reported to give much better 
performance than sintered thoria (4). The size of the grain and the sin-
tering temperature are two important factors affecting the insulating prop-
ert ies. In our case, f ine g^-ain thorie sintered at 3200°F was used. Data 
for e lect r ica l res is t i v i t y or thoria are very scarce and they disagreed 
from one source to another by several orders of magnitude (2, .5, (5, 7, 8) 
especially at high temperatures. An analytical approach to determine 
deviations due to electr ical shunting (5j was, therefore, not appropriate 
in this case. Besides, the points of contact between the thermocouple 
wires and the insulators could vary in number during the measurements, 
thus introducing a randomness factor, making i t d i f f i c u l t or impossible 
to calculate contact resistances. 

3. ANALYTICAL PROCEDURE.: DETERMINATION OF THE TEMPERATURE 
PROFILE IN THE INSTRUMENTED CAPSULE 

I t was of primary importance to have a clear understanding of the 
significance of the temperature read out i n the instrument. To introduce 
the thermocouple, the amount of fuel present was reduced, and consequently 
the rate of heat generation was smaller in the upper part of the capsule. 
Furthermore, the mechanism of heat transfer was altered. Axial heat con-
duction through the sheath, the wires and the insulator takes place, cooling 
the spot that is being monitored so that consideration of radial heat 
transfer alone is not adequate to describe and interpret the actual phe-
nomena. Gamma heating effects also occur in the thermocouple materials 
introducing minor variations in the temperature of the zone surrounding 
the hot junction. 

I t was not feasible to determine a l l these effects experimentally, 
therefore an analytical approach was necessary. Digi tal computation sim-
p l i f i ed somewhat the solution of the problem. SIFT-TOSS, an IBM-7090 
code wri t ten by D. Bagwell for computing transient and steady state temp-
eratures, was used for this purpose (9 j . The calculations were carried out 
in cooperation with G.H. Llewellyn and E. I . Wroblewski. 
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SIFT generates the necessary input fo r TOSS. The input for SIFT con-
sisted essentially o f : (1) a two-dimensional geometrical configuration in 
cyl indr ical coordinates, (2) specif ication of the materials involved and 
thei r thermal properties at the operating temperatures, including heat 
generation rates (a function of neutron f l ux ) , (3) boundary conditions for 
d i f ferent modes of heat transfer, conduction, convection and radiation, 
and (4) an i n i t i a l guess of the temperature in each portion of material, 
based on pr ior results of similar programs for Dresden reactor pins. The 
input for TOSS generated with SIFT was a mesh point or nodal arrangement 
of the capsule, each node exhibit ing the properties of the surrounding., 
mass. The i terat ions were based on a t r ia l -and-error heat balance. F ina l ly , 
the output gives a very detailed temperature d is t r ibut ion in the capsule. 
From these results we can determine the error caused by the introduction 
of the thermocouple and establish the correspondence between the temperature 
measured and that of the hottest point in the fue l . The results also give 
the temperature difference between the two ends of the seal. Unfortunately 
because of the restr icted time, the program did not reach a steady state 
solution and, more important, because of the recent changes in design, the 
results obtained are not representative of the actual capsule. I t was 
decided that when the design is f inished, a SIFT^TOSS calculation should 
be made to get the appropriate information. Results from a calculation 
made by A.F. Zul l iger with another program, MAMU, which considers only 
heat transfer in the radial direct ion, were kindly made available to us. 
This constitutes the source for the information on temperatures at d i f -
ferent locations that are given in the Results. 

4. EXPERIMENTAL PROCEDURE 

4.1 Calibration of the Thermocouples 

The range of interest was from 1500 to 2500°C. Three W/W25Re thermo-
couples were used: one bare wire thermocouple served as a reference; the 
other two were beryl l ia- insulated and thoria-insulated thermocouples with 
a tungsten protective sheath. 

For the cal ibrat ion work an electr ical furnace was used (see Fig. 3). 
This furnace had been used before in similar experiments by W.W. Johnston 
and M.H. Cooper, from the Instrumentation and Controls Division, and the 
experiments were run with thei r help and supervision. The highest temp-
erature reached in previous experiments was close to 2200°C. 

The "true" temperature was read with a pyrometer calibrated against a 
standard tungsten lamp. Measurements of the thermoelectric emf generated 
by the thermocouples were made with a potentiometer. A multipoint recorder 
(mi H i voltmeter) was also kept on l ine to give a record of the variation 
with time of the emf's of the thermocouples. 



1 0 

ORNL DWG 68-5728 

a WINDOW 

J T 

2 1 

COOLING WATER 

COOLING WATER 

GAS PURGE 
(He +2.5% Hg) 

3 1 

.0 
COOLING 

WATER 

, * ' • ' 4 ' » ' • 

RESISTANCE 
HEATING SLEEVE 

(TUNGSTEN) 

* 4 » 
' I ' 

•MUFFLER (MOLYBDENUM) 
(24 3/8 x I ll/16-in. 10) 

' Q 
i % 

• • y . - i -• • • • 

\ ' a ' « 

o ' • , a 

-REFLECTORS (TANTALUM) 

•SUSCEPTOR (MOLYBDENUM) 

Fig. 3. Furnace 



n 

The furnace consisted o f a thermally insulated, tungsten sleeve 
heating element with a surrounding water-cooled jacket. The muff ler , a 
thick-»*-lled molybdenum tube closed at the bottom was located inside the 
tungsten sleeve with an argon atmosphere between them. The thermocouples 
were placed in the susceptor, a molybdenum cylinder with a black body hole 
in i t . The bare wire thermocouple was kept in place mechanically with Mo 
springs, and part of the cylinder served as a hot junction (Fig. 4). 
Tantalum reflectors above and below the susceptor helped in centering the 
thermocouple in the muffler and reduced free convection; thus minimizing 
temperature gradients and improving the black body behavior of the sus-
ceptor. The quartz sighting window and the prism at the top had been cal-
ibrated together with the pyrometer. Once the thermocouples were located 
in the susceptor and the susceptor was hung from the top cover of the 
furnace, vacuum degassing was carried down to 50 p of Hg. The operation 
continued with the i n i t i a l heating of the furnace; then a mixture of He and 
2.5% Hg was introduced to prevent oxidation. Successive vacuum and helium 
f i l l i n g was necessary to reduce the amount of Og to a minimum. The pres-
sure of the gas mixture was kept s l igh t l y above one atmosphere to prevent 
any a i r leaks into the system. The thermocouple, stranded wire, emerging 
from the furnace through a tef lon and epoxy-resin seal, was di rect ly con-
nected to copper wire by a mercury drop. The drops were kept in an ice 
bath at 0°C to provide the reference cold junction. No extension leads 
were used. The equivalent e lectr ical c i rcu i ts and the probable shunting, 
effects between wires and between wires and sheath are indicated in Fig. 4. 
The constancy of the resistancy of each thermocouple has be',-r< used to check 
that no parasit ic point of contact had appeared during the insta l la t ion of 
the susceptor in the muff ler. 

4.2 Problem of the Seal 

The seal was needed to keep f iss ion gases from escaping at the point 
where the thermocouple wires came out of the capsule (Fig. 2). The seal 
consists of an alumina cylinder with two nickel tubes to put the wires 
through (Fig. 5). The sealing is to be made with s i l ver solder. Generally^ 
this type of seal is used with sol id wires so the s i l ver solder does not 
have to f i l l the tube to make a good seal. The rest of the tube can be 
f i l l e d with an insulator material. 

Since stranded wires are to be used in this case, the s i lver solder 
f i l l s up the nickel tube giving a continuous contact and increases the 
temperature difference between the two extremes when the seal is placed 
across a temperature gradient. 

To run an experiment reproducing the exact working conditions was not 
j us t i f i ab le because of the involvement in experimental apparatus and the 
dubious accuracy, due to the small size of the seal. Considering that the 
operating temperatures vary between 200 and 300°C an equivalent experiment 
was performed. ^ 
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Correction was needed for a voltage change in each thermocouple wire 
due t'} a current in the c i rcu i t formed by the nickel tube, the s i lver solder 
and the thermocouple wire in the seal. The current was caused by a thermal 
emf. I f the current were known, the voltage change could be given by Ohm's 
Law. I t can be shown (see Appendix 8.2) that the correction is only a 
function of the rat io of the resistances of the three di f ferent conductors 
between the two ends of the seal, and of the temperatures at the same points; 
a continuous contact is not necessary. 

Two experiments were run with three wires: thermocouple, s i l ver , and 
nickel, adjusting the rat io of thei r lengths to match the respective resis-
tances in the seal. Both thermocouple wires were tested. The cold junction 
was kept in ice at 0°C and the hot junction was kept in a mineral o i l bath 
in which the temperature varied between 25° and 200°C. In this experiment 
the resistance of the s i lver for the current going from the thermocouple 
wire to the nickel tube was neglected, since i t is much smaller than the 
resistance along the tube axis (D/L « 1/10). 

4.3 Extension Leads 

A similar setup was used to determine the correction needed due to 
the extension leads. The hot junction is at 120°F in the cooling water 
zone of the reactor and the cold junction at room temperature or in ice 
outside the reactor. 

5. RESULTS AND DISCUSSION 

5.1 Temperature Prof i le 

Because recent changes have been made in the design of the capsule, 
i t was decided to wait unt i l the design of the capsules is completed before 
running a f ina l SIFT-TOSS calculation on the computer. Otherwise the 
results would be of no use. A calculation made by A.F. Zul l iger with a 
MAMU program (taking radial heat transfer as the only way of dissipation 
of energy) was made available to us. For a centerline temperature of 
23I5°C the hot junction of the thermocouple w i l l be at 1870°C. This f i r s t 
estimate gives an idea of the magnitude of the error in the measurement 
caused by variation in the temperature distr ibut ion. The accuracy of this 
estimate depends on the property data used for the di f ferent materials in 
the capsule. I t is also restr icted in the mechanism of heat transfer. 
Nevertheless, the difference in temperatures is def in i te ly the largest of 
a l l the errors expected in the system. The lower temperature surrounding 
the thermocouple probe favors the performance of the electr ical insulator. 
Also from the results of MAMU, the average temperature in the seal of the 
capsule should be about 290°C. There is no information on what the temp-
erature gradient across the seal would be, but i t is expected to be very 
small. 
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According to preliminary results obtained with TOSS for a C temperature 
of 2Q10°C, the t i p of the thermocouple w i l l be at 1834°C, that i s , a d i f -
ference of 1760°. Although this result corresponds to a stage in which the 
steady state was not yet reached in the computation, i t shows the importance 
of considering axial heat transfer in the calculation. The difference of 
445C° calculated with MAMU appears to be too large. As for the seal, for 
a (J;temperature of 2010°C, the average temperature in the seal was calcu-
lated to be 138°C with a difference of less than 2C° between the ends of 
the seal. 

5.2 Calibration Work 

Shown in Figs. 6 and 7 is the variation of the temperature measured 
by the three thermocouples versus time. Beryl! ia seems to be the best 
insulator for the present cases according to the small deviations shown 
by the bery l l ia insulated thermocouple. Also, bery l l ia exhibits better 
behavior than thoria under i rradiat ion which makes i t even more at t ract ive. 
Thoria shows rather large deviations. 

Up to 1600°C no deviation occurred, the pyrometer and the three 
thermocouples being in agreement within 10C°. After 1850°C the thoria in-
sulated thermocouple showed some fluctuations, presumably due to electr ic 
shunting effects. Until the maximum temperature of 2327°C was reached, 
the BeO thermocouple showed very good agreement with the pyrometer and 
the bare wire thermocouple. 

The measured temperatures are shown in Table 1, and the results plotted 
on the reference standard curve for bare wire W/W25Re are shown in Fig. 8. 
Beryl l ia gave a maximum deviation of 1% with respect to the pyrometer, which 
is the accuracy obtainable from bare wire W/W25Re thermocouples. Therefore, 
the standard cal ibration curve can be used for the beryl l ia insulated 
thermocouple. 

I t was planned to make measurements-on the way down in temperature, 
but after the f i r s t one at 2050°C, the heating-element broke so that i t was 
impossible to stabi l ize the temperature. The fact that thoria showed the 
highest temperatures at certain points may come from shunting at the level 
at which the rupture was occurring. The reduced thickness of the heating 
element at this spot caused a higher heat generation increasing the temp-
erature. 

I t is interesting to note here the performance of the hot junction of 
the thermocouples. The f i r s t run was made using an electron beam welded 
junction for the two insulated thermocouples. After an agreement within 
1.5C° unt i l 1200°C between a l l the thermocouples and the two pyrometers, 
the power supply was cut several times by the safety controls and could not 
be turned back on quickly. This gave some osci l lat ions between 1000°C and 
1200°C during which the hot junction broke. This is very common, because 
of the recrystal l izat ion in the wire caused by the heating when the welding 
is done. 
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Table 1. Results of the Calibration Work 

Temperature 
Beryllia-Insulated 

Thermocouple Thoria-Insulated Thermocouple Bare-Wire Thermocouple 
Read by 

Pyrometer 
C O 

Difference from 
Temperature Pyrometer Reading 

CC) (C°) 
Temperature 

CC) 

Difference from 
Pyrometer Reading 

(C°) 
Temperature 

CC) 

Difference from 
Pyrometer Reading 

(r-o \ 

1590.4 1595 + 4.6 1595 + 4.6 1600 + 9 

1869 1868 - 1 1874 + 5 1882 + 13 

1875 1870 - 5 1890 + 15 1882 + 7 

2102 2080 - 22 2150 + 48 2115 + 73 

2115 2100 - 15 2150 + 35 2115 + 0 

2132 2114 - 18 2152 + 20 2128 - 4 

2235 2232 - 3 2170 - 95 2232* - 33 

2295 2295 0 2230 - 65 2265 - 30 

2327 2320 - 7 2285 - 42 2260 - 67 

2053 2056 - 3 2060 + 7 - -

At this point one of the suspensor wires bent because of the di latat ion at high temperature and 
made contact with one of the thermocouple bare wires. 

Before 1500°C a l l the readings were in agreement by less than 1.5C°. 
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For the second run a mechanical junction made by a double knot was 
used. This was supposed to give a good electr ical contact because the 
products given by any oxidation are volat i le in this case. 

Some vaporization occurred during the experiment. The susceptor was 
much more shiny than before. The tantalum reflector was b r i t t l e , and a 
white deposit was formed in the susceptor wires at the beginning of the 
cooled zone. Samples should be taken for analyses. 

5.3 Lead Wires 

MTR regulations require the use of lead wires of copper al loys, l ike 
the ones commonly employed with Pt/Pt-Rh thermocouples. Experimental 
measurement of the thermal emf generated between the lead wires and the 
thermocouple wires is shown in Fig. 9. The hot junction w i l l be made in 
the cooling water zone of the MTR at 120°F (49°C). The cold junction, 
outside the reactor, w i l l be at Q°C. For these two temperatures 0.166 mv 
should be subtracted from the reading of the thermocouple. I f these two 
temperatures are kept constant throughout the operation, this correction 
is the same regardless of the temperature of the fuel . 

5.4 The Seal 

Experimental measurement of thermoelectric effects generated in the 
seal was made for both thermocouple wires. Figure 10 shows how the wires 
were arranged for the measurement. The emf's are of opposite sign so they 
add together to give the net correction shown in Fig. 10 for the thermo-
couple reading as a function of temperature drop across the seal. Values 
were taken up to 200°C; for higher temperatures the curves were extrapolated. 

Recent changes in design provided a larger Zircaloy-2 cap atop the 
last fuel pel let in the capsule; this modification increased the amount of 
heat transferred in the radial direction in the cap introducing a smaller 
temperature drop between the ends of the seal. Once the temperatures are 
known by the calculations with SIFT-TOSS, the corresponding correction can 
be readily calculated. At 290°C average temperature, a A T of 10C° w i l l 
give an emf of 100 yv. This is equivalent to a +7C° correction in the 
instrumental reading of the thermocouple. 

I t has been checked during the experiment that the number of points 
of contact between the wires is irrelevant to the emf generated. This was 
possible by twisting the wires together but always keeping the same ratio 
of resistances as in the seal. 

By dividing a l l the lengths by two, we could see that the correction 
was a function of the rat io of resistances but not of their absolute mag-
nitude, as i t was found theoretically by applying Kirchhoff's Law. 
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ORNL 0W6 66-5734 

HOT JUNCTION TEMPERATURE, °C 

Fig. 9. Parasitic Emf on Thermocouple Wire Relative to 
Lead Wire 
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HOT JUNCTION TEMPERATURE, °C 

Fig. 10. Results for the Seal 
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5.5 Transmutation Effects 

W.E. Browning and C.E. Mi l ler (2) have studied the effects of i rradia-
t ion in di f ferent thermocouple materials. They report detailed information 
on this ef fect , and depending on the length of the experiments, correction 
can be made for this ef fect . Their study indicates changes for W wire from 
100% to 98% in one year, the product being Re. In a W25Re after one year, 
Re goes down to 22% and transmutes into Osmium. Accordingly a 10% variation 
on the emf output w i l l occur after one year, and approximately 1% af ter 
f ive weeks. 

5.6 Alternatives 

I f the same experiments had to be carried out at higher temperature, 
hafnia should be considered as a possible insulator (10). I t also seems 
possible to use a coaxial design for the thermocouple similar to that of 
Novak and Asamoto (4). In this design, the tungsten sheath of the thermo-
couple would be used as one leg and a tungsten<Re alloy wire for the other 
leg. The single wire would be kept in tension by a spring placed in a 
colder zone. A small gap of He should be kept between the Zircaloy casing 
and the UO? to avoid the possib i l i ty of an electr ical junction between the 
tungsten sheath and the Zircaloy casing through the UOgs giving the same 
problem as in the seal but with a bigger difference of temperature. For 
the same reason the wall thickness of the tungsten tube needs to be in-
creased in the section crossing the Zircaloy cap. During the cal ibration 
experiment tungsten-rheniu.m-25 cable was found to be a good spring even at 
high temperature and could be used in this case. The seal through the 
alumina has already been used in an experiment of this type (4). At the top 
of the sheath a piece of BeO insulator is used to center the W-Re wire. 
The di f ferent weldings can be made by electron beam welding. 

6. CONCLUSIONS AND RECOMMENDATIONS 

The greatest error is produced by variation in the temperature prof i le 
due to the presence of the probe. 

I t was found that beryl ! ia insulation gave most satisfactory results 
and therefore should be used in the f ina l design. 

The hot junction should be made with a double knot instead of by 
welding the wires by electron beam. The welded junctions are extremely 
f ragi le and m a y break during the measurements. The double knot junction 
made good electr ical contact. 

The calibration curve for the bare wire thermocouple should be used 
for the beryl l ia insulated thermocouple also, since the agreement they gave 
was within the accuracy indicated by the manufacturers (1%). 
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Corrections for the seal are readily obtainable as a function of temp-
eratures at the extremes. 

As for the extension leads, i f the temperatures are not varied (120°F 
and 0°C), the correction for the reading w i l l be -0.166 mv. 

I t w i l l be necessary to continue the work on the SIFT-TOSS program to 
analyze the results from the experiments at MTR. 

Exact corrections for transmutation of the W/W25Re wires can be calcu-
lated from data in the l i te ra ture . 

I f more detailed information is desired about shunting effects with 
thor ia, a test with a broken hot junction thermocouple should be run. The 
curve of res is t i v i t y versus temperature would probably be in steps. 
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8. APPENDIX 

8.1 Thermoelectricity 

Seebeck Effect. An electr ic current flows continuously in a closed 
c i rcu i t of two dissimilar metals when their junctions are maintained at 
d i f ferent temperatures. 

Thermoelectric laws: 

1) The law of the homogeneous c i r cu i t . An e lectr ic current cannot 
be sustained in a c i rcu i t of a single homogeneous metal, however varying 
in section, by the application of heat alone. 

2) The law of intermediate metals. I f in any c i r cu i t of sol id con-
ductors the temperature is uniform from point P through a l l the conducting 
matter to point Q, the algebraic sum of the thermoelectromotive forces in 
the entire c i r cu i t is to ta l l y independent of this intermediate matter and 
is the same as i f P and Q were put in contact. From this law the expres-
sion below follows: 

EAB = EAC + ECB 

Thus, the emf for a thermocouple AB between temperatures T] and Tg, 
is the algebraic sum of the emf's of two thermocouples AC and CB, both 
between T-j and Tg. 

3) The law of intermediate temperatures. The thermal emf developed 
fcy amy thermocouple of homogeneous metals with i t s junctions at any two 
temperatures Ti and T3 is the algebraic sum of the emf of the thermocouple 
with one junction at T-j and the other at any other temperature T2 and the 
emf of the same couple with the junctions at Tg and T 3 . Thus, 

E i 1 T 3 E i 1 T 2 + E T 2 T 3 

8.2 Demonstration of the Val idi ty of the Test for the Seal 

To c la r i f y this point and see the influence of the d i f ferent factors 
we shall solve the problem mathematically. Suppose that 1n the actual seal 
there is a f i n i t e number of contact points between the nickel , the s i lver* 
and the thermocouple*wire. The electr ical c i r cu i t between two successive 
contacts M and N is represented by the equivalent scheme (Fig. 11) with 
two di f ferent emfs due to the temperature difference between the junctions. 
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Fig. 11. Schematic Diagram of Equivalent Circuit Between 
Contacts M and N Between Three Wires 
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By application of Ohm's and Kirchhoff's Laws to the c i r c u i t , we get 
the emf along the portion of the thermocouple wire which w i l l change the 
reading of the total emf of the thermocouple. We have: 

e l = V l + V 2 (1) for the Ni-W (or W-Re) loop 

e2 = " V 2 + rS13 (2) for the Ag-W (or W-Re) loop 

11 = 1 2 + 

e-j is equal to the algebraic difference between the thermal emf's Ni-W at 
the temperatures of the points M and N. eg is related to W-Ag. By adding 
(1) and (2) we get the equation fo r the Ni-Ag loop with an emf e-j + eg 
which is also equal to 63 related to Ni-Ag. 

I f dE is the voltage change in the W wire, 

Eliminating i-j and i 3 from the qual i t ies above, 

e3 * rS + e2' rS + rN> . , 
dE " rSrW + rW^rS + rN> ( W ) 

Now i f we assume that rg, rjyj, and r.. are in the same rat io as resistances 
R$, RĴJ, and Rw, we can write the same equation with R's. 

By summation over a l l the points of contact, we have for the total emf 

ze3Rs+ se2(Rs + l U 
RSRN + ¥ R S + RN> V 

From thermoelectric laws, ze3 = EN^NQ and ze2 - EAQW (see Figs. 12a and 12b) 
between the temperatures T-j and Tg. independently or the temperature prof i le 
so that 



28 

emf 

Fig. 12a 

4 emf 

Fig. 12b 

Fig. 12. Emf vs Temperature for (a) Ni-Ag 
and (b) Ag-W Thermocouples 
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_ EN1Ag ' RS * EAgW(RS * RN' 
R S R N + Rw<Rs + R N ) 

which is the same expression for the c i rcu i t of the experiment with the 
three wires. 

^NiAg values are found in the l i terature. EAQW
 t o be measured ex-

perimentally because of the di f ferent compounds adaed to the thermocouple 
wire to avoid br i t t leness. An experiment was made to get E ^ and E^gWR 
for two thermocouple wires. The calculation above was made for the 
two wires with a AT of 100C°, giving an agreement of 10% with the experi-
mental data. 

I f the choice o f the metal were not l imited by the i r compatibi l i ty, 
i t should be better to use a compound such that the two emf's are of 
opposite sign. This could be done by adding some compound to the s i lver . 
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