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ABSTRACT

The development of nuclear fuels for the Canadian Power
Reactor Program has been supported by an extensive program of surface
temperature measurement on experimental fuel assemblies. Miniature,
mineral-insulated, stainless steel sheathed, thermocouples are attached
by brazing to various zirconium alloy and stainless steel fuel sheaths.
Fuel assemblies instrumented in this way have been used to: detect
dryout in boiling water coolants; measure sheath temperatures in organic
coolants, superheated steam, and post-dryout boiling water; and investigate
the effect of fouling deposits. The advantages of this type of thermo-
couple attachment are that it minimizes the degree to which the instrumented
element must deviate from a prototypical fuel element and it can be
accommodated in close packed multi-element fuel bundles.

Three methods of attachment are described. One uses a thin
cover with a streamlined recess for the thermocouple. A second mounts
a severely flattened thermocouple with a solid tip. The third buries
thermocouples within the fuel sheath wall. In e^ch case the aim is to
minimize the disturbance of coolant flow and the perturbation of temperature
distribution caused by the presence of the thermocouple. The attachment
techniques are described including methods of braze alloy placement,
heating and temperature control. Data on in-reactor performance are
included.
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Thermocouples pour la mesure des températures de surface

daas les grappes de combustible nucléaire
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Mémoire présenté au cinquième Colloque des températures
ayant eu lieu a. Washington, D.C. du 21 au 24 juin 1971

Résumé

Le développement des combustibles nucléaires pour le
programme électronucléaire canadien a été soutenu par un
important programme de mesure des températures de surface sur
des assemblages expérimentaux de combustible. Des thermocouples
miniaturisés munis d'une isolation minérale et gainés d'acier
inoxydable sont fixés par brasage à diverses gaines de
combustible en alliage de zirconium ou en acier inoxydable. Les
assemblages de combustible instrumentés de cette façon ont été
employés pour détecter l'assèchement dans les caloporteurs à
eau bouillante; pour mesurer les températures des gaines dans les
caloporteurs organiques, la vapeur surchauffée et l'eau bouillante
après assèchement; et pour enquêter sur l'effet diss dépôts
d'encrassement. Les avantages de ce type de fixation pour les
thermocouples sont le fait que l'élément instrumenté diffère
très peu de l'élément prototype et le fait qu'on peut placer
le combustible dans des grappes contenant de multiples éléments
serrés les uns contre les autres.

Trois méthodes de fixation sont décrites. La première
utilise un couvercle peu épais muni d'une niche profilée pour le
thermocouple. La deuxième fixe un thermocouple très aplati au
moyen d'une liaison solide. La troisième enfouit le thermocouple
dans la paroi de la gaine du combustible. Chaque méthode a pour
but de minimiser, dans l'écoulement du caloporteur et dans la
répartition des températures, la perturbation due à la présence
du thermocouple. La description des méthodes de fixation comprend
des explications sur les modes d'utilisation des alliages brasês
et sur le contrôle thermique. La performance en réacteur des
thermocouples fait l'objet de commentaires.
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1. INTRODUCTION

The integrity and many aspects of the physical behaviour of the

zirconium alloy clad fuel used in nuclear power plants depend upon the

temperature at which the cladding operates. Thus it is important to

investigate cladd'.ng temperature during the development of such fuel. This

is especially true when heat transfer conditions are poor, as may occur with

organic, superheated steam and high-quality boiling water coolants. Irradiation

experiments involving surface temperature measurement have been of two

types: heat transfer investigations, and those where the performance of a

prototypical fuel bundle is monitored.

Heat transfer tests using either single elements (or pencils) or

bundles of such elements may be performed with electrical heaters. However,

because it is sometimes difficult to attain the desired heat flux and

coolant conditions, in-reactor tests are often more feasible 1 > 2 . To

simplify the attachment of thermocouples to the surface of fuel used for

these tests, and to produce a test assembly which can tolerate repeated

excursions to high temperature, stainless steel cladding has often been

substituted for the zirconium alloys.

Testing the performance of prototype fuel bundles imposes more

difficult conditions on the attachment of surface temperature thermocouples.

The thermocouples must be compatible with the materials required by the

fuel designers (e.g., zirconium alloy cladding), they must not disturb

unduly the heat and coolant flow conditions, and they must not cause fuel

defects.

A summary of typical conditions encountered in the test loops

of Canadian reactors indicate the necessary design features:

1. Neutron flux at the fuel sheath: 1O1U neutrons/cm2.s

(thermal), Z x 1013 neutrons/cm2.s (fast, i.e., > 1 MeV) .

Gamma flux: 3 x 108 R/h.

2. Coolants: Alkaline water at 280°C, pressure 50 to

70 bars, and mass velocity to 5 x 103 kg/mz.s, and
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organic liquids (terphenyls) at 300 to 400°C, 35 bars

and velocities of 10 to 15 m/s, flowing vertically

upward in cylindrical channels.

3. Fuel elements are cylindrical, with diameters between

10 and 20 mm and length 0.5 m. Cladding materials are

austenitic stainless steel or zirconium alloys. Elements

are sometimes irradiated singly, but often in bundles

of up to 36 elements with inter-element clearances as

small as 1 mm. A 19 element bundle is shown in Figure 1.

Some features of the instrumentation are common to most tests .

Thermocouples are ISA Type K, sheathed in stainless steel and insulated

with MgO or AI2O3. Lengths are 8 to 10 m to reach from the experimental

fuel to a connection point outside the reactor. Diameter is 1 mm except

for modifications made within a few centimeters of the measuring junction.

Measuring junctions are insulated from the sheath to enable testing of

leakage resistance and to minimize common mode interference. The output is

recorded by multipoint potentiometers or data processing equipment.

2. EVOLUTION OF REQUTRBCNTS AND 'TOINIQIJES

Between 1962 and the present (1971) a series of some 37

irradiation experiments have been performed involving approximately

300 thermocouples. The experimental conditions are summarized in Table I

and the performance of the thermocouples in Table II. Frequent references

will be made to these tables as the evolution of the requirements and

techniques is traced. Only attachments intended to minimize interference

with coolant flow are listed. Thermocouples buried in fins or appendages

have been excluded.

Fxamination of Table I will show that most experiments prior to

1966 involved the use of stainless-steel cladding and "fog" coolant. The

term "fog" is used to describe a steam/water mixture in the liquid-dispersed

regime 3 . When a fuel assembly is cooled with fog (typically, boiling

water with more than 10 wt% steam) most of the water is present as films on
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the fuel element and channel surfaces. The film thickness depends upon

the steam quality, heat flux, mass velocity and the geometry. The water

film on the heat transfer surface can break down in some areas causing the

temperature to increase rapidly as shown in Figure 2. This phenomenon,

called dryout, marks a transition into the liquid-deficient regime, and has

a pronounced effect on any fuel element on which it occurs u .

Three distinctly different types of thermocouple installations

have been used to measure surface temperatures. Their features will be

explained before details of the installation techniques are described.

2.1 THERMOCOUPLES UNDER STREAMLINED COVERS

Prior to 1966, thermocouples on stainless steel clad elements

were used to detect the dryout phenomenon or to monitor operation in the

liquid deficient regime. For these experiments precise temperature measure-

ment was of secondary importance but it was important to locate the

thermocouples where dryout was likely to occur and to ensure that their

presence did not affect the film at the point of measurement.

Attachment type 1 (see Table I) used a thermocouple brazed into

a streamlined recess in a thin stainless steel cover which was attached to

the fuel sheath by many small spot-welds. To minimize the effect of the

flow disturbance on the measured temperature, the measuring junction of the

thermocouple was placed some distance downstream from the tip of the recess.

The lack of a continuous bond between the cover and the fuel

sheath disturbed the heat flow and raised concern about the mechanical

integrity, and a process was developed to braze the cover to the sheath.

This attachment, which is designated type 2 in Table I, may be seen in

Figure 1.

Instrumented stainless steel clad elements can only be used to

obtain heat transfer information, as all power reactor fuel in the Canadian

program is clad in zirconium alloys. Undesirable metallurgical reactions

occurred when stainless steel sheathed thermocouples were brazed to Zircaloy.
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Attempts were made to obtain Zircaloy-sheathed thermocouples and to use

zirconium alloys as thermocouple pairs. However, the Zircaloy thermocouple

sheaths were exceedingly brittle, and there were calibration problems

with the thermocouple pairs. Finally the metallurgical problems were

overcome and stainless steel sheathed thermocouples were successfully

brazed between a Zircaloy cover and Zircaloy fuel cladding. This constitutes

the type 3 attachment of Table I. This technique was used only for the

X614 irradiation. At this time the flattened thermocouple became available

which promised several advantages over the covered type.

2.2 FLATTENED EXTENDED-TIP THERMOCOUPLES

In 1965 J.C. Jones at AECL's Chalk River Laboratories developed

a thermocouple assembly which provided a streamlined shape and low profile,

together with a measuring junction located some distance from the tip of the

thermocouple sheath. Since these features could be built in to the thermo-

couples on a volume production basis by the fabricator, a cost saving

resulted over the exacting hand work required to make and mount the parts of

the covered assemblies. The flattened, extended-tip thermocouple is now

commercially available from Reuter-Stokes Canada Limited. A brief

description of the manufacturing process will explain its unusual features.

The starting material is 1 mm diam., stainless steel sheathed,

thermocouple cable. To form the measuring junction the sheath is stripped

to expose the thermocouple wires, the insulation is removed to a depth of

1 mm and the wires are twisted tightly together until they break off within

the open er.d of the sheath, leaving their ends in tight contact.

The recess in the sheath is filled with AI2O3 powder and the

sheath is welded shut using the TIG process and additional austenitic

stainless steel filler rod, to form a ball at the cap weld. This ball is

swaged to form a cylinder 1 mm diameter extending beyond the cap weld.

Additional similar bails are then welded on the end of the extension cylinder

and swaged to provide a solid extension reaching about 8 mm beyond the cap

weld. The orientation of the wires near the junction is determined and the

thermocouple is rolled in the plane of the wires to give it the configuration
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shown in Figure 3. The solid extension is filed to provide a streamlined

shape with a thin leading edge.

It will be noted that the measuring junction has not been fusion

welded although cold welding may occur during rolling. Thermal shock tests

between 400 C and room temperature are performed while measuring concinuity

with an applied voltage below 50 mV. These tests, the performance during

attachment brazing, and extensive irradiation experience all attest to the

reliability of the junction. An insulation resistance exceeding 1010 ohms

is maintained without difficulty.

A process was developed to braze the flattened thermocouples in

tight contact with zirconium alloy fuel sheaths. These attachments, designated

types 4 and 4a in Table I, have been used for most irradiations since 1966.

2.3 THERMOCOUPLES BURIED WITHIN FUEL CLADDING WALLS

In 1965 experiments were planned to investigate the thermal

resistance of films deposited on fuel element surfaces from boiling water

coolants. Surface mounted thermocouples were not suitable since they

disturb the local heat flux and coolant velocity. To avoid these effects

1 mm diam. thermocouples were installed within the wall of extra thick

(2 mm) fuel sheaths by two methods. For X609I, a Zircaloy 2 clad element

having two thermocouples in axial holes within the cladding was supplied

by the Institutt for Atomenergi, Halden, Norway. For X609II and III

stainless steel clad elements with three thermocouples brazed into grooves

in the cladding were prepared by a process outlined in this paper.

At present a method is needed for measuring unperturbed surface

temperatures of thin (0.7 mm) walled zirconium alloy sheaths. Very small

diameter thermocouples and attachment techniques developed in France 5

offer a possible solution but their fragility imposes additional problems.

The method we are developing to braze these thermocouples in zirconium alloy

cladding will be noted below.
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3. DETAILS OF ATTACHMENT TECHNIQUES

To concisely describe techniques developed over several years

it has been necessary to generalize. The attachment types defined in

footnote c of Table I in fact include considerable variations in dimensions,

and in some cases materials. Typical dimensions will be quoted in the

descriptions which follow but many exceptions exist.

3.1 COVERED THERMOCOUPLES BRAZED TO STAINLESS STEEL

In this section the procedure used for the preparation and

mounting of the thermocouples designated type 2 in Table I is described.

The thermocouples are ISA type K, sheathed in 18/8 stainless steel 1 mm

diameter, insulated with MgO, with insulated measuring junctions. Over a

distance of 30 to 66 mm from the measuring junction, the sheath is swaged

to 0.5 mm diameter and flattened to an oval or a "D" shaped cross-section

0.33 mm x 0.67 mm.

The thermocouple is placed on the surface of the fuel cladding

and confined under a thin stainless steel cover having a streamlined groove

which fits closely over the thermocouple cross-section. Typical dimensions

are given in Figure 4. The tip of the cover which faces up-stream is

electrolytically etched to taper it to a 0.01 mm thickness. The measuring

junction of the thermocouple is placed about 28 mm from the upstream edge

of the cover, at a point where it is expected that the flow disturbance

caused by the cover will have subsided. The section of the groove upstream

from the end of the thermocouple is filled by a shaped nickel "needle".

Prior to brazing, the cover, needle and thermocouple are placed in position

and retained by spot welding the cover to the sheath.

Brazing is performed without flux in high vacuum using Wall-

Colmonoy Nicro-braz-50 alloy (MS BNi-7), chosen for its outstanding

corrosion resistance in alkaline water coolants. Two methods of alloy

placement have been used. The first uses the tabs shorn extending from

the cover in Figure 4. Powdered brazing alloy is placed in the pockets formed

in the tabs. The ends of the tabs are spot welded to conductors and
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supplied with current to heat the tabs and melt the brazing alloy at an.

appropriate point in the brazing cycle. After brazing, the tabs are broken

off and the remaining fillet of braze alloy is ground away.

The second method used brazing alloy in the form of a plastic-

bonded sheet. A cover without tabs is used and two pieces of this sheet

approximately 6 mm x 8 mm x 0.2 mm thick are attached to the fuel sheath in

the location otherwise occupied by the tabs. The alloy sheet is attached to

the fuel sheath with cement and then spot welded for additional security.

To braze, the assembly is placed in a chamber evacuated to

25 mN/m2 and held upright between two copper collets arranged to allow

unrestrained longitudinal expansion. The fuel sheath is heated by the

passage of up to 250 A of 60 Hz current. The thermocouple being brazed is

used for on - off control of the heating current. The cycle includes a

preliminary heating to 650 C for the powder, or 315 C for the sheet, to degas

the alloy. Brazing occurs when the temperature is raised to 1085°C for

20 to 30 seconds. When the powder is used, current is supplied to the tabs

to melt the alloy after the tube has reached brazing temperature. The

temperature of the cover increases as the braze penetrates the joint, allowing

visual monitoring of the process. The attachments shown in Figure 1 show

a small amount of residue which remains after melting of the brazing alloy

sheet.

3.2 BRAZING STAINLESS STEEL TO ZIRCONIUM ALLOYS

The corrosion resistance of zirconium alloys is dependent

upon a tightly adherent oxide film. If these alloys.are joined by brazing,

the resulting solution of other constituents in the alloy invariably reduces

the corrosion resistance, usually drastically. Extensive experience with

fuel having spacers brazed to its surface (visible in Fig. 1), has shown

that the eutectic alloy Zr-5%Be produces a securely brazed joint with

acceptable corrosion resistance. However, the toxicity of Be and BeO dust

makes it necessary to do all assembly and brazing in a separated room with

atmosphere control.
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When a stainless steel sheathed thermocouple is brazed with

Zr-5%Be, severe erosion of the thermocouple sheath often occurs and the

brazing alloy becomes embrittled. This effect is even more pronounced

with Inconel sheathed thermocouples. We have found that "electroplating

a 10 um radial thickness of chromium on the thermocouples effectively

isolates the sheath from the brazing alloy, although careful temperature

control and a short brazing cycle are also necessary.

The temperature required for brazing with Zr-Be is about 1000 C.

At this temperature the zirconium alloys have very little strength and great

care must be taken to avoid bending and deformation of fuel sheaths.

Recrystallization to the B phase occurs during the few seconds necessary for

brazing so that properties giten to the sheath by cold working are removed

by brazing.

The thermal expansion coefficient of zirconium and its alloys,

about 6 x 10 6 per degree C, is much lower than that of thermocouple alloys

and sheathing materials so no matching of coefficients is possible. Since

the braze solidifies when the assembly is at high temperature the thermo-

couple alloys contract more during cooling than does the massive Zircaloy

fuel sheath. This leaves the thermo-conductors in tension which is thought

likely to induce failure. No clear evidence of such failures in our

installations has been observed.

3.5 COVERED TIERMOOOUPLES BRAZED TO ZIRCALOY

For Exp-NRX-614, the covered thermocouple technique was

extended to allow stainless steel sheathed thermocouples to be attached to

Zircaloy fuel sheaths. The differences between the attachments on Zircaloy

and stainless steel were:

1. The cover and needle were fabricated from zirconium

alloy instead of stainless steel and nickel.

2. That part of the thermocouple sheath which was heated

to brazing temperatures was electroplated with a 10 um
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radial thickness of chromium.

3. An additional Zircaloy shim 0.1 mm thick was added

beneath the cover. The purpose was to avoid embrittle-

ment of the fuel sheath due to alloying with the

stainless steel thermocouple sheath. Experience has

shown that this was probably unnecessary when the

thermocouple was chromium plated.

4. The brazing alloy was provided by vacuum evaporating

about 10 ym of Be on the lower surface of the shim

before spot welding to the fuel sheath.

To braze the assembly, the chamber was evacuated and current was

passed through the fuel sheath, raising its temperature about 100 degC/s.

No degassing cycle was used. The temperature was held at 1010°C for 5 to

10 seconds. At this temperature the vapour deposited beryllium alloys with

the zirconium and forms the braze alloy in-situ. In some cases additional

alloy was supplied from pieces of Zr-5%Be wires spot welded to the shim

adjacent to the thermocouple.

3.4 FLATTENED THERMOCOUPLES BRAZED TO ZIRCONIUM ALLOYS

The flattened, extended-tip thermocouples which have become

standard for attachment to zirconium alloy sheaths have been described and

are illustrated in Figure 3. To attach these thermocouples to Zircaloy fuel

sheaths they must be held in close contact with the sheath while brazing.

However, since the thermal expansion of the stainless steel thermocouple

sheath is much greater than that of the Zircaloy, longitudinal expansion

must not be restricted or the thermocouple will "hump" away from the Zircaloy

as the braze cools. The "hold-down" jig, shown in Figure 5, is used to

apply a controlled radial pressure to the thermocouple while it is being

brazed. The wires encircling the fuel sheath and the bar placed on top of

the thermocouple are of tungsten or tantalum which retain their strength at

brazing temperatures. Suitable clearances must be maintained to ensure the

molten braze alloy does not contact the wires of bar.
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To avoid heating the entire hold-down jig, an unusual induction

heating coil has been designed that heats a long narrow zone on one side of

the fuel sheath. This coil, s_hown in Figure 6, has four rectangular turns

formed of copper sheet, supported by ceramic spacers. The ends of the turns

are bent away from the work to avoid flux concentrations. In the rectangular

slot down the center of the coil, a slab of Philips 4A ferrite is placed,

which substantially increases the power transferred to the work. The coil

and the core are cooled externally by placing them in a small plastic tank

and supplying water through the copper tubes which also form the electrical

connections. The bottom of the tank rests on a horizontal quartz tube which

forms the brazing chamber.

The thermocouple output is recorded while it is being brazed.

This monitors the process and ensures that the thermocouple is operating

normally. However, because of uncertain thermal contact between the

thermocouple and the sheath before the braze flows, the thermocouple signal

is not used for temperature control.

The temperature is controlled by viewing the heated area

through the transparent bottom of the water tank and the brazing chamber

wall with a quartz light pipe. The light pipe passes upward through the

center of the ferrite core and the heating coil to a silicon photo transistor.

The current passed by this sensor is linearized, amplified, and coupled to

a thyristor controller in the primary of the induction-heater high-voltage

transformer. The indicated temperature is a function of the relative

position of the work and the light pipe, and can also be affected by the

emissivity of the work and by dirt on any of the transparent surfaces in the

optical path. In spite of these limitations the device has proved capable

of controlling the work temperature within 15 degC while allowing heating

rates of 100 degC/s. No sensitivity to ambient light is experienced. The

control point can be adjusted from below 600°C to above 1100°C.

For maximum flexibility in fuel manufacturing it should be

possible to braze thermocouples to the sheaths after the fuel pellets have

been loaded. This procedure has been followed on many occasions but uncertain

contact between the sheath and pellets can cause uneven temperatures in the
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braze area and unpredictable results. The recommended sequence is to

attach the thermocouples before loading. However, this introduces another

problem. Heating the sheath asymmetrically causes a local reduction of

diameter as the sheath cools. The pressure of the thermocouple against

the sheath accentuates this effect.

Control of the sheath diameter has been achieved by the use of

an adjustable support which is inserted into the shea.h before brazing.

The parts of the device are shown in Figure 7. The bridge is made of

tantalum which does not react with zirconium at the brazing temperature.

The holes in the bridge restrict the heat flow. The bridge is placed in the

slot in the cylinder which is a loose fit within the fuel sheath. The cams

are placed in the center of the cylinder. They raise the bridge into contact

with the fuel sheath prior to brazing and subsequently lower it to permit

withdrawal.

Two methods have been used to supply the brazing alloy.

Originally two pieces of Zr-5%Be wire were spot welded to the fuel sheath on

eacli side of the flattened thermocouple. This alloy was drawn under the

thermocouple by capillary attraction and formed a fillet extending at least

2 cm from the tip.

Micrographic examination revealed some cases where complete

penetration to the center line of the thermocouple was questionable, so

another method of alloy placement is now used. A layer of beryllium is

evaporated on to one side of a piece of Zircaloy which is placed between the

thermocouple and the sheatn and retained in position by the radial pressure

of the "hold-down" wires. At the brazing temperature, the beryllium alloys

with the Zircaloy shim and the fuel sheath to form the brazing alloy.

The repeatability of the attachment procedure is excellent.

Typically 32 thermocouples have been brazed to 24 fuel elements (in some cases

two or three thermocouples per element) with 3% spoilage.
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3.5 THERMOCOUPLES BRAZED WITHIN STAINLESS STEEL SHEATHS

The thermocouples referred to as type 6 in Table I were buried

within a thick walled (2.0 mm) stainless steel fuel sheath. An end-cap was

welded into the downstream end of the sheath tubes and the OD was machined

to the final dimension for the first 80 mm from the cap and then increased

by 0.1 mm for the remainder of its length. Three round bottomed axial

grooves were machined in the large diameter section of the sheath and the

junction ends of the 1 mm thermocouples were pressed into a "D" shape and

forced into the grooves. Stainless steel strips were fitted into the grooves

over the thermocouples so that they protruded about 0.05 mm above the

sheath surface. Then wider covers were placed over the filler strips and

spot welded to the sheath along their edges. The springiness of these covers

pressed the filler strips and the thermocouples tightly into the grooves.

The downstream ends of the grooves extended into the small

diameter section of the sheath with a tapered depth so that the thermocouples

emerged to the surface. In this region the ends of the covers were bent

away from the sheath to form tabs. To each tab was spot welded a "V" shaped

braze dispenser loaded with Nicrobraz 50 powder.

The assembly was placed vertically in an evacuated chamber.

Heating current was passed through the dispensers to degas the alloy, and

then through the fuel sheath to raise it to 1080°C. It was held at this

temperature by using one of the thermocouples and an on - off controller.

Power was then re-applied to the braze dispensers causing the braze to melt

and flood over the covers.

After removal from the brazing chamber, the dispensers were

broken off and the excess braze, the covers, and the excess 0.1 mm wall

thickness, were removed by grinding. This operation proved to be very

difficult because thermal expansion of the sheath caused it to deflect into

the grinding wheel. It was finally accomplished by flooding the area with

water and taking very shallow cuts, not more than 2 um per pass.

Figure 8 shows a micrograph of one of the embedded thermocouples.

Part of the filler strip is visible, also the braze layer, about 20 pin thick,



- 13 -

between the thermocouple and the fuel sheath.

3.6 MINIATURE THERMOCOUPLES BRAZED WITHIN ZIRCONIUM ALLOY
SHEATHS — _

The development of a technique to bury thermocouples within

the 0.7 mm wall thickness of zirconium alloy fuel sheaths is under way at

present. It is felt that the presence of a groove penetrating half-way

through the fuel sheath, having a sheathed thermocouple brazed in it, should

not lead to sheath failure during short irradiations. We have had good

irradiation experience with 0.5 mm diameter thermocouples brazed under thin

covers (Type 2 of Table I) and feel that reduction of the diameter to

0,35 mm is a reasonable step, providing the diameter is increased to 1 mm

before the thermocouple cable leaves the fuel element.

The attachment procedure at its present stage of development is

as follows: Type K thermocouple cable sheathed in Inconel or stainless

steel 0.35 mm in diameter is welded to form a grounded junction (eventually

commercially available insulated junctions will be used). The orientation

of the conductors is determined using an electromagnetic method. The cable

is then rolled over a distance of 25 mm from the junction to form it into

a "D" shaped cross-section, typically 0.24 mm x 0.43 mm. The thermocouple

is electroplated with chromium for a distance of 50 mm from the hot junction.

fuel sheath is prepared to receive the thermocouple by

machining a shallow groove 0.05 mm deep, 1.4 mm wide and 17 mm long, with a

round bottomed groove in its center to fit the plated thermocouple. The

thermocouple is placed in the central groove and covered with a strip of

Zircaloy which fits the shallow groove but is 0.1 mm thick. The cover,

which has beryllium deposited on its lower surface, is welded into the

shallow groove by a series of overlapping spot welds, thereby retaining the

thermocouple in its groove.

The assembly is heated in vacuum by passage of AC through the

fuel sheath. The thermocouple being brazed is used with a proportional

controller to set the brazing temperature by adjusting the heating current.
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After brazing the excess thickness of the Zircaloy cover (approximately

0.05 mm) is removed with a fine file and abrasive paper.

A photomicrograph of the final result is shown in Figure 9.

The Zr-Be alloy has penetrated the cover in the center, and penetrated the

space between the thermocouple and the groove. The layer of chrome plating

around the thermocouple is visible and several cracks in the plating are

apparent where the brazing alloy has penetrated to the Inconel thermocouple

sheath and attacked it. Stainless steel is not damaged by such penetration

and may be our final choice for the thermocouple sheath.

4. BEHAVIOUR OF THERMOCOUPLE ATTACHMENTS

Table II summarizes the behaviour of the thermocouple attachments

used in irradiation tests. However, there is some important experience which

cannot be included in such a table, and which will be discussed in this

section.

4.1 DRYOUT DETECTION

Comparative tests under identical conditions have been made in-

reactor and in an out-of-reactor loop using electrical heaters with sub-surface

thermocouples and other dryout detectors. These tests show that the surface-

attached thermocouples (types 1, 2, 3, 4 and 4a) give an accurate indication

of the onset of dryout in high quality boiling systems ^ . Thus they are

a valuable tool for the development of boiling water cooled fuels.

Operation of the fuel in the transition dryout regime for long

periods subjects the thermocouples to large and rapid temperature fluctuations

as illustrated in Figure 2. The resulting failure of some thermocouples in

service is usually catered for by duplication or triplication of thermocouples.

These cannot be placed in the same location but geometrically similar

locations are used. Thermocouple operation in the post-dryout condition,

where temperatures are higher but steady, causes fewer failures.
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4.2 FUEL-DEFECTS CAUSED BY THERMOCOUPLES

The failure of a thermocouple limits to some extent the

information obtained from an irradiation but the loss is not too serious.

However, if the thermocouple causes the fuel to which it is attached to

defect the test usually must be halted, with a serious loss of time and

money. Two such defects were caused by thermocouple attachments.

X-435 ran for a long period in the post-dryout or liquid-

deficient state. The local heat transfer conditions downstream from the

straps used to "attach the thermocouple cable to the fuel sheath led to

accelerated corrosion of the Zircaloy sheath and release of fission products.

Another mechanism, which led to the fuel defect in X-615I was

caused by cracks which developed in the zirconium-beryllium braze fillets.

When the cladding was strained in operation, these cracks propagate-1 through

the cladding wall and caused a fuel defect. The attachments in this

experiment were of the type without chromium plating designated 4a in

Table I. Such cracks have not been encountered with the type 4 attachment

where plating is used to exclude iron and nickel from the braze alloy.

Despite these few problems the flattened thermocouples have an

excellent irradiation record and like the thermocouples under streamlined

covers have proved to be adequate indicators of the inception of dryout in

high quality boiling systems.

4.3 SURFACE TEMPERATURE MEASUREMENT

Neither type of attachment to the fuel sheath surface has been

very successful for the measurement of exact surface temperature, although

some of the post-dryout temperatures measured in irradiation tests have been

in fair agreement with predictions based on out-reactor work. Some attempts

have been made to adjust the indicated temperatures to compensate for the fin

effect and flow disturbances caused by the attachments and so determine the

unperturbed surface temperature.
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A method of determining the thermal resistance between a

buried thermocouple and the surface is outlined in Ref. 6. This entails

operating at different values of flow and/or power input, determining the

difference, (AT), between the indicated and mixed coolant temperature,

computing the thermocouple to mixed coolant thermal resistance AT/(q/A) and

plotting this as a function of 1/JG0"8 where G is the mass velocity and J is

the Colburn factor. Extrapolating the graph to 1/JG0"8 = 0, representing

infinite flow and zero film drop, gives the required thermal resistance. An

improved procedure using a modified Colburn factor has recently been

devised^7 . It is expected that this method can be used to correct the

readings of the miniature buried thermocouples at present under development.

Extension of this procedure to thermocouples mounted on the

surface was attempted in the U101 experiment with limited success^B.

However, it is recognized that because these thermocouples protrude above

the thermal boundary layer at high Reynolds number, their effects can no

longer be described by a simple thermal resistance factor. Experiments in

an electrically heated loop having both buried and surface mounted thermo-

couples have been undertaken to establish the governing relationships .

Because of these known discrepancies between the temperatures

indicated by the thermocouples and the unperturbed surface temperatures,

extensive calibration of installed thermocouples is not justified. In any

case, a truly valid calibration would have to include the effects of

inhomogeneities in the thermocouple conductors introduced during manufacture

and attachment 9 . This would introduce the impossible requirement of

duplicating the temperature gradients which exist during irradiation. There-

fore our practice is to use the corrections provided by the thermocouple

manufacturer, but not to calibrate further.

4.4 DETECTION OF SURFACE DEPOSITS

Thermocouples mounted on the surface of water cooled fuel sheaths

have been almost entirely unsuccessful as detectors of deposited fouling

films. There are two reasons for this. First, the protusion of the thermo-

couple above the surface results in a different rate of deposition on it.
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Secondly, the thermal resistance associated with many of the deposited

films is relatively low, resulting in the need for an accurate temperature

measurement. The measurement or detection of severe fouling (as can

sometimes occur in organic cooled fuel experiments) is easier, but such

severe fouling is usually very localized, and it is difficult to place the

thermocouples in the proper locations to detect it.

The type 5 and 6 buried thermocouples used in X-609 were intended

to avoid flow anomalies and provide data on thermal resistance changes during

film deposition. However, the uncertainties in the sheath wall temperature

drop, the reduced heat flux at the surface due to the oxide filled thermo-

couple and in the case of the type 5 attachment, movement of the thermocouples

within the drilled holes largely masked the thermal resistance changes.

Our present development program aimed at burying very small

thermocouples in zirconium alloy sheaths will hopefully improve the

possibility of measuring the effects of surface deposits.
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TABLE I

SUMMARY OF CANADIAN IRRADIATION EXPERIMENTS USING
THERMOCOUPLES TO MEASURE FUEL SURFACE TEMPERATURES

IDENTITY START
OF DATE

I R R A D ' N a

ATTACHMENT
TYPE 6 AND
NO. OF T / C s

GEOMETRY &
CLADDINGd

COOLANT, AND
SHEATH TEMPER-
ATURE °C

PURPOSE OF THERMOCOUPLE
ATTACHMENT

X-421
X-422
X-422
X-423
X-424
X-424
X-424
X-425
X-427
X-609
X-609
X-609
U-1O1
U-101
U-1O1
X-614
X-615
U-1O5
U-1O5
X-430
X-431
X-432
X-433
W-922
X-435
W-922
W-922

I
II

I
II
III
II

II
I
III
I
II
III

I
I
II
I

W - 9 2 2 D
U - l l l I
U - 1 1 1 I I
W-922 E
- - 5 : ; F
i - 0 2 2 H
V-922 C
1-311 II
>-440 II

10/62
1/63
3/63
6/63
9/63
9/63
9/63
3/64
7/64
3/65
4/65
7/65
6/65
7/65
7/65
3/66
7/66
7/66
8/66
9/66
5/67
8/67
7/68
7/68

11/68
11/68.
2/69
7/69

10/69
11/69
1/70
3/70
i/7u

11/70
1/71
i/71
2'71

1
1
1
2
2
2
2
2
2
6
5
6
2
2
2
3
4(a)
2
4
4
4
4
2
4(a)
4
4(a)
4(a)
4
4(a)
4
4
4
14

4

4

4

4

2
2
2
2
2
2
2
2
2
3
2
3

14

14

14

2

2

24

24

2

6

3

15

8

3

8

8

3

8

31

31
8

B

L

8
18

E l c

El

El

El

El

El

El

El

1 El

1 El

1 El

1 El

19 El

19 El

19 El

1 El

1 El

18 El

18 El

1 El

2 El

2 El

3 El

18 El

3 El

18 El

18 El

1 El

18 El

21 El

36 El

18 El

10 £1

18 El

18 El

36 El

1 El

SS
SS

SS

ss
ss
ss
ss
ss
ss
ss
Zr2
SS
BCSS
B SS
B SS
Zr2
Zr2
B SS
B Zr4
Zr4
B Zr4
B Zr4
B SS
B ZrNb
B Zr4
B ZrNb
B ZrNb
ZrCeFe
B ZrNb
B Zr4
B Zr4
B ZrNb
B ZrNb
B ZrNb
B ZrNb
B Ozh

fog 295(DOC>600) To detect DO in HTC test
fog 200 To monitor DO in fuel Expc

fog 295(DO to 700) To monitor DO in fuel Exp
fog 370 i /To monitor conditions in DO

53O(peak 670)>( for ext
\fog 420(peak 600)\\t:speriment

fog 450(peak 500)j
fog 700
fog 295(DO 540)
BWC 295
BW 29 5
BW 295
fogi

trapolation to a fuel

DO to 550

To detect DO in HT Exp
Effect of crud on HT
Effect of crud on HT
Effect of crud on HT
To detect DO in HT test
To detect DO in HT test
To detect DO In HT test

BW 295(spike 370)\["Test of Integrity of Zr
BW 295
fog 30t(D0 450)
fog 300
fog 2B5(DO 700)
fog 285(00 500)
fog 285
fog 285(D0 600)
Org 450 to 660
fog 340 - 400
Org 450 - 500
Org 450 - 500
SHSC 500 - 520
Org 450 - 500
fog 285(DO 550)
fog 285 - 600
Org 450 - 500
Org 520
Org 450 - 500
Org 450 - 500
Org. 480 - 515
SHS 370 - 480

iflo
JLMc

fLsheaths with brazed T/C'sc

detect DO in HT test i
Monitor DO condt. for fuel Exp
To detect DO in HT Exp
As X-430 + monitoring DO on fuel
To monitor DO in fuel Exp
To detect DO & M.T.cin HT Exp
To monitor coolant foul. & depos.
To monitor temp. DO for fuel Exp
Monitor for coolant foul. & depos.
Monitor for coolant foul. S depos.
Monitor sheath temp, for fuel Exp
Monitor for coolant foul. & depos.
To detect DO for HT tests
As U-lll I + M.T. (post DO)
Monitor for coolant foul. S depos.
Monitor for coolant foul, i depos.
Monitor for coolant foul. f. depos.
Monitor for coolant foul. & depos.
To detect S. & meas. sheath temp.
Monitor sheath temp, for fuel HXD

TOTAL 291

FOOTNOTES

Full experimental numbers are: Exn-NRX-421; Exp-NRU-101, Phase I; Exp-WRl-922, etc.
Information on these various irradiations is available
within Atomic Energy of Canada Ltd. via these experimental
numbers .

Attachment types are defined as follows:

1 Swaged formed couple attached to SS via spot welded cover.
2 Swaged formed couple attached to SS via spot welded and brazed cover.
3 Swaged formed couple attached to Zircaloy via spot welded and brazed Zircaloy

cover.
4(a) Flattened couple brazed to zirconium alloy but without chromium
4 Flattened couple brazed to zirconium alloy.
5 1 mm diameter couple located in drilled axial hole in thick sheath.
6 1 mm diameter couple buried in thick SS sheath wall via brazing.

plating on couple.

Abb reviations:

Cladding Types:

El - element, HT = heat transfer, Exp = experiment, BW
Org - organic, S. - simmering, SHS - superheated steam,
B - bundle, M.T. = measure or monitor temperatures, DO

SS -Austentic Stainless Steel, Zr2 - Zircaloy 2
ZrNb-Zirconiun 2.5Z Niobium , Zr4 - Zircaloy 4
ZrCrFe-Zirconium 1Z chromium 0.1% Iron
Ozh -Ozhennite

- boiling water,
T/C - thermocouple,

- drv out
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TABLE II

SUMMARY OF THERMOCOUPLE PERFORMANCE ON CANADIAN
IRRADIATION EXPERIMENTS

IDENTITY

IRRAD'Na

IRRADIATION
DURATION
(DAYS)

EFFECTIVENESS FOR
INTENDED USE

BEHAVIOUR OF T/C's
DURING IRRADIATION

REMARKS

X-421
X-422 I
X-422 II
X-423
X-424 I
X-424 II
X-424 III
X-425 II
X-427
X-609 II
X-609 I
X-609 III
U-101 I
U-101 II
U-101 III
X-614
X-615 I
U-105 I
U-105 II
X-430 I
X-431
X-432 I
X-433
W-922 B
X-435
W-922 C
W-922 A
X-440 I
W-922 D
U-lll I
U-lll II
W-922 E
W-922 F
•J-922 II
W-922 G
U-311 II
X-440 II

20
3.3
4
28
4.5
3
5
1
1.5
19
67
36
20
1.7
5.4
90

30
21
13
60
50
53
120
13
315
365
72
365
10
30
365
225
90
60
36
18

Eff. DO indicator
Not applicable
Indicated DO

IT/C attachmentsindicated DO well,
but extrapolation
to other El poor

If properly loc.
Not suitable
Not suitable
Fair

1
2
2
2
3

s,
s,
s.
s,
s.

(Effective for
indicating DO

Not applicable
Not applicable
For DO,temp meas.
Compromised by F
DO and temp
Eff DO indicator
Good
Eff DO detector
Fair
Good
Fair
Fair
Poor
Fair
For DO detection
For DO detection
Fair
Fair
Fair
Fair
Fair to Poor
Fair to Poor

I S , 1 F on 1st excursion
2 S, detected deposit of HgO
1 S, 1 F with cladding Def

I T/C outputs often erratic,
( None '••

1 F
none F
1 F early in Exp.
none F

S, none F
12 S, 1 Def at start, 1 F
13 S, 1 F
13 S, I F
2 S, none F, See note 4
Faulty Att led to fuel Def
23 S, I F early in Exp.
7 S, 17 F at potted joint
2 S, none F, worked well
6 S, none F i Didn't indicate
3 S, none F • heavy crud Dep.c

8 S, 7 F during Exp.
8 S, none F, detected fouling
3 S, none F straps led to Def

5 F during Irrad.
5 F during Irrad.
1 F during Irrad.
4 F during Irrad.
None F
2 behaved erratically

3 S,
3 S,
2 S,
4 S,
31 S,
29 S,
1 S, 7 F at potted joint
5 S, 3 F during Irrad.
2 S, 2 F during Irrad.
3 S, b F during Irrad.
15 S, 3 F during Irrad.
3 S, none F

See note 1
Test abandoned
Defc on instc Elc

770 hrs. in DO
35 hrs. in DO
51 hrs. in DO
110 hrs. in DO
Full life in DO
See note 2

> See note 3

In situ calibration obtained
Ltd. by fuel defect
Ltd. by fuel defect
See note 5
Worst kind of fault
3 hr run in DO at 450°C
See note 6
M loss of C incident
26 hrs in DO at 500°C
Nil
Long periods at high temp
Massive fouling
See note 7
See note 8
Fuel defected, See note 8
Fuel defected, (Spike to 650°C)
No fouling to detect
Terminated by fuel defect
Large % of time in DO
Irrad. still in progress (3/71)
No fouling to detect
IrraJ. still in progress («/71)
Irrad. still in progress (4/71)
Irrad. still in progress (4/71)
Test halted due to fuel defect

FOOTNOTES

Full experimental numbers are: Exp-NRX-421; Exp-NRU-101, Phase I; Exp-WRl-922, Phase B, etc.
Information on these various irradiations is available within
Atomic Energy of Canada Ltd. via these experimental numbers.

Notes: 1 Experiment demonstrated that the sheath thermocouple assemblies used indicated the same
temperature behaviour at dryout conditions as did thermocouples buried in the sheaths of
electrically heated elements in out-reactor loops.

2 Good agreement with predicted temperatures.

3 Coupled with other thermocouples in the coolant to measure At. Correction for flux effect
via self-powered neutvon monitors.

4 Good, although not subjected to fluctuating temperature.

5 Monitored temperature during losj of pressure incident.

6 A leak developed in the graphite seal through which the thermocouple leads penetrate the loop
pressure boundary, resulting in gross overheating and degradation of the nearby potted
connections. As a result 17 T/C's did not work.

7 Care necessary In use and location nf hold down straps.

8 Fouling not detected due to poor thermocouple location.

Abbreviations: DO = dry out, F = failed, Def = defects or defected, El = element, Exp = experiment,
C = coolant, M = monitor. Conn. = connector, Inst. = instrumented, Ltd = limited,
Att = attachment, S = survived irradiation, Eff = effective, Irrad. = irradiation,
T/C = thermocouple t i)ep. = deposits
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10 1 2

4 0 TO 70 -
AS SPECIFIED

1.4
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, • MINIMUM SPACING

(7 ai

FLAT SURFACE

SECTION A - A
STRAIGHT WITHIN 0.8 T. I.R.

FLOW DIRECTION - — - ALL DIMENSIONS
ARE MM

FIGURE 3: CONFIGURATION OF THE FLATTENF.D EXTENDED-TIP THERMOCOUPLE

I

I-O



UPSTREAM
EDGE TAPERED
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POCKETS FOR
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STEEL COVER
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EMBOSSED

GROOVE

NICKEL

NEEDLE

THERMOCOUPLESECTION

A - A MEASURING JUNCTION

DOWNSTREAM END
OF COVER AFTER

TABS REMOVED

FLOW DIRECTION ALL DIMENSIONS ARE MM

FIGURE 4: STAINLESS STEEL COVER WITH STREAMLINED GROOVE FOR BRAZING TO FUEL SHEATH
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TUNGSTEN
WIRES

THERMOCOUPLE -TUNGSTEN BAR

TENSION SPRINGS'

FIGURE 5: "HOLD-DOWN" DEVICE USED TO RESTRAIN FLATTENED THERMOCOUPLES DURING BRAZING

SLOT FOR

FERRITE CORE

CERAMIC

SPACERS 1

COPPER

TUBES

FIGURE 6 : EXTERNALLY COOLED FOUR-TURN INDUCTION HEATING COIL



BRIDGE

SHAFT
AND CAMS

SLOTTED

CYLINDER

FIGURE 7: COMPONENTS OF THE CAM-OPERATED SUPPORT USED INSIDE A FUEL SHEATH DURING BRAZING
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GROUND SHEATH SURFACE

1 m m

FIGURE 8: MICROGRAPH OF 1 mm DIAM. STAINLESS STEEL SHEATHED THERMOCOUPLE

BRAZED INTO A STAINLESS STEEL FUEL SHEATH

FIGURE 9: MICROGRAPH OF CHROMIUM PLATED 0.35 mm DIAM. INCONEL SHEATHED

THERMOCOUPLE BRAZFD INTO A 0.68 nun THICK Zr-2.5%Nb FUEL SHEATH
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