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ABSTRACT

This report describes the thermometry technigues used in
the 7irconium Metal-Water Oxidation Kinetics Frogram. Temperes-
ture measurements in the range 900 to 1500°C (1€52-2732°F) are
made in tikree experimental systems: U0 oxidation apparatuses
aaxd the stmealing furnmece Lsed in a curollary study of the
diffusiorn of oxygen in #8-Zircsloy. Carefully calibrated
Pt rs Pt-1C{ Rh thermocouples are esployed in all three eppe-
ratuses, vtile a Pt—£€4 Fh vz Pt-30% Rh thersocouple and an
ontical pyrometar are used in addition in the annealing
furnace. Features of the experimemtal systems pertaining to
thermocouple installation, tespersture control, emf measure-
ments, etc. are described, and pitential temperature-messurement
error sources are discusged in detail.

The sccuracy of ocur temperature meagurements is anslyzed
in terms of the determimant end indeterminant errors of the
system. Ve estimte the probetle adsolute accuracy of the
temperature measurements in the oxidation apraratuses to be
+4°C (7.2°F) at 900°C (1652°F) end :6°C (10.8°F) at 1500°C
(2732°F). In the worst case we telieve tiat we can specify
tesperature accurately to :10°C (18°F). For the amnealing
furmace the protable temperature error spproximates the
determinant errors for the thermocouples, $1°C (1.8°F) st
900°C (1€52°F) and 22°c (3.6°F) st 1500°C (2732°F).



INTRODCTION

The goel: of the Zirconium Metal-Water Oxidetica Kinetics (260K}
program is o cimracterize the axidation of Zircaloy-4 in stesm under con-
1itions snti-ipsted in & hypotbelical loss-of-coolanmt eccidemt (UCA) in a
Iight water reactor. The work comsists of two experimental tasks: 1) the
meagurement of reaction retes of Zircaloy and steam under both isothermml
and transient tempersture conditions and 2. the determimtion of the
diffusivity of oxygen in B-Zircaloy: both sets of mcasurements ere being
mie over the temperattre range 20C to 1C°C (1652-2732°F). In both
tasks special efforts tave been made to insure the accurecy of tempera-
ture measurements.

The importance of knowing the temperature at vhich a szecimen is
axidizing can be illustreted by the following calculation. The tempere-
tire dependence of the aridation rate constant, k, for Zircaloy is of
the form

k = A exp(—Q/RT) n)

vhere A is a constant independent of temperature, G is the actiwation
energy, R, the gas constamt, end T the tempersture in degrees Keivin.
FPigure 1 shows the percentage changes in k produced by errors in the
zeseired temperature at various nominal test temperatures, assuming

a value of 32,90C cal/mole for Q. As discussed below, the constraints
imposed by the experimental necessgity for measuring the temperature of
a specimen immersed in flowing steam csn essily lead to { wr .rature
errors vell in exceis of those shown in Pig. 1 and thus to unecceptadbly
large departures from the true value of k at the nominal test tespers-~
tures. These results make it easy to suppose that at least a part of
the scatter in oxidation data reported by previous workers is due to
faulty temperature measurement techniques, and it is obvious that every
effort should be made to minimize tempersture errors, particularly
Wrxtic errors, irn all future work.
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Fig. 1. Cross plot showing percentage change in axidetion rate
constant as a function of tempersture error st different temperatures.

A similar caveat is sppropriate in diffusion studies in as much as
a diffusion coefficient is also an exponential function of reciprocal
temperature. The technical problems of temperature measurement during
diffugsion experiments are generally easier to cope with, however, in
light of the fact thet diffusion anneals are generslly carried out in
large, well insulated and shielded furmaces. HNometheless, care must be
exercised.

This report is a description of the temperature measurement problems
encountered in the course >f this program and of the steps taken to
deﬁx‘g and eliminate or minimize sources of temperature error.



TEMPERAT RE MEASUREMENT TYCEXIFES

Tn both the cxicdrtion and diffusion tasks nominal *% vs #t~174 Rh

thermocouples {type S° are used as our primary means for determining
terperature. In the diffusion experiments “t—~<¢ Rh vs Pt-3"7 Rk thermo-

couples (type E' are also attached to the specimens, ead an optical
pyrometer is uisec tc obttair ar edditional check of the temperature.

Thermocouple Selectior and Calitretion

A prime gosl .n the Thermometry Task of this program was to provide
tempersture measurements trscesable to the Iatermationel “ractical Tempers-
ture Scale cf 1%2 (TPTS-<F). In the temperature range = _ to 157 °C
(1652-2732°F), the IPTS-£F is besed on two instruments: (1) the
Pt vs Pt-1"¢ Rh thermwocouple, wtich spans the rarge -27.74 to 17:4.43°C
(~116™14E°F), and (2) sbove 1064.43°C (~1242°F), & radiation pyrometer
using the Flanck law of rediation with 13¥4.43°C [ A7-42°F) as the
reference tempersture ard a velue of C,.0143°7 meter-kelvin for ¢, in the
radiance equation.?

For this resson supplies of platimum ani T2 -1°4 Rh refererce grade
thermocuples wire were obtained from the Sigmind Cohn Corporation.’
Individual lots were fabricated from the same heat in order to minimize
calibration differences. The Pt—<%4 Rh and Pt-304 Rh -vires were ordered
from Mattbey Bishop, Inc.* Several wire diameters were specified, btut
subsequent testing revealed no diflerences in the performance of thermo-
couples maie from 2.0C%, ©.225, and .C51 cm (5.0C2, 7.21C, 3.7%2C in.)
diap wires. Therefore, for the sake of ease of handling, the ".C:5 cm
(C.717 in.) diam wire wvas used =xclusively in all later experiments.

-

*31gmund Cobn Corp , 171 ¢. Columbus Ave. Mt. Vernon, K.Y. 10553.
‘Matthey Bishop, Inc , Malvern, Pa. 19355-
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Prior to calibration all thermocouple wires were subjected to an air
annzel. The initial anneeliry schedule, £ hLr st 1300°C (2372°F), produced
no difficulties with the pure platimm wire, but the tensile strength of
the Ft—174% Rt vas reduced ty 3°¢ and its totsl elongation by <5%¢. Tnis
deterioration of mechanical properties wes shown metallographically to
be related ic excessive grain gronth in ‘he wire during the snreal: the
average grein size after anneel wves sbout half the wire diameter.
Therefore, & less demanding ennealing schedile was adopted: 2 min at
1400°C (2552°F), 2C min at 1200°C (2i52°F), 1 hr at 1000°C (183z°F),
and 7 hr et 300°C {932°P). This treetment produ-ed wires composed of
relatively smll, equiaxed grains, and the mechanical properties of the
wires vere not degraded.

The sctual celibretion of the various thermocouple combinations wvas
carried out in the Metrclogy Research and Development lLaboretory, Instru-
2ents and Controls Division, Osk Ridge National lLaboratory. The procedure
used involved several comparison calitretions of the thermocoupies wires
to 1500°C (2732°F). Several thermocouples, including two NBS-camlibrated
Pt vs Pt—-10¢ Rh thermocouples, vere comriected to a common hot junction
ard the emf values of various pairs compared with the standards. A
detajled description of the calibration procedure is given in
Appendix A.

The data obtained indicsted that the thermoelectric properties of
our wires were axcellent. The Pt vs Pt—-104 Rh wire behaved very much
like the NBS-calibrated thermocouples, and calibration data for the
Pt—% Rh vs Pt-30¢ Rh thermocouples was also obtained. The temperature-
emf relationships for the thermocouples are presented in the /Apperdix.

This calibration procedure represents an attempt to achieve, under
ideal conditions, measurements of temperature vith maximm uncertainty
of *2°C (3.6°F) on IPTS-68 at 1500°C (2732°F). Below 1064°C (1947°F),
estimated uncertainties of thermocouple calibrations are less than
+0.2°C (0.36°F) at fixed points and less than +0.3°C (0.54°F) for table
values between fixed points.? These uncertainties increase above 1064°C
(1947°F). At 1450°C (2646°F) an uncertainty of +1°C (1.8°F) is given
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for en NBS calibrated Pt vs Pt—-10% Sa thermncouple, and we estimate an
uncertainty of +1.5°2 (2.7°F) ror cur thermocouples at 1500°C (2732°F).
Thus our goal of an uncertainty of =2°C (3.5°F) at 1500°C (2732°F) appears
realizable except for possible problems associated with thermocouple
decalibration during installation &nd use.

We addressed this latter concern by submitting for recalibration
a Pt vs Pt=10% Rh thermocouple that had been used in various experiments
between 900 and 1475°C (1652-2487°F) for approximately 3 hr. This
thermocouple was tested to 1000°C (1832°:'), and the results of the
recalibration (see Appendix) give no evidence of decalibration problews.
Portions of a similar thermocouple were also submitted for chemical
analysis (see Table 1). There was no indication of significant contami-
nation vhich might lead to decalibration of the thermocouples.

A feature of our experimental procedure that mitigutes decalibration
difficulties is the fact that in a normai experiment the tuermocouple
hot junction is made by welding the thermocouple leads to & small tab
of tantalum that is in turn welded directly tc the specimen. At the end
of an experiment the leads are clipped off Just below the hot junction,
and an entirely new hot junction is firmed on the next specimen. Thus
any contaminants near the hot junction are eliminated before they have
time +n Airfyge far enough along the thermocouple wires to produce

problems.

Thermocouple-Specimen Compatibility

The Zircaloy-steam reaction is righiy exothermic (AH =~ 140 k cal/mole
in the temperature range of interest), and significant self-heating of a
Zircaloy specimen can occur under conditions where the rate of oxidation
is high. Therefore, in order to monitor accurately the temperature of
an oxidizing sample, we considered it essential that metal-to-metal con-
tact be mai.itained at all times between the specimen and the thermo-~
couples.

Unfortunately platinum-base thermocouples cannot be attached directly
to Zircaloy specimens used in experiments avove ~1150°C (2102°F) because
of the formation of a low melting {1185°C (2165°F)] Pt-Zr eutectic

e



Table 1. QlJpectroscopic Analytis of Pt vs Pt-10% Rh Thermoccuples

Fiement Analysis, ppm by wt, at positionsa

1 2 3 4 5 € 7 8
! 2 0.5 0.1 C.1 0.1 0.3
B 0.4 0.4 0.3 0.3 1 0.3 0.4 0.3
Ca 0.5 0.3 0.3 0.3 G.3 0.3 0.3 0.3
Co 50 <0.5 0.5 “).5 <L.5 0.5 <0.5 0.5
Cr 0.5 .2 1 0.5 8.5 0.5 0.5 0.5
Cl 7 7 10 5 7 3 7 5
Ca 300 7 20 0.7 7 0.7 7 0.7
Fe 50 2C 20 5 20 5 50 3
K 0.5 <0.5 0.5 <. <0.5 <0.5 <0.5 <D0.5
e 0.5 s0.5 =9.5 <0.5 0.5 0.5 0.5 5.5
Mn 0.5 <.1 <0.1 <D.1 <0.1 <0.1 0.1 <0.1
Na <C.5 <V.7 <0.5 <0.5 <0.5 <0.5 0.5 <D.5
Ni 7 3 3 0.2 3 0.2 5 0.2
P D.5 0.5 <0.5 0.5 <D.5 <0.5 <0.5 <0.5
Pb <1 <1 5 <1 <1 <1 <1 <
Pd 1 Q.5 <0.5 .5 3 <0.5 .5 <0.5
Pt M M M M M M M M
Rh M M M M
Sb 5 1 10 3 5 3 3 <1
Si 3 7 7 7 10 10 16 7
Ta <1 <1 <3 sl £1 <) <1 <1
Ti < <L < L <X L4 <X <
v 0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1 0.1
7.4 5 <3 7 5 3 <0.5 <D.5 .5

® position 1: Pt-10% Rh wire adjacent +o hot junction.

Position 2: Pt-10% Rh wire at break between double ard single bore
insulation just below bottom of specimen.

Position 3: Same as position 1 except Pt wire analyzed.

Position 4: Same as position 2 except Pt wire analyzed.

Position 5: Pt—~10% Rh wire at point where thermocouple exited furnace.

Position 6: P wire at point where thermocouple exited furnace.

Position 7: Pt-10% Rh control sample (annealed, as-received wire).

Position 8: Pt control sample (annealed, as-received wire).




(see Fig. 2.). We circumvented this problem by inserting tantalum or
iridium tabs 72 x 2 x 0.075 mm (0.08 x 0.08 x C.003 in. )] between the
thermocouple and the specimen. The thermocouple leads were first spot
welded to a tab with the ends of the leads separated by a distance of
about 0.25 mm /0.0l in.), and the tabs were then spot welded to the
specimen. The subsequent discovery of thermal gredients in the MiniZWOK
oxidation apparatus (see below) led to a modification of the prucedure
in that the ends of the thermocouple leads were welded directly together

on the tat so as to minimize the width of the hot junction.
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Tantalum proved to be an f.cellent tab material when used in vacuum,
ag in our diffusion experiments, or in an inert gas, as in our low thermsl
inertia cxidation apparatus (see below). A Zr-Ta eutectic melting at
~1850°C (3362°F) has been repcrted® but broduced no problems. A narrow
diffusion zone between a tau and a Zircaloy diffusion specimen could be
detected after a 30 min anneal at 1450°C (2642°C), Fig. 3, but because
the Jjunction between tab sand specimen always ccnsisted of metal with
good thermal conductivity. we see no reason to question the validity of
this form of thermocouple attachment. No Pt-Ta phase diagram appears
to te available, but metallographic examinations of the Pt-Ta interface
showed no sign of interaction. The only disadvantage of the ‘antalum
tabs was the necessity ‘o protect them from steam during our oxidation
experiments.

100 200  MICRONS 600 700
L T i ' L 'OOX JI 1 Y L
0005 0010 INCHES 0020 0.025

Pig. 3. Cross section through tantalum thermocouple tadb spot welded
to Zircaloy-4 diffusion specimen. Specimen was annealed in vacuum for
30 min at 1450°C (2642°F).
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Because it is mich more difficult to protect the thermocouple tabs
in cur second oxidation rate apparatus (see below), we smployed iridium
tabs for use in steam where, in the temperature range of interest, iridium
is inert. Ve were unable to find a Zr-Ir phase diagram in the literature,
and preliminary annealing tests! in vacuum did indicate the formation
of a Zr-Ir eutectic between 120C and 1300°C (2192-2372°F). However, in
these tests the specimen was heated at a rate »f 400°C/hr (720°F), thus
providing ample time for interdiffusion between the sample and tab. In
a much shorter test, in which a temperature of 1400°C (2552°F) was
realized, carried out under the 5ime-temperature regime shown in Fig. 4,
the thermocouple did remmin attached to the specimen throughout the
experiment. Subsequent metallograpnic examination of the specimen
(Fig. 5) showed evidence of liquaticn in both the tab and the specimen.

ORNL-0WG 74 -9733

400 ,.,-v‘
ﬁ/
% LIM.

200 voLTAGE
5
[J
=~ 000
w
@
2
-
L- ¢
[+ <4
Y
s 800
w
-

600

ZIRC-4; PWR
STEAM OXIDATION
400 _} __ IRIDIUM TAB
(o] (] 2 3 4 5 [
TIME (min)

Fig. 4. Recorder trace of time.temperature regime used in test o
iridium thermocouple tab on Zircaloy-4.

A ———
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Fig. 5. Cross section of Zircaloy-4 FWR tube specimen after exposure
in steam according vo the temperature cycle of Fig. 4.1. Iliustrates
interaction zone associated with weid between iridium tedb (on inside of
tube) and specimen. As polished, bright field, 62x.

However, melting was confined to the immediate vicinity of the tadb, the
tab itself was not penetrated (thus protecting the thermocouple Leads
from attack), and good physical and therml contact was mintained
between the tadb and specimen throughout the experiment. 7For these
reasons and because ve anticipste oxidation expsrimerts of durstions
congiderably less than 4 mimites at these very high temperatures, v~
are confident that iridium tabs can be used successfully as needed in
our oxidation rate studies.



12

Optical Pyrometer

Two optical pyrometers were used in our diffusion studies. The
first, available to us on an intermittent besis, was a Pyrometer
Instrument Company photoelectric pyrometer which was calibrated relative
to IPTS-68 using two NBS-certified gas-filled tungsten strip lamps.
During the course of calibrstion and in subsequent periodic checks
sgainst an NBX vacuum tungsten strip lamp, small shifts [generally less
than 1°C (1.8°F)] were noted in the pyrometer readings. These changes
were attributed to a slight drift in the pyrometer reference lamp, and
a systematic record of these shifts has been mamintained so that these
additional small corrections can be made in the pyrometer readings
between major recalibrations. The total error® associated with the use
of this instrument varies somevhat with temperature; at the gold point
f1064°C (1947°F)] the error is #1.7°C (3.1°F); at 1500°C (2732°F) it
is ~43°C (5.4°F).

The second pyrometer used was a Pyrometer Instrument Company
Micro Optical p,r ometer, manually balanced. This pyrometer was
calibrated to 1300°C using an NBS vacuum tungsten strip lamp. The
instrument readibility error resulting from this procedure was +2°C
(3.€°F), an error which is a part of the total instrument error (see
Table 4, page 42).

CONTRCL AND RECORDING OF TEMPERATURE

Three different apparatuses in which temperature measurements are
required are being used in this program: an amnnealing furnace for the
diffusion studics and two oxidation rate apparatuses that we hsve named
"MiniZWOK" and "MaxiZWOK." In all three cases the design of the units

was considerably influenced by the need to create experimental conditions
under which temperature could be messured accurately, controlled properly,

and recorded in an adejuate menner. In this section we give description
of the apparatuses and of the associated wiring, control, sad recording

systems.

4 a0 e e S0 4 2 e a6 e
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Apperatus Description
MiniZWOK

The MiniZi0K apperatus is a low thermml inertia device used in the
measurement of isothermml rates of axidation and in controlled i1ransiemt
temperature experiments. It is shown schematically in Pig. 6. The
reaction chamber ccnsists of & 60 mm (2.36 in.) 0.D. quartz tube
60 cm (23.6 in.) long with a Zircaloy-4 PWR tube specimen [30 mm long
by 10.7 mm 0.D. by 9.3 mm I.D. (1.18 x 0.42 x 0.37 in.)] supported at
its center between two smaller quartz tubes. During an experiment steam
flows past the outside surface of the specimen, and a slight positive
pressure of helium is maintained inside the support tubes in order to
prevent egress of steam to the interior of the specimen. A helium flow
rate of ~0.2 cc/sec is used for this purpose.

The specimen %s instrumented with three Pt vs Pt-10% Rh therwocouples.
As descried earlier, the hot junctions are formed by spot welding the
thermocouple leads to small tantalum tabs [2 x2 x 0.075 m (0.08 x 0.08 x
0.003 in.)] that are in turn welded to the interior of the sample near
its midpoint. One thermocouple is connected to the temperature comtrol-
ler, and the other two are used as measuring couples. In some experi-
ments a separate tab was used for each thermocouple, tut the more usual
arrangement is to attach the control thermocouple and one measuring
couple to a single tab and to position the second measuring couple on
another tab mounted diametrally opposite the first.

This general design was adopted so that the thermocouple tabs could
be protected from the steam and also to minimigze thermml shunting effects.
The latter purpose 1s also served by the tantalum heat shield inserted
into the upper portion of the specimen. A lower heat shield is formed
by the ends of the double-bore, DeGussit AL-23, high-purity alumina
insulators used to separate the lower portions of the thermocouple leads.
The upper parts of insulators ere within the furnace and also serve to
preheat the helium before it rzaches the interior of the specimen.
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Pig. 6. Schematic diagram of the MiniZWOK oxidation apparatuc.

The furnace surrounding the reaction chamber is a Research, Inc.
quad-slliptical radient heating chasber, Model E-4, with s Lot sone of
25.4 cm (10 in.). Heating rates of 150°C/sec (270°F/sec) or higher can
be attained with this unit, and the response of both the furnace and
its controller is very fast. These characteristics plus the fact that
the furnace is controlled directly by the specimen temperature prevent
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specimen over-heating and allow iscthermal conditions to be maintained
during oxidation. A typicsl time-temperature recorder trace is shown
in Fig. 7.

Max iZWOK

This -xidation rate apparatus is shown schematically in Fig. 2.
It differs from Mini7WOK in that the steam is preheated [max temp:
~1000°C (1232°F)] end the steam and furnsce t.umperatures are controlled
and fixed during an experiment. The specimen temperature is allowed
to floa*, being determined by the combiration of furnace and steam
temperatures and steam flow rate. The latter is estimated to be ~80 km/hr
(50 mi/hr) in mcst experiments. This corresponds to steam flow rates of
~1 1b/min.

The steam temperature is measured by a Pt vs Pt-104 Rh thermocouple
suspended in the steem at the top of the ceramic reaction chamber. The
reaction chamber is heated directly by a tubular resistance furnace
whose temperature is measured by a stainless-steel sheathed Chromel-Alumel
thermocouple inserted into the 0.3 em (0.12 in.) wide anmlus betw:en
the furnace wall and the reaction tube.

The specimen is a 46 cm (18 in.) length of Zircaloy tubing. A
geries of ventilation slots is cut into the lower portion of “he specimen
to allow free flow of steam through the inter’or of the tube and to
reduce heat conduction from the upper end of the tube to its cooled lower
end. The specimen is instrumented with three Pt vs Pt-10% Rh thermo-
couples welded to the outside of the tudbe, 120° apart at a point 5 cm
(2 in.) from the upper end.

The instrumented specimen is mounted atop the plurger of a smll
hydraulic ram located in a distilled-wvater quench bath just below the
reaction chamber. Once the desired furnace and steam temperstures and
the appropriate steam flow rate have been attained, the specimen is driven
up into the reaction chamber in 4 sac. At the end of the experiment the
sample is again lowered in 4 sec into the quench beth. A typical time-
temperature record is shown in Pig. 9. ‘
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Fig. 9. Specimen temperature as a function of time for a MariZWOK
oxidation experiment at $00°C (1652°F).

Diffusion Annealing Furnace

A tantalum split-shield furnace is used for the diffusion anneals
(see Fig. 10). The specimens; which are Zircaloy disks, 11 mm (0.43 in.)
in diam and 4 to 7 mm (.16~.2€ in.) thick, are instrumented with two
Pt—6% Rh vs Ft-30% Rh and one Pt vs Pt-10% Rh thermocouples welded to
tantalum tabs attached along the circumference of the specimens. One
of the Pt—-6% Rh vs Pt-30% Rh thermocouples is used to control the furnace
temperature, and the other two are measuring couples.

The specimen is located on a tantalum pedestal at the center of the
tantalum split-ghield heating element that is resistively heated. Multi-
ple tantalum heat shields completely surround the furnace except at the
top where an 8 mn (0.3 in.) diam hole provides optical access to a small
crystal-bar zirconium cylinder (6 mm diam x 10 mm (.24 x .39 in.) high]
positioned on the pedestal immediately adjacent to the diffusion specimen.
Al m (0.04 in.) diam hole drilled 8 mm (0.32 in.) deep into the top
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Fig. 10. Schematic drawing of annealing furnace used in diffusion

experiments.



ot the zirconium disk creates a tlack btody used for temperature
measurements with an optical pyrumeter.

The entire unit is located inside a metal beli jar capable of being
evacuated to pressures of 10°¢ to 107° torr. A port at the top of the
bell jar is fitted with an optically flat quartz window aand a right- -
angle prism to provide an opticel path for the pyrometer.

Wiring Procedures and Control and Recording Systems

In &ll three apparetuses the thermocoupre wires are led-out of the
system uninterrupted through ports sealed with silicone rubber or Teflon
and from thence to an ice bath where they join low thermal emf copper
telephone wires (see Appendix B).

Anneeling Furnace

1 schemetic of the wiring and of the recording and control instru-
ments is shown in Fig. 11. As may be seen, the copper wires from the
control thermocouple go directly to an I&N Series 60 CAT controller.

The other two thermocouples run to a "thermal free” switching station
througn which they zaiy be connected to an L&N Speedomax-H recorder or

a koneywell Rubicon Model 2730 potentiometer. The output of the recorder
is used only to follow the heating and cooling transients at the beginning
and end of an anneal. Only long period temperature oscillations with
amplitudes of ~+1°C (1.8°F) are observed about the control point during
an anneal, and for reasons discussed below in connection with the oxida-
tion rate apparatuses, these oscillations have & negligible effect on

the diffusion rate.

MiniZWOK

The instrumentaticn for this apparatus is the most complex of the
three and s indicated schematically in Fig. $. Temperature control
is maintained with a Research, Inc. Model D-3C MicroThemac Controller
associated wvith a Data-Trak Programmer, Model FGE-5110. The latter

unit is programmable for virtually any time-temperatiir. regime. The
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Fig. 11. Schematic diagram of instrument and wiring configuration
for annealing furnace.

signals from the two measuring thermocouples after passing through

a thermal free, miltiposition switch (contact resistance < 0.001 ohm,
thermal emf < i ;V), may be 1) read on an I&N K-3 potentiometer, 2)
recorded by a two-channel strip chart recorder (Esterline Angus,

Model 1102S, 2 multi-span unit with calibrated ze:o), or 3) feed to com-
puter operated data acquisition system (CODAS-III). The CODAS sys.em
has been described in detail elsewhere.” In our system the CODAS-I'I
computer pericdically reads the thermocouple emf (25 reading in 2 msec),
calculates an average emf for the 25 readings, converts the emf to
temperature according to the emf-temperature caiibration for our partic-
ular Pt vs Pt—10% Rh thermocouple wires, and prints the time and the
averaged temperature at ~2 sec intervals with the aid of a teletype.

The CODAS-IJI system is calibrated directly before and after each
experiment with a Dial-A-Source voltage unit (General Resistance, Inc.,
Model DAS-47AL) that itself is rompared against our K-2 potentiometer.
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Care wus exercised in properly wiring, grounding, and shielding
the various components of the MinI7WOK control and recording system in
order to eliminate ground loops and other parasitic emf's. 1In addition
it was found that considerable Ligh frequency noise was introduced into
the system by the operation of the silicon controlled rectifiers of the
rower supply for the quad-elliptical furnace. For this reason a low
band pess filter with a cutof? above 50 Hz was installed between the
miltiposition switch and the CODAS amplifier (items 19 and 24 in Fig. 6).
The filter, iastalled in each copper lead, consisted of a series-connected,
50 (3, manganin-wire wound resistor grounded through a 60 uf mylar
capacitor.

The temperature control of which this system is capable may be seen
granhically in Fig. 7. Note the abrupt change from transient to iso-
thermal control. In the isothermal rontrol regions only small temperature
fluctuations "~41.0°C(+1.8°F)] about the control temperature occur.

MaxiZWOK

Power to the steam superheater is controlled by the signal from
the Pt vs Pt-104 Rh thermocouple located at the uvper end of the reaction
tube (see Fig. 8). An ice bath cold junction is -itilized, and control
is provided by an I&N Speedomax H recorder-controller. The furnace
temperature is controlled by the Chromel-Alumel thermocouple in the
furnace anmilus, again using a Speedomax H controller with a built-in
temperature compensator. The measuring Pt vs Pt-.0% Rh thermocouples
are fed into two Esterline Angus, Model 1102S reccrders; one of the
couples is wired through an I&N DPDT, low-thermal-emf, copper switch so
that its signal can also be read on the K-3 potentiometer. The calibra-
tion of the Esterline Angus recorders is checked before and after each
experiment using a portable potentiometer; however, as in the case of
MiniZWOK, the accepted temperatures are based on the K-3 potentiometer

readings.
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At the control temperature a MaxiZWOK specimen is subjected to
temperature oscillations of about :2°C (3.6°F). Two frequencies and
amplitudes of oscillations were observed related to the independent con-
trol of tne steam superheater and furnace temperatures.

Temperature Variations During Experiments

Virtually any temperature control system will produce temperature
oscillations about a control point, and the magnitude of this effect
in our three apparatuses has just been described. We also investigated®
the effect of such oscillations on oxide and alpha layer growth in
7ircaloy specimens in a series of computer simulated oxidation experiments.
The types of temperature cycles Investigated are illustrated in Fig. 12.
Comparison of such results with those calculated for strictly isothermml
oxidation showed that neither E-penetration values (the sum of oxide and
aloha layer thicknesses) nor total oxygen consumption is sensitive to
such temperature cycles. For example, over a 90-gec period for

ORIeL-0WG 74 - 128639

- o~

e AN ANEYAN
AR VAR VAR

o AAANAAAAA
VVVVVVVV

L)

= H L S

r=0 ‘ = 90 sec

Pig 12. <Cyclic teuperaf;ure pattern used for computer similated
oxidatinrn experiments: AT was varied up to 56°C (+28°C or +50°F).
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oscillations with a frequency of 10 sec’! and an amplitude of +28°C
(50°F), differences of less than 0.5% in £ and total axygen were
calculated.

Evidently, the average rate of oxidation is not changed appreciably
by symmetrical temperature cycling abo:t a mean. In light of the fact
that oxygen diffusion in f-Zirecaloy is the same kind of thermally
activated process as oxidation, one may also conclude that our diffusion
results are insensitive to this type of control problesa.

POTEWTIAL SOURCES OF THERMOCOUPLE ERRORS

Considerable care must be exercised in the use of thermocouples at
hizh temperatures if serious temperature errors are to be avoided. This
cautior. is particularly relevant in systems where experimental require-
ments create less than ideal conditions. We bave considered the following
list of potential errcr sources in relation to the ZMiOK program:

1. Thermal shunting

2. Electricel skunting

3. Parasitic emf’'s

4. Data acquisition system errors

Z. Thermocouple calibration errors

6. Temperature gradients in the sample

7. Decalibration of tl.ermocouples

€. Tab attachment effects.

In this section we discuss the error sources listed above as they apply
t0 each of the three apperatuses used in the program.

Thermal Shunting

The term "thermal shunting” is used here to mean the shunting of
heat to or from the thermocouple hot junction by convection, conduction,
or radiation. The process is illustrated in Fig. 13 for the case of
thermal shunting by convection. Cool steam floring past the thermocouple
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leads reduces their %empersture and csuses a flow of heat from the hot
Junction tc the leads. As & result the ho'-junction temperetuve is
lowered with a cousequent reduction in the emf genereted Ly the thermo-
couple, and the indicated specimen tempersture is erronecusly low.

Therml stunting errors, or “perturbation” errors as they are
sometinmes called, have been discussed by a mmber of investigators®
wvho have made suggestions both for minimising the errors and for
calculating their magnitude.

Ofin, - gug 7327708

over '

/// e

Yig. 13 Schemtic model {llustrating nature of thermal shunting
exTOTS.

The amalytical problem is essentially one of establishing an
acceptable model for the heat transfer system, and then solving the
beat flov equations so that the temperature at a given point in the
absence of the sensor can be calculated. While such solutions have been
obtained’?“12 for geveral cases relewant to the operation of thermocouples
on specimens suspended in flowing gas streams, these solutions are gener-
ally besed on oversimplified system geometries. Obvicusly, under these
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circumstances an experimental calibration of the system is desirable:
tut freguently it is impractical or even impossible, as in our case,
to carry out such a direct calibratior for a real system. For this
reason wve have taken the position that we should design our apparatuses
in such a vay as to minimize perturbtetion errors, while at the same
time making use of existing computational procedures to estimate the
mgnitude of the errors involved and to guide the design work. Equations
derived by Nusselt (reported by Jakob!” and others) or Boelter!! proved
useful in the iatter effort; and they have the added virtue that, because
of the mature of the assumptions made in each derivation, the calculated
perturbation error is believed to be greater than the actual error.
Thus the results described below may be regarded as indicating the
approximate maximum possible perturbation error in our experiments.

The equation reported by Jakob!” is based on the following model:
An infinitely ertended, homogeneocus body bounded by & plane surface
is perfectly insulated against heat loss except for a smell circular
area. From this area, a cylinder or wire extends perpendicular to the
plane surface into an environment having a temperature different from
tre uniform temperature of the body. The equation relates the temperature
of the interface between the body and the wire to the temperatures of
the body and its environment and to the several parameters that govern
the flow of heat. The temperature perturbation created by a two-wire
thermocouple is identical, at least for the ideal model, to that for
a single wire. The heat flow from the junction in:o the wire is given by:

= 3y1l/2 \ *
q, = n(2kwhro ) / (t, - ty) (2)
where kw = thermal conductivity (f the thermocouple leads,
h = heat transfer coefficient between thermocouple leads and
environment,
r. = radius of thermocouple leads

t. = temperature of the interface between body and enviromment
(thia is the temperature measured by the thermocouple),

ct
1}

envirorment (fluid) temperature.

*A typographical omission exists in Jakob'sl? presentation of this equation.
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The flow of heat out of the body into the area created by the
Junction of the thermocouple lead is

q, =4r.x(t -t), (3)

where r, = the effective junction radius, assumed to be identicel to
the wire radius,
k = thermal conductivity of the body,
t = temperature of the body.
For steady-state conditions, the heat flows in Bys. (2) and (3) are

equal. _...s, combining the two expressions and rearranging:
n [k pr,
g
t-t, = —Y_° _ (t-t). (&)
: n kwhr,‘ €
1L+~ [——
k 8

This expression affirms that the perturbation error (t - t:) in the
temperature measurerent depends upon the temperature difference between
the body and its environment (t — te), the thermal conductivities of
the body and the thermocouple leads, and the heat transfer characteristics
between the leads and the enviromment. Jakcb also suggests sn ewpirical
expression for the heat transfer coefficient h which, when substituted
into the above equation, results in a perturbation error that is inde-
pendent of the thermocouple wire diameter. However, Otter® points out
that in practice the wire size is generally a real variable.

Boelter et al.ll analyzed the perturbation error for the temperature
measurement of a thin plate with a cold fluid on one side and a Lot
fluid on the other. The thermocouple is mounted with its leads perpen-
dicular to the surface of the plate in the hot fluid. Boelter's mndel
18 not directly applicable to the specimen geometry and heat-rlow
conditions in the MiniZWOK apparatus; however, within the limits get by
the additional simplifying agssumptions, the perturbation error should
be similar for both cares. The an8lysis is based on a balance of heat
transfer rates on the plate concentric aboit the thermocouple wire
attachaent area. The solution is given in several forms. Utilizing
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several approximations that are wvalid for small perturbation errors,
Boelter derived the following equation:

-t m—[ (B r.) - 0.7,

t--t:e kb

vhere b = thickness of the plate, B = (b, + b )/vk, wvhere b, and b,
are the appropriate hest-transfer coefficients on the opposite rides
of the plate, and the other symbols have the same meaning as in Bgs. (2)
anmd (3).

This equation shows the relationship between the perturbetion error
(t = t_.) an? the parameters of the system in a memner gemerally cousistent
with By. (4). The thermocouple and plate dimensions appear as more
important variables in By. (5). is obtains, at least in part, because
of the different geometries and beceruse of Boelter’s assumption that
no temperature gradient exists in the plate normml to its surface. Pnr
minimum error, it is seen that the thermocouple leads should have a low
thermal conductivity and a smell dismeter; the plate should be *thick and
of high thermal corductivity. In addition, if the effective heat treasfer
coefficient, h, between the thermocouple and the flowing fluid can te
decreased by insulation or by positioning, then the perturbation er.or
will be reduced accordingly.

Bjuation (4) wvas used to estimate the maximm perturbvation error
anticipated in ou- one-sided MiriZWOK apparatus. A major uncertainty
in the calculation lies in the assignment of the fluid (heliun or argon)
temperature and flow characteristicsg in the vicirity of the tiermocouple
installations. Not only does this temperature enter directly into the
equation for the perturbation error, but the heat-transfer parameters
are also inmlved. Por example, the effecctive heat transfer coefficient,
h, between the fluid and the thermocouple wire can be calculated on the
basis of fcrced convection at low flow rates or on the basis of natural
convection with assumed temperature differences in the system.!> Both
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methods give the same value of h within a factor of 2 for low-
conductivity gases such as air. If ve assume that a reasomable walue
for the heat transfer coefficient between the inert gas in MiniZWOK and
the thermicouple vires is 57 W m 2 ‘¥~ {10 Bta br”! ££72 °F7'), about
an order >f magnitude higher than the steam-specimen heat transfer
coefficiznt, then we can calculiate an approximste wvalue for the pertarbe-
tivi error. The thermal conductivity of the thermocouple wvire, kv’

is approximately ™° W a~! ‘K"! T4C Btu br™* £t72 (“F/rt)"]; the thermal
conductivity of the specimen, k, §; taken as 31 W a @ K’

r1° Ptu hr ' 72 (‘F/rt)"!). Therefore, substituting directly into

Ea. (4Y, we obtain:

7= (t - tf,‘/(t - te) = 0.025. (¢)

This result predicts that for bere-vire thermocouples extended
at right angles into the inert gas stream the perturbation error will
be 2.59 of the difference Detween the specimen and inert gas tempersturcs.
The effective argon or helium gas tempersture in the vicianity of the
thermocouple installation is uninown. However, aside from circu’ation
owing to convection, the flow rate on the inside of the tube should te
very small, allowing the gas to be heated bty contact with the components
of the system that are heated directly by the radiant beating furmsce.
If, for example, the effective zas temperature in the cylindrical volume
defined by the specimen is within 100°C (180°F) of the specimen tempera-
ture, then a maximin perturbation 2rror of 2.5°C (4.5°F) would be antici-
pated. Of course, because our thermocouple installations are constructed
to minimize this ef”ect, the actual perturbation error should be les..
As described elsewhere in this report, the experimental results are
consistent with the prediction that the perturbation error is samll for
measurements of temperature in our one-sided MiniZWOK oxidation apparatus.
As emphasized earlier, the Boelter equation, By. (5), for platie
specimens was derived with a different model and assumptions than those



employed for the case of the insulsted semi-infinite slat. While we
have no basis for sscertaining which o>f these treatments is best suited
to descride our particular svstem, it is of interest to note that the
Boelter expression leads to a similar value for the perturbation error
vhen the same system parameters are used. For our case, the “plate”
thickness is 0.68¢ mm (C.00225 ft): and we assume for purposes of
calculation that the hest transfer coefficients on ejther side of the
plate, h and H;, are each 1 Btu hr! 72 F7! (7 W ‘KTY. The
ingertion of these values into B. (5) yields

7= (t -t /(- te,‘ = C.733:, (-

thus, EBg. (5) predicts that the perturbation error will be 3.3-71
of the difference between the specimen and coolant temperatures, which
is quite close to the error predicted by By. (4). In addition, the
error is only moderately dependent upon the particular values chosen
for the plete heat transfer coefficient, ” varying from about 4 to 24
23 the coefficients change from C.£ to €0C W m™° ‘K ° (0.1-100 Btu
hr ® £e72 P71,

The results of these calculations are recognized as being approxi-
mate. Thelr contribution, therefore, lies not so mich in a precise
prediction of error values tut in the fact that they indicate the
rel: tionship between some of the important system parameters that
sffect temperature messurement errors, thereby suggesting means for
reducing these errors to a minimm. Our thermocouple installations are
constructed with these ideas in mind.

Thermal Shunting in the MiniZWOK Apparatus

Our decision to construct the MiniZWOK apparatus as a one-sided
oxidation system with steam or the outside and the thermocouples mounted
internally was & diract conseguence of the need to minimize thermal
shunting effects. Errors on the order of 100°C (180°F) have been observed
in systems where the thermocouples were exposed to rapidly flowing, cool

stesm.'* A discussion of the magnitude of such errors may also be found
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in Jeob.!” 1In MiniZWOK the thermocouples are subjected only to very
slowly flowing helium, aid the helium itself is preneated as it passes
over the hot Ai,O, thermocouple insulation in the lower portion of the
apparatus. In normml ecperiments the helium flow rate through the
center tube of the apparetus is 0.24 cc/sec, and no changes in the
measured emf's of the thermocouples were noted vhen helium flow rates
were varied from O to 4.9 cc/sec (higher flow rates were not attempted)
in the range of 200 to 130C°C (1€52-2372°F), indicating the absence of
any significant convective or conductive thermml shunting errors owing
to the flow of heljum past the thermocouples.

In order to minimize the possibility of radiative thermal shunting,
a tantalum heat gshield is located in the upper portion of the Zircaloy
specimen (see Fig. 6). The Al,0 thermocouple insulation located in
the britom specimen support tube also acts as a hea* shield. However,
radiation losses from the thermocouple leads appeared to be small in
any case as ve observed no change in messured specimen temperatures at
a given furnace set point temperature with or without the tantalum
heat shields.

As already noted the thermocouples used in this apparatus are
spot welded to tantalum tabs, and the tabs, in turn, are carefully
spot welded to the interior of the specimen tubes. The thermocouple wires
are led avay from the tab along the tube wall in a path parallel to the
axis of the tube (supposedly the patn with the minimm thermal gradient)
to minimize conduction errors (see inset, Fig. €). The vertical sections
of thermocouple wire between the tabs and the double-bore AL,0, insulation
(see inget, Fig. €) are covered with single-bore Al,0, insulation. We
have broken the single-bore insulation into smmll pieces to minimize heat
conduction to or away from the hot junctions. However, comparigon with
unbroken insulation revealed no difference in the temperature measurement.
Therefore, unbroken single-bore insulation is employed because it is
easier to handle.



These varicus design features and tests have led us to the con:lusion
that thermml shunting errors in the MiniZWOK apparatus are negligible.

Thermal Shunting in the MaxiZWOK Apperatus

Thermel shunting problems in this apparatus are relatively minor
because in isothermal axperiments both the steam and the furnace are at
thke same temperature. Thus even though the thermocouples are exposed
to rapidly flowing stzam, there can be no cooling effect. The possibility
of thermal shunting does arise in experiments in which substantial
specimen self-heating occurs and in which the furnace temperature is
higher than the steam temperatures. We expect such errors to be
miniml, however, because 1) the difference between steam and specimen
temperatures is relatively small - at most in tue neighborhood of 200°C
(360°F), and 2) since the furnace temperature in many cases is higher
than the specimen temperature, the errcrs due to convective losses
(steam effacts) will be of opposite sign to those related to radiative
effects (furnace wall temperature). In the worst case, using the
perturbation error analysis above, we estimate errors due to taerml
shunting to be no more tham ~5°C (9°F).

Diffusion Annealing Apperatus

The constant temperature zone of the diffusion annealing furnace
is celatively long 77.3 c® (3 in.)] and the anneals are carried cut in
vacaum {~1 x 107> torr). The furnace is also well shielded (see Pig. 10).
Thus factors leading to thermml stunting are, in general, not encountered
in this system. Their absence is borne out by the fact that for an
anneal at a nominal temperature of 1150°C (2102°F) readings of 1149.4,
1149.€, and 1150.1°C (2100.9, 2101.3, end 2102.2°F) were ottained with
a Pt—<%4 Rh v Pt—30 Rh thermocouple, a P: vs Pt—10% Rh thermocouple,
and an automatic-balancing optical pyrometer, respectively.

Electrical Shunting

Thermocouple errors may arise due to electrical leakage of the
thermccouple ingulators or tc thermionic emission between thermoelements

————
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or other metals in the system. These errors can be as large as several
hundred degrees Celsius in certain environments and at very high
temperatures fe.g., in argor at a pressure of 43 torr and at temperatures
near 1800°C (3272°F)].* However, in tne current work this phenomenon
was not a problem. For example, the resistance of an open circuit
thermccouple at 1306°C (2372°F) in the MiniZWOK apparatus was 5 x 10°
ohms and 1.7 x 10° ohms at 1455°C (2€51°F), which are much too high
values to allow significant electrical shunting. A similar experiment
in the MaxiZWOK apparatus produced a value of ~10% ohms. The decrease
in resistivity relative to that measured in MiniZWOK was attributed

to the fact that the lower ends of the MaxiZWOK toermocouples are
exposed to the distilled water of the quench beth for the apparatus;
however, a resistance of 15 olms was still considered sufficiently hign
to preciude the existence of significant electrical shunting. The

best evidence for the absence of such effects in the diffusion furnace
is the agreement between temperatures measured by the thermocouples and
the optical pyrometer; even at 15C0°C (2732°F) these differences were
within the calitration error i1imits of the oyrometer.

Parasitic EMF's

Temperature measurement errcrs can be caused by the presence of
rarasitic emf's in the electrical 2ircuitry of thermocouples. Referernce
here is made to such effects a3z ground loops, moise, pickup, and problems
associated with the use of improper lead wires, reference Junctions,
feedihroughs, etc. The elimination of such error sources requires
considerable care and the use of proper thermometry technigues. In
gettirg up the circuitry for all our systems we worked closely with
representatives of the Instruments and Controls Division of ORNL, and
the stops taken to overcome thege problems have already been outlined
in the section on Control ané Recording of Temperatire.
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Data Acquisition System Errors

Our primary standard used in measuring thermocouple emf's is a
~arefully calibrated Leeds and Northrup K-3 potentiometer or a Honeywell
Rubicon, Model 2780, potentiometer. The accuracy of the former is
given as 0.015% of the measured emf plus 0.5 uV, while that of the latter
is 1 uV or 0.015% of the measured emf, whichever is greater. Thus at
1500°C (2732°F) for a Pt vs Pt-10% Rh thermoccuple, each potentiometer
has ar accuracy of ~J.2°C (0.36°F).

For our MiniZWOK experiments time and temperature are also recorded
yith a Computer Operated Data Acquisition System (CODAS). This device
is calibrated against the K-35 potenticmeter at the beginning of each
experiment, and recalibrations immediately after an experiment revealed
no change. Thus for short periods of time the accuracy of CODAS arpears
to be comperable to that of the K-3 itself.

Thermoccaple Calibration Errors

Thermoccuple calibration procedures and uncertainty limi*s were
described in detail in an earlier sectioun. This uncertainty is greatest
at temperatures above the gold point [1064°C (1947°F)], and we estimate
it to be *1.5°C (2.7°F) at 1500°C (2732°F). Below the gold point the
uncertainty is #0.8°C (1.4°F).

Temperature Gradients in the Semple

We have no evidence for the existence of temperature gradients
within samples in the diffusion anneal furnace or in the critical part
of the tubing used in the MaxiZWOK apparatus. The MiniZWOK samples,
however, ere not completely isothermal. There is a longitudinal gradient
of ~4°C/cm (7°F/cm) from the center to the ends of the specimens. T.ere
is also a circumferential variation (two-fold symmetry) in temperature
of ~7°C (13°F). The qued-elliptical furnace is built in two hinged sec-
tions that can be opened up to allow the insertion of the reaction tube.
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The hinge and correspondiing opening on the other side of the furnace
are located along the vertical center line of two opposed elliptic
hemi-cylirdrical reflecting surfaces. The positions of the cooler
regions on » specimer. correspond to the positions of the hing= and
opening, le=ading to the conclusion that ttese imperfections in the
reflecting surfaces reduce the efficiency of the furnace in these areas.

These temperature gradients cause no particular problem for oar
measurements of oxide and alphr layer tnicknesses since we simply section
the specimen at the thermocouple tabs and make our metallographic
measurements in the imnediate vicinity of the tabs where the temperature
is known. We did, however, investigate the possibility that, because
of the Seebeck effect, the existence of such thermal gradients could
lead to the generation in the thermocouple of an additional emf that
is proportional to the temperature difference between the two wires of
the thermocouple at the hot junction.

A calculation was performed for a thermocouple whose hot junction
consjists of successive segments of Pt, Ta, and Pt~10% Rh. A temperature
gradient is assumed to exist across the junction with T1>T22'1'3 R '1‘1,T2 and
TB being the temperatures at the r:/Ta junction, the midpoint of the Ta
segment, and the Ta/Pt-10% Rh junction, respectively. Let E, and E, be,
respectively, the emf's generated by the thermocouple and a similar
thermocouple i which the Ta segment i3 removed. It can be shown that

By = Bp ™ (Spy = Spp)(T, = 7)) + (Sp, = Spp )Ty - T),  (8)

where the Sx's are the appropriate absolute Seebeck coefficients. The
results of this calculation are tabulated in Table 2 for the case
T, - T, =1°C (1.8°F).

The "Worst Case Error” listed in the table was calculated on the
sssumption that the thermocouple leads are welded at the edges of the
tabs, thus producing a hot junction length of ~2 mm. The worst
temperature gradient in our sample is ~0.8°C/mm (1.4°F/mm), thus creating
a temperature gradient of 1.6°C (<.9°F) across the hot junction.
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In antuel practice we attempt *o keep the length cf our thermocouple
hot junctions at a minimum. Thus for a well made thermocouple jurction
the error due to the Seebeck effect should be at least an order of
magnitude smaller than those listed for the "Worst Case.”

The calculations given ahove were made for a Pt/Ta/Pt-104 Rh
Jjunction, whereas in actual practice the tantalum tab is attached to
the Zircaloy tube. Thus the Zircaloy might also be expected to contribute
to the Seebeck error. We have made a few rough determinations of the
absolute Seebeck coefficient for Zircaloy-4, however, and find it to bhe
appreximately 1 iV greater than that for tartaium. Therefore, ;. (8)
mey also be expected tc give a reasonable ostimate of +he Seebeck
effect temperature error for a Pt/Ta—Zr/Pt-10%4 Rh junction.

Table 2. Seebeck Effect Temperatuvre Errors

‘1(‘?3 EM - E:'[‘/"C (EM - ET/dE/dT)/"C Worst Case ;;rrora

(w/°c) ("C/°c) ("F/ec) (°c) (°F)

900 ~12.70 -1.2 2.2 -1.9 3.4

1100 ~18.60 -1.4 2.5 2.2 4.0

1300 ~22.70 -1.9 3.4 -3.0 -5.5

1500 -26.2 2.2 .0 -3.5 -6.3
aSee text.

Decalibration of Thermocouples

This problem was discussed in the section on Thermocouple Calibretion
Procedures. As indicated, we have found no indication of decalibration
during times mich longer than the duration of our experiments.

Tab Attachment Effects

As already pointed out, at temperatures above about 1100°C (2012°F)
we find it necessary to insert small tantalum tabs dbetween the Zircaloy
end the thermocouples in order to circumvent the problem of the
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low-melting Pt-Zr eutectic. The success of this arrangement ocvTizusly
depends on establishing good thermml contact between the tabs and the
specimen, and our normml procedure is to spot weld the tab to the
specimen at several points. However, we have no way of determining
prior to an experiment just how good the tab attachment might be,
although in general it appears quite satisfactory. Note that "tab
attackment effects” represent a special case of thermal shunting.

We have attempted to establish an upper bourd for tab attachment
errors in ihe MiniZWOK apparatus by perfcrming an erperiment in which
one measuring thermocouple was attached to the specimen in the normml
fashion while the second thermoccuple was spot welded to a tab and the
tab positioned in the approximate center of the specimen tube.
Temperature differences of 9, 11, 10, and 15°C (16, 20, 18, and 27°F)
were observed at 900, 1100, 1300, and 1500°C (1652, 2012, 2372, and
2732°F), respectively. In this experiment the flow rate of helium
through the interior of the specimen was varied from O to ~5 cc/sec
at each temperature; no change in the thermccouple readings was noted
except at 900°C (i652°F) where a temperature drop of 1°C (1.8°F)
was noted for ‘he unattached thermocouple. These results sei: the
maximum 1limits for temperature errors due to poor teb attachment.

Our regular experimental procedure requires an examination of both
thermocouples and tabs after each experiment. Any indication of loose
attachment, e.g., if the tab can be pulled loose with a pair of tweezers,
causes us to regard that axperiment as suspect. Any accidental leakage
of steam into the interior of the specimen in quantities sufficient to
produce gignificant oxidation of the thermocouple tabs slso leads to the
rejection of the experiment. Thus, in a normal experiment, errors due
to poor teb attachment are expected to be much smaller than the
max?: given above and should approach zero for good attachments.

One indication cf the existence of tab attachment errors may be
cbtained by comparing the temperatures indicated by the two measuring
thermocouples. Widely differing values suggest tab troubles. For
example, if the tab to which the control and the first reasuring
thermocouple are attached makes poor thermal contact with the specimen,
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the control thermocouple will sense a temperature lower than that of

the specimen. The temperature of the specimen will thus increase until
the emf raquired by the controller is generated by the coatrol thermo-
couple. The first measuring thermocouple {attached to the same tub as
tue control thermocouple) will indicate approximately the expectad
temperature; however, the second measuring thermocouple {assumed to be
well attached) will indicate a relatively high temperature — in this case
the true temperature of the specimen.

The requiremant that reasonable agreement exist between the two
measuring thermocouple temperatures is not an absolute measure of tab
attachment guality. Real temperature differences may exist in the
specimen, spurious temperature differences may arise because of the
Seebeck effect (see above), or the two tabs may both be poorly attached.
With regard to the latter problem, the probability that the thermal
attachment of both tabs will be equally poor seems small, but, clearly,
the only real cure for tab attachment effects is to make sure that
good bonding is achieved between tab and specimen, and we mmke every
effort to see that that is done.

The above discussion applies primarily to the MiniZWOK apparatus.
We consider tab attachment effects to be considerably less serious in
MaxiZWOK and the anneeling furnace because in these two apparatuses tabs,
when used at all, are attached to the outside of the specimens, and
problems of welding and weld inspection are substantially simplified.

EVALUATION OF TEMPERATURE ERRORS

In this section we consider the magnitudes of the total temperature

meas'.rement errors in our experimental systems.

Determinant Errors

Certain parts of the temperature measuring system used with a given
apparatus may be calibrated against externai standards, and a quantitative
estimate of the error associated with each component can be obtained;




suchk errors are usually referred to as the determinant errors orf the
system. The determimant temperature errors for our three spparatuses
are summarized in Tables 3 and 4.

I=jeterminant Brrors

It is corsideradly more difficult to specify quantitatively the
indeterminant temperature messurement errors associsted with our
experimertal systems. Indeterminant errors are those related to proce-
dures or apparatus features not susceptible to direct, independent
calibration as are, for emmple, thermocouples. Exsmples o7 such errors
include the problems of tnermal and electrical shunting, decalibration
of thermocouples, tab attaciment effects, and spuricus emf's associated
w.=h temperature gradients across the thermocouple bot junctions (the
Seebeck effect).

MiniZWOK

On the basis of evidence cited in the section on Error Sources we
feel that errors related to thermml and electrical shunting and thermo-
cour;le decalibration are essentially negligible. Tab and Seebeck
ef’ect errors depend on the care exercised in installing the thermo-
couples. At worst they can amount to 15 to 20°C (27-36°F), but in
general such gross errors are easily detected through post-test metal-
lography and a direct examination of the tabs. In acceptahle experiments,
for reasons given in previous sections, suclh errors are expected to te
mich less than maximum, although we cannot give a quantitative estimate
of their magnitudes.

Max 1 ZWOK

Again for reasons already given, we believe that electrical shunting
and thermocouple decalibrations errors are negligible in this apparatus.
Errors due to thermal shunting are also very small for isothermal
experiments, although we estimate that such errors may reach 5°C (9°F)
in our "mixed temperature" experiments where the furnace temperature



exceeds the steam temperature. The relative ease with which thermo-
couples may be installed and the absence of significant thermal gradients
in this apparatus tend to minimize both the tab and Seebeck effects.

hmenlg Furnace

The long isothermml zone of the furnmace precludes the existence
of Seebeck Effect errurs in this apparatus, and tab installation
procedures appear highly satisfactory (note the extensive bonding
achieved between tab and specimen shown in Fig. 3, page 9). The other
errors discussed above are likewigse smll.

Total Error Estimates

The total temperature error for a given apparatus is the sum of the
determimant and indeterminant errors for the system. The determinant
errors for the MiniZWOK and MaxiZWOK apperatuses are listed above and
wve have already cited evidence for our belief that tre indeterminant
errors are smell. It is impcssible tc quantify them; however, in other
studies!’® it has been observed %hat the probable absolute accuracy error
of temperature measurements in a well designed system s two-~to-three
times the reproducibility. Thue, taking the determinant error es an
estimate of reproducibility, we give as the probable temperature measure-
ment error in MiniZWOK and for isotnermal experiments in MaxiZWOK values
ranging from #+4°C (7.2°F) at 900°C (1652°F) to *6°C (10.8°F) at 1500°C
(2732°F). In the worst case we believe that we can specify temperature
accurately to +10°C (18°F). During transient temperature tests in the
Max iZWOK apparatus where the temperatures of the steam, the furnace, and
the specimen are all different, the temperature error will be siightly
larger than that given atove, the additional uncertainty reaching an
estimted +5°C (9°F) for those situations where, because of specimen self-
heating, the specimen temperature is significantly above that of either
the steam or the furnace.




Table 3. Determinant Temperature Errors in che MiniZWOK and Maxi1ZWOK Apparatuses

Error Source

Temperature Error, deg., at

Uncertainty relative to IPTS-68
Thermocouple material variability
Potentiometer

Potentiometer reac out

Therma). el in copper leads
Reference (i.e bath) temperature

Total

I A o A i 4
+0.3 Q.5 +0.7 1.3 +1.0 *1.8
0.5 0.9 0.5 0.9 0.5 0.9
0.16 0.28 0.19 0.34 0.24 0.43
0.33 0.59 0.33 0.59 0.33 0.59
<0,01 <0,02 <0,01 .02 <0.01 <,02
0.01 0.02 0.01 0.02 0.00 0.02
1.3 *2.,3 +1.7 3.2 2.1 3,7
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Total

Table 4. Determinant Temperature Mrrors in Annesaling Murnace
Frror Souroe Temperature Krror, deg, a8t
anoc ¢ 1440y 1 wh IR A 4 1200 Syupty 13000 Sgep 1500t 21etr
fhermocouples
Uncertal!nty relative to IWlen®
Pt ve Pt-l4! Rh {00 0,4 ! W 1.n ]
Pt=c:% Rh ve Pt=itil Rh AN 0,0 1.0 1. 1.% 27
Thermoelenont mmteria’ variabllity [AN] 0. [ N, n,. n.o
Potentiometer error fr-
Pt va Pt=104 R. 0,11 000 Lle RIS 0,1 0.9
Pt~ Rh vs Po" ¢ 0.1~ cMn 0, 0,180 AR 0,04
Potent t.meter reading orro: 010 0. nn o1 n,10 e
Thermal .l in .opper leads S Q.0 <, "] 0 <, 0} Q.00
Keference (ice bath) temp. errov o.M 000 n,n 0,00 U] .00
Total thermocouple errear for
Pt va Pt-10% R +1.00 vl HO LB PR oLk "], [h P
Po=64 Rh v ¥t~=... ¢ Rn [ v 1. v et b
Automa®ic Balancing Optical Pyromet
NBS calibretion ervo:r for strip ..mp 1.0 hr ol A
Deviation of pyroaeter table 0,0 B LI S I
“A" value error for virlow A prism O AR N 0, % ro
Error in determining refyrence lemp
current G0 (1,04 R
Total L oy, oo .
Matnally Balanced Pyrometer
Error in calldrating strip 1| wp 1,4 S 1
"A" value error for window prism P A PR N4 0,0
Instrument res ility error N AR S0 N,
D I ve ! vy o

Ly



Additiomal evidence for the walidity of our temperature error
analyvsis is svailatle from an examimation of cxide layer thicknesses
on the axidized Zircaloy samples. Fecause of the thermsl gradients in
ouir samples or on sccount of smmll variations of the control point
between experiments, we observe messurable differences in avide thickness
st different poirts arocund the circumference of a sample, dif“erences
that can %Ye correlated with differences in temperature as indicated by
our two measuring thermocouples. An extreme examplie 5f this effect
occurred in an experiment w*ere the nominel oxidation temperature was
130C*C (2372°F). One measuring couple reed 1307°C {2385°F) ani the
other 1323°C (2424°F); the cor: Spoi rg axide thicknesses measured at
thke positions of the two coiples were 53 and 7 i'®, respectively. 3Becamuse

- Jreliminary —esults anpear co agree well with the previous data of
Hobson, *° we can r-» the activation ¢ determined r'rom Hobson's data
to caiculaten cxia thicknes.e expe:tc. at 1307 and 1329°C (2385-2424°F).
The pred® * " v s ~e 33 - 3155 . While this result o w0*
bear .i: c absc_ute sccurac ~f our - orature me« - - s,

"t does indicate that the ra- -~ errors are smai: and well “thir “he
ncertainty limits given.

The o real toqua. "~ the . 2terminant errors i~ ex-

=ntal apparatus is to - mare esults obtained with thosc measwuz
‘a a completelv *ifferent apparatus or by a cowpletel, ifferent methoc
We will be abl: . make - “ compar?-nns on . ve ~wplete the data
acquisition ¢« _> of the progz 'm, . expect ._ commer further :.
this regard . the final report c.. v=- project.

The tota' emperature error f- the annealing furnace used in the
daiffusion exp iments is somewhat . ..ier to agsess in that temperature
seasur .ents were made using both thermocouplez an an optical pyrome .
Thus we-have two i lependent checks on tempers* - ... 2 compare these
results in Fig. 14 where tt ~ ing of the Pt . Pt-104 Rh thermocouple
is treated as the reference temperature, and the differences between that
temperature and those indicated by the Pt—6% Rh vs Pt—30% Rh thermocouple
and the pyrometer are plotted as a function of the reference temperature.

C e wwe w—
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Fig. l4. Plot of temperature differences among thermocouples and pyrometer as a
function of reference temperature. Temperatures, T,, indicated by the Pt va Pt=10% Rh
thermocouple “"ere taken as reference temperatures nﬁd compared with T,,, the temperatures
of the Pt-6-  va Pt-30% Rh thermocouple (open circles) and of the pyrouotor (closed
circles). ... open and closed aquares at 1150°C (2102°F) refer to measurements made with
the Pt—6% Rh va Pt—30% Rh thermocouple and the automatic balancing pyrometer, respectively.
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Az my be seen, pcre toan 0% of the differences fall within the
determimant error bend for the thermncouples end only two pyrometer
readings lie octside the correspending error band for the pyrometer.

We conclude, therefore, that the absolute error for our tempersture
measurements in the amnealing furnmece is not greater thar the determimant
error for the pyrometer "approx. :3.7°C (£.7°F) at 100C°C (1832°F) amd
#4°C [7_2°F) at 150C°C (2732°F)). More likely, this error spproximstes
the determimant error for the thermocouples 7+1°C (1.8°F) at 900°C
(1452°F) and :2°C (3.4°F) at 1500°C (2732°F)].

Influence of Temperature Frrors on Oxidation
Rate Constant Determimations

As indicated in the Introduction, the oxidation rate constant is
an exponential function of reciprocal temperature, and relatively smmli
errors in temperabire measurement can lead to large errors in the
determination of the rate corstant. The error relationships shown in
Fig. ! were calculated on the assumption that the rate constant was
determinied on the bagis of one temperature measurement. In actuality
our determinations of rate constants are based on ten different oxidaticn
experiments of five different time durations, two experiments being
carried out at each time. Tru- “he extent that our temperature
measurement errors are ra: « . -ocedure tends %o average out the
effect of temperature errcrs.

In order to test the magnitude of this averaging we performed a
series of computer simulation experiments in which the oxida’.“~-n tempera-
ture was assumed t- vary randomly in the interval T - 10°C < . +10°C,
where T is the nc al temperature of the experiment. The temperstures
were distributed as a normal random variable with mean, T, with a 95¢
probability that they lay within the desired temperature interval. These
temperature values were then fed into the standard oxidation rate
equation

£ =kt (9)



wbere § is the total oxygen consumption in time, %, and X = : exp{—¢/3T"
vhere {, the activation emergy, was taken as 35,377 cai/wole, and T and

T are the gas coustant srj the true tesperuntire respectively. The values
of the t's selected were those actually used in gur experiments. I« order

to normelize the k's, A was chosen as exp I/RI', vhere T is the nomiral

temperatiire c the experiment; thus for the case wvtere ‘e tespersture
error is zero, the slope of a plot of £2 versis t is unity.

On =his tasis s thousand oxidatior —ate curve: were gemerstied for
each tempersture considered and a least sguares fit of treir slopes
obtained. The avz:age and the stardard Jeviation for each set of ore
“‘thaxsand estimated slopes is summerized in Teble 5.

Table 5. Average and Standard Deviation of 120 Simulated Slopes
True value of the slope is K/T' =1

Temperature Averags Slope
(<c) Slope Standard
Teviation
20C 1.243%C 2.05¢€8
100C 1.00043 T.05k382
1100 1.00043 C.C4593
1200 1.0C0i4 3.23476
130C 1.00C3¢ 0.03122
1400 1.00025 0.02535
1500 1.00012 0.02221

A more meaningful display of these same data was obtained when the
range of values of the estimmted slopes was divided into intervals and
the frequency of occurrence of the values in each interval plotted in
histogram form. The histogram for the 1300°C (2372°F) is shown in
Fig. 15. As might be expected for a normally distributed variable, it
was found that at all temperatures at least 95% of the estimated
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slopes have values in the interval 1 * 2 o, wnere o is the standard

deviation.

The intervals containing 90, 95, and 99% of the data are
shown in tabular form in Table 6.

Table 6. Intervals Which Contain Approximately 90%, 95%, and 99% of
Similated Slope Values

Temperature 90¢ 954 994,
Interval Interval Interval

200 0.92 - 1.08 €C.90-1.10 0.86 — 1.14
10C0°C 0.92 - 1.19 0.90 - 1.10 0.88 - 1.12
1100°C 0.94 - 1.08 0.92 - 1.08 0.99 - 1.10
Tr)eC 0.95 - 1.05 0.94 - 1.07 0.92 - 1.08
1300°C 0.96 - 1.05 3.9 —~ 1.06 0.93 - 1.07
1400°C 0.97 - 1.05 0.96 - 1.05 0.94 - 1.06
1500°C 0.96 — 1.03 0.95 - 1.0&4 0.94 - 1.05

Consider the first entry in the 90% :nterval at 900°C in the table.
This result means thet, given our experimental procedure and assuming a
raniom temperature error of +10°C (+18°F), there is a ©0% probability
that we will determine the rate constant to *8% at 900°C /1(52°F).
The error predicted from Fig. 1 is +*15%. As might be expected. the

anticipated error decreases with increasing temperature.

Thus at

1500°C (2732°F) the predicted error range for the 90% confidence level

is ~#3%,

This statistical treatment is presented not as a prediction of

expected future results but rather as an indication of the extent to
vhich the effects of random temperature errors cen be minimized. It

is unfortunately true that indeterminant temperature errors, especially,

tend to be systemmtic rather than random, 2nd it is obviously e=ssgential

that every effort be made to insure the greatest possible accuracy in

temperature measurements.
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CONCLUSIONS

Accurate measurement of temperature in the experimental paase of
the Zirconium Metal-Water Oxidation Frogram is essential. Through
careful apparatus design and the use of well calibrated P* vs Pt—10% Rh
and Pt—6% Rh vs Pt-30% Rh thermocouples we have been able to achieve
the following estimated uncertainties for the probable accuracy of
temperature measurements in “he three experimental apparetuses used.

1. MiniZWOK oxidation apparatus: #4°C (7.2°F) et 900°C (1652°F)
and +6°C (10.8°F) at 1500°C (2732°F).

2. MaxiZWOK oxidetion apparatus: same as above for isothermal experi-
ments; for nonisothermal experiments there is an additional
uncertainty estimated tc reach +5°C (9°F) in extreme situations.

3. Annealing Furnace: +1°C (1.8°F) at 900°C {1652°F) and £2°C”
(3.6°F) at 1560°C (2732°F).

The maximum possible error appears to be ~+10°C (18°F) for isothermal

oxidation experiments and no more than *4°C (7.2°F) for the annealing

furnace.
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APPENDIX A

Calibration of Pt vs Pt=10% Rh (Type S) and Pt-6% Rh vs Pt-30% Rh
Thermosouples from 25 to 1500°C (77-2732°F)

Five thermocouples were fabricated fram Sigmund Cohn wire as indi-
cated in Table 1. The wires were welded in an oxygen-acteylene flame,
cleaned with acetone and alcohol and then annealeé by electrical self-
heating according tc the following schedile: -2 min at 1400°C (2552°F),
15-30 min at 1200°C (2192°F), 1 hr at 1009°C (1832°F), and 2 hr at 500°C
(932°F).

The annealed thermocouples were threaded into high purity, DeGussit
AlL-23 alumina insulators. For Run 1 thermocouples designated ZWOK-S1,
S2, S3, and Bl were welded to the bead of the laboratory standard SL-7913.
Run #2 included SL-7913, SL-7912, and ZWOK-S4 as indicated in Table 2.
The assembly was inserted into a high purity, DeGussit AL-23 prote>tion
tube, open to the air, and this tube mounted in a furnace. The thermo-
elements were brought, directly to reference junctions maintained at
C"C bty crushed ice in a Dewar flask. Untinned copper leads (Western
Electric telephone cable) were used to connect the thermoelements to
the selector switch at the potzntiometer. The selector switch was a
silver alloy Leeds & Northrup switch. The switch was wired so that
not only could the output of the individual thermocouples be read, but
also the emf between the standard platinum thermoelement and the test
platinum thermcelements as well as the emf betwzen the test alloy thermo-
elemenis and the standard alloy thermoelement could be read. The emf's
of the thermocouples were read using a Guildline 9930 DCC potentiometer.
The data were recorded on paper tape for later computer processing.

The furnace was a tube-type furnace with a Pt-alloy heating
element and was controlled by & Type S thermocouple attached to a CAT-
type controller. The furnace power was supplied by an SCR-phase-fired
power supply.
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Table 1. Test Thermocouple Characteristics

Tesignation Type Wire Dia. Material Identification

WOK~31 S 5.02C in. Pt, Bar 452, nd a

£.32C in. Pt-1C4 Rh, Bar 245, End a
TWOK-S2 S G.02C ina. Pt, Bar 452, End b

©.220 in. Pt~-1C4 Rh, Bar 345, End b
THWOK-SC S £.010 in. Pt, Bar 452, End a

2.010 in. Pt-1C4 RE, Bar 345, BEnd a
TWOK-S4 s £.612 in. ©t, Bar 452, End b

2.C01C in. Pt—-104 Rh, Bar 345, End b
7WOK-B1 B C.01C in. Pt—<€% Rh, Lot No. 2914

5.010 in. Pt-2C¢ Rh, Lot No. 913

Table 2. Calibration Information

Test Thermocouples

Standard Max. Temp.

0.020 in. diam O$.01C in. diam Thermocouples °C °F

Run 1 s1, s3, Bl SL 7913 1500 2732
Run 2 sS4 SL 7913, SL 7912 1500 2732

Run 3 s1 New, Old SL 7913, SL 7912 1000 2732

A ey e




On the first run, the contrul thermoccsuple was loca*ed in the wall
of the Turnace. Atove about 13)0°C {1£32°F), trical lcakage caused
the measurements to be increasingly unsiable, and at 1300°C (2372°F)
the leakage increased to the point that reliable readings couzld not be
made nor the furnace controlled. The furnace was cooied to room teaper-
ature, and an electricel shield for the alumina protection tube was made
by winding a platinum wire on the alumina tube and connecting it outside
the furnac= to ground. At the same time the control thermocouple was
transferred into the alumina protection tube. 7This seemed to solve the
problems caused by electrical leakage. Tatles 3 and 4 show the therso-
couple and thermoelement comparisons for ZWCK 31 before tre electrical
leakage was corrected and for ZWCK Sh after the correction. The latter
case shows agreement to better thaa 1.0 uv.

Table 3. Thermal Emf Cosparisons in Microvolts for 30K S1
Thermocouple and Thermoelements to Reference SL 7913
Before Electrical Leslage Correctica

Nominal Thermoelements Thermocouple
Temperature 4 Pt A Alloy A B
°c P Std.-Test  Std.-Test 2 A(Pt— Alloy) Std.-Test
25 T7 .1 0.6 .5 0.4
200 2@ 1. 0.6 1.3 1.2
L0 752 1.9 0.2 1.7 2.3
600 1112 1.2 2.¢ 3.8 3.9
700 129 1.2 2.8 4.1 4.3
800 1472 1.4 -1.3 4.7 4.8
900 1652 1.7 -3.6 5.3 5.4
1000 1832 2.0 -3.7 5.7 6.1
1100 2012 4.1 =2.3 6.4 7.6
1300 2372  -28.0 1.5 13.5 9.5
1400® 2552 1.9 -8.1 10.0 1G6.6
1500 2732 0.8 -8.5 9.3 10.2

®Measurements mace after shielding installed.
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Teble 4. Thermal Emf Cosparison in Microvolts for Zwok Sk
Trermocouple and hermcelements to Reference SI 7913
After Tlectrical Leakage Correction

Nominal Thermoelements Thermocouple
Tewperzture APt L3 loy A BW
°g °F  Std.-Test  Std.-Test ) A(Pt — Alloy) Std.-Test
25 T7 0.1 .2
2°C IR 0.3 L. 4% C.1 0
500 752 .7 -1.1 0.3 0.3
600 1112 0.4 .9 0.5 0.5
700 1292 -L£.5 -1.2 0.8 0.6
800 147z -0.8 -1.5 0.7 0.9
900 1652 -0.6 2.0 1.4 .2
1000 1632 0.3 -1.3 1.0 2.0
1100 2012 ~0.2 2.7 2.5 2.2
1200 213 -C.2 -3.1 2.9 2.7
1300 2372 0.2 3.4 3.6 3.4
1400 2552 1.0 -3.3 4.3 4.9
1500 2732 2.2 3.4 5.6 4.7

Standards

The primary standard used in all runs was ORNL Type S standard
SiL-7913. In the second run, a mate to this thermocouple, SL-7912, was
included, to check that SL-7913 had not been changed by the high temper-
ature treatment in the first calibration run. The outpuls of the two
standard thermocouples agreed within 1 uwV over the entire range of
temperatures.

SL-7913 and S1~-7912 are two thermocouples made from specially
prepared wire acquired from Sigmund Cohn and given special calibrations

s < dnarmts dinard I



at the NBS; they were two of our six primary thermocouple temperature
standards until the new Type S "exact" alloy was defined by NBS Monograph
125." The voltage measurements were referenced directly through the
Guildline potentiometer to one of the satureted standard cells used to
maintain the value of the volt at ORNL.

Results

Tables and rlots were calculated for each thermocouple using the
ORRL thermocourle calibration program. These were referenced through
SL-7913 and the Monograph 125" functions to IPTS-68. Figure 1 is a
piot of the deviation of ZWOK-S1, ZWOK-S3, and ZWOK-S4 from the exact
Type 5 th.rmocouple as a function of temperature. The average values
for three thermocouples, ZWOK-AVE, was used to prepare a single table
representing the ZWOK thermocouples. As Fig. 1 shows that the spreed
of these thermocouples amounts to about 20.5°C. The line in Pig, 1 is
least squares fit of the data to a third-degree polynomial. The be-
havior of ZWOK-S1 only is shown in Fig., 2. Thermocouple ZWOK-S2 was
not included in the calculations of ZWOK-AVE because of somewhat more
scatter in the data as shown in Fig. 3. This scatter is probably due
to the electrical leakage observed at the 1100, 1200, and 1300°C (202,
2192, and 2372°F) points, since the points at 1400°C and 1500°C (2552—
2732°F) taken after installation of the shield wire agreed with the other
two thermozouples in Run 1 run within about 20.1°C (.18°F). It is not
clear why ZWOK-S52 was affected by the leakage more than other thermo-
cnuples.

*Robert L. Powell, William J. Hall, Clyde H. Hyink, Jr., Larry L. Sperks

George W. Burns, Margaret G. Scroger, and Harmon H. Plumb, "Thermocouple
Reference Tables Based on IPTS-62,” NBS Monogrsph 125 (March 1974).
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ZWOK Sk from exact Type S thermocouple as a function of temperature.
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The data in run #*1 were taken in the order:

Emf - Std. SL-7913
ZWOK-S1
. 0K-S2
ZWOK-S3
ZWOK-Bl
std. SL-7913

Pt-5td. vs Pt-test
ZWOK-S1
ZWOK-S2
ZWOK=S3
ZWOK-B1

Alloy-std. vs Alloy-test
ZWOK-S1
ZWOK-S2
ZWOK-S3
ZWOK-B1

Emf-Std. SL-7013
Maintaining this measurement schedule, allows one to use the behavior of
SL-7913 to correct for furnace temperature drift at a given calibration
temperature.

At a given temperature a linear drift of the furnace was assumed and
the test emf's were adjusted accordingly. Table 5 gives the maxirum dif-
ferences observed between thz two standard emf meausurements at the various
test temperatures.

Figure U4 is = reprciuction of page 1 of the calibration table for
ZWOK-S-AVE for the range O to 49°C (32-120°H in one degree steps. Entries
in this table include the thermal emf (millivolts) at each temperature as
well as the temperature derivative (millivolts per degree) to allow
interpolation. The complete table extended from O to 1439°C (32-2730°F).

Thermocouple ZWOX-Bl, Pt-6% Rh vs Pt—30% Rh, was ircluded in Run .,
and Fig. 5 compares ite behavior to that reported in Monograph 125.!
Except for the data scatter at 1100 and 1200°C (2012-2192°7) associated
with electrical leakage, the calibration appears quite acceptable and a
table similar to Fig. 4 was prepared for this combination.
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Table 5. Llinear Drift used in Calibrations

Test Temperature prift (V)
°C °F

21.45 70.61 0.3
192 378 0.2
409 768 1.3
598. 5 1109.3 0.2
701 1294 1.7
8ol 72 0.4
90k 1659 1.5
999 1830 2.0
1109 2028 4.5
1308 2386 2.3
1412 2574 4.1
1500 2732 3.2

Retest of 0.010 in. Type S Material (Run 3)

A sample of a used 0.010 in Type S thermocouple (0ld) was submitted
for retest along with a new thermocouple (new), both made from the same
materials previously calibrated. The calibration was run in a similar
manner to that previously described, but the temperature range extended
to only 1000°C. Data were taken both on heating and on cooling. Pigures
6 and 7 show that no substantial difference was found between the "new"
and the "old". Both were within $0.5°C (0.9°F) of the ZWOK-S1 thermo-
couple which was included as & reference along with laboratory standard
SL-7913. SL-7913 was ihe same reference standard used in the first ZWOK
calibration run.

R. L. Anderson

Metrology Research & Development
laboratory

Report of Calibration

November 24, 1975



64

Y-S
D 0= ZHOK-B1 TYPE = BIPTS68 OEG.EQ.= 1 CAL.ORTE FEB 7S

3.50

3.00

2.50

:
T

DEGREES C DEVIATION
Q

-3.00

-3.50

<4.00

-4.50

-5.00

| 1 | 1 i
0O 100 200 300 OO SO0 600 700 800 900 1000 1100 1200 1300 1400 1 1600
TEMP DEG. C
Fig. 5. Thermocouple deviation data for ZWOK Bl from NBS monograph
J25 as a function of temperature.




ir emmm N o e o v

65

¥- £

O, N0=  ZWOK-NEW TYPE = S IPTS68 DEG.EQ.= 2 CAL.DATE S-7S

3.50

2.50

2.00

OEGREES C DEVIATION,
o
x

-2.00

-2.50

-3.00

-3.50

*.m

*.w

"'”F"‘%T%b—
-3 0 1 1 11

(EMP DEG. C
Fig. 6. Thermocouple deviation data for ZWOK-New from an exact

Type S thermocouple as a function of temperatura.

1200



Y- 1502

10,40 ZHONK-OLD TYPE = S IPTS68 DEG.EQ.= 2 CAL.DRTE S-7S

‘ l

3.50

3.00

2.5

2.0

g
L

DEGREES C DEVIHTION,
Q

P

%
8

2.5 4

-4.00

-4.50

TEMP DEG. C
Fig. 7. Thermocouple deviation data for ZWOK-01d from an exact

Type S thermocouple as a function of temperature.


file:///pUfO*

cn
~

APPENDIX B

Refer:nce Junction Systems

The Pt-10% Rh, Pt, Pt—30'! Rh and Pt—-€% Rh wires for each of the
thermocouples of the experimscntal systems (MiniZWOK, MaxiZWOK, and
the annealing furnace} wcre individually joined by mechanically twisting
tc vinyl-insulated cooper telephone wires to form the cold junctions.
These ¢cld junctions vere insulated from eack other by vinmyl tubing and
were placed two each in 7 mm (0.28 in.) diam glass tubes 25 cm (10 in.)
long partially filled with a ~1O cm (4 in.) long columm of mineral oil
for thermml uniformity. A silastic compound was extruded into the open
end of each glass tube to seal the cold junction to minimize water
accumulsation in the tubes. This procedure precludes electrical stunting
between the cold junction wirves.

The sealed glass tubes were mourted in a cork stopper which formed
the top of a Dewar flask containing the 0°C (32°F) ice water bath. Good
thermml contact of the cold junctions with the bath was assured by the
large L/D ratio of the tubes (~3£) and the mineral oil colusc. Previous
experiments have shown that similarly constructed cold junctions obtain
the bath temperature at a depth of immersion of less than 10 cm (4 in.).*
Various combinations of water and ice formed from distilled and tap water
obtain 0°C well within the #0.01°C 1limit specified in the foregoing error
analysis.? The cold ‘unction used in the Metrology Laboratory thermocouple
calibration facility was of a similar design, and tke thermml EMFs asso-
ciated with the copper wire circuit were found to be 3.015 microvolts
{~0.003°C).

In the annec'ing furnace cold junction system the glass tubes were
fitted in a drilled copper block which was immersed in the bath. This
copper block provided further insu: *nce that all of the cold junctions

4D. L. McElroy, ggess Report 1, The%h Research Report for the
Period Novewber 1, 1 to October 31, 1957, ORNL~- Mare .
tJ. P. woore, R. S. Graves, T. G. Stradley, J. H. Hannah, and

D. L. McElroy, Some Thermal Trarsport Properties of a Limestone Concrete,
ORNL-TM-2644 (August 1969).
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were at the same temperature and served as a thermal inertis block in
maintaining the cold junction tempersture constant during the time the
ice bath vas being changed. This was useful in long *ime diffusion anneals

to prevent major changes in the control of the furnace temperature due
to bath replenishment.




