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ABSTRACT 

This  report  describes  the  thi  rat— 11 j  techniques  used  in 
tbe  Zirconium  MetalHater  Oxidation  Kinetic*  Program  Tempera
ture  measurements  in  tbe  range  900  to  150C*C  (L6522732*?)  are 
made  in  tfcree  experimental  systems:  two  oxidation  apparatuses 
and  the  annealing  furnace  used  in  a  corollary  study  o f  tbe 
diffusion  o f  oxygen  in  9Zircaloy.  Carefully  calibrated 
Pt  vs  PtlCX  Rh  thermocouples  are  •apluytd  in  a l l  three  appa
ratuses,  while  a  VtSf  Rh TS Pb30f  Rh  thermocouple  and  an 
o f t i ca l  pyrometer  are  used  in  addition  in  tbe  annealing 
furnace.  Features  o f  the  experimental  systems  pertaining  t o 
thermocouple  ins ta l la t ion ,  temperature  control,  emf  measure 
meats,  e tc .  are  described,  and  potential  t imp u s turf  mfatnremen*" 
error  sources  are  discussed  in  deta i l . 

The  accuracy  of  our  temperature  measurement*  i s  analysed 
In  terms  of  the  determinant  and  indetermlnant  errors  o f  the 
system.  We estimate  tbe  probable  absolute  accuracy  of  tbe 
temperature  measurements  in  tbe  oxidation  apparatuses  t o  be 
±4'C  (7.2*?)  a t  900C  (1652*?)  and  t6*C  (10.8*?)  a t  1500*C 
(2732*?).  In  tbe  worst  case  we  bel ieve  ttmt  we  can  specify 
temperature  accurately  to  ±10'C  (IS*?).  For  tbe  annealing 
furnace  tbe  probable  temperature  error  approximates  tbe 
determinant  errors  for  the  thermocouples,  ±1*C  (1.8*?)  a t 
900'C  (1652*?)  and  ±2V  (3.6*?)  a t  1500*C  (2732*?). 
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DRROOUCTIG* 

The g o d 1  of  the  Zirconium  MetalUtter  Oridatica  Kinetics  (ZWOK? 

i s  to  characterise  the  oxidation  of  Zircaloy*  in  steam under con

i it ioos  anticipated  in  a  hypothetical  lossofcoolant  accident.  (LOCA)  in  a 

light  water  reactor.  The work  consists  of  two  experiment*!  tasks:  l )  the 

mtaiuiimtnt  of  reaction  rates  of  Zircaloy  and  steaa  under  both  isothermal 

and  transient  teaperatare  conditions  and 2 '  the  deteralnation  of  the 

diffasiTity  of  oxygen  in  pZircnloy:  both  sets  of  acasureaents  are  being 

aade  over  the  temperatcre  range  90C t o  150C'C  (l€522T52'F).  In  both 

tasks  special  efforts  have  been  aade  to  insure  the  accuracy  ot  tempera

ture  meai n iswiits. 

T%e iaportance  of  knoving  the  teaperatare  at  which  a  specimen  i s 

oxidizing  can  be  illustrated  by  the  following  calculation.  The  tempera

txn  dependence  ot  the  oxidation  rate  constant,  k,  for  Zircaloy  i s  of 

the  form 

k  =  A exp(Q/RT)  (I) 

where  A is  a  constant  independent  of  temperature,  Q is  the  activation 

energy,  R,  the  gas  constant,  and  T the  teaperature  in  degrees  Kelvin. 

Figure  1  shows  the  percentage  changes  in  k produced  by  errors  in  tee 

se*~ired  teaperature  at  various  nominal  test  temperatures,  assuming 

a  value  of  39,930  eel/mole  for  Q.  As  discussed  below,  the  constraints 

imposed  by  the  experimental  necessity  for  measuring  tb*  teaperature  of 

a  specimen  immersed  in  flowing  steam  can  easily  lead  to  t  w  .rature 

errors  well  in  excess  of  those  shown  in  Fig.  1  and  thus  to  unacceptably 

large  departures  from  the  true  value  of  k  at  the  nominal  test  tempera

tures.  These  results  make  i t  easy  to  suppose  that  at  least  a  part  of 

the  scatter  in  oxidation  data  reported  by  previous  workers  i s  due  to 

faulty  temperature  measurement  techniques,  and  it  is  obvious  that  every 

effort  should  be  made  to  minimize  temperature  errors,  particularly 

systraatic  errors,  ir.  all  future  work. 



Fig. 1. Cross plot shoving percentage change in oxidation rate 

constant as a function of teaperature error at different teaperatures. 

A similar caveat is appropriate in diffusion studies in as anch as 

a diffusion coefficient is also an exponential function of reciprocal 

teaperature. The technical problems of teaperature aeasureaent during 

diffusion experiaents are generally easier to cope with, boverer, in 

light  ot the fact that diffusion anneals are generally carried out in 

large, veil insulated and shielded furnaces. nonetheless, care sust be 

exercised. 

This report Is s description of the teaperature aeasureaent probleas 

encountered in the course  ot this program and of the steps taken to 

define and eliminate or sdniaise sources of teaperature error. 
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In  both  the  Gxitfition  and  diffusion  tasks  nominal  ?t  vs  ?tr\2< Rh 

thermocouples  (type  S*  are  used  as  our  primary  means  for  determining 

texserature.  In  the  diffusion  experiments  ?t<<  Rh TS  Pfc3"*  Rh thermo

couples  (type  Bx  are  also  attached  to  the  specimens,  end  an  optical 

pyrometer  i s  used  to  obtain  an  additional  check  of  the  temperature. 

Thermocouple  Selection  and  Calibration 

A prime  goal  *n the  Thermometry  Task  of  this  program was  to  provide 

teaperature  measurement*  traceable  to  the  International  Practical  Teapera 

tare  Scale  cf  196?  fJPTScF).  In  the  teaperature  range  "*::  to  15CreC 

(16522*732'?),  the  I?TS€?  i s  based  on  two  instruments:  (1?  the 

Pt  TS PtlC* Bh thermocouple,  which  spans  the  range  *T..~l  to  VSAM'Z 

file"T19*e*F?,  and  (2^  above  10*4. « ' C  (  i W r \  a  radiation  pyrometer 

using  the  Planck  Law of  radiation  with  1364.£3CC  { J'^? eF\  a*  the 

reference  teaperature  and  a  value  of  C.01A3??  meterkelvin  for  C,  in  the 

radiance  equation.2 

For  this  reason  supplies  of  platinum  an*  ?tl '<  Rh refererce  grade 

thermocouple wire  were  obtained  from  the  Sigaund  Conn  Corporation.* 

Individual  lots  were  fabricated  from  the  same  heat  in  order  to  minimize 

calibration  differences.  The  Pt6f  Rh and  Pt30f  Rh vires  were  ordered 

from  Nmttbay Bishop,  Inc.*  Several  wire  diameters  were  specified,  but 

subsequent  testing  revealed  no  differences  in  the  performance  of  thermo

couples  made  from  O.X?,  C.025,  and  C.C31  cm  (0.0C3,  O.GJJC,  0.320  in.) 

diam wires.  Therefore,  for  the  sake  of  e»se  of  handling,  the  P . 0 J 5  cm 

(C.C10  in.)  di&a wire  was  used  exclusively  in  al l  later  experiments. 

*Sigmund  Coon  Corp  ,  IPX S.  Columbus  Ave.  Mb. Vernon,  II. Y.  10553. 

*Matthey  Bishop,  Inc  ,  mivern,  Pa.  19355



Prior  to  calibration  a l l  thermocouple  wires  were  subjected  to  an  a ir 

annual.  The  i n i t i a l  anneal  '<^  schedule,  6  hr  at  1300CC  (2372 eF),  produced 

no  d i f f i c u l t i e s  with  the  pure  platinum  wire,  but  the  t e n s i l e  strength  of 

toe  Pt105  Rfc was  reduced  by  304  and  i t s  tota l  elongation  by  <*5*.  Tnis 

deterioration  of  mechanical  properties  was  shown  metallographically  to 

be  related  t c  excessive  grain  growth  in  the  wire  during  the  snneal:  the 

average  grain  s i ze  after  anneal  was  about  half  the  wire  diameter. 

Therefore,  a  l e s s  demanding  annealing  schedule  was  adopted:  2  min  at 

liWC'C  (2552<F),  20  min  at  1200€C  (2192CF),  1  hr  at  1000eC  (1832"F), 

and  2  hr  at  500'C  (932 CP).  This  treatment  produed  wires  composed  o f 

r e la t i ve ly  small,  equiaxed  grains,  and  the  mechanical  properties  of  the 

wire*  were  not  degraded. 

The  actual  calibration  of  the  various  thermocouple  combinations  was 

carried  out  in  the  Metrology  Research  and  Development  Laboratory,  Instru

*3ents  and  Controls  Division,  Oak  Ridge  National  Laboratory.  The  procedure 

used  involved  several  comparison  calibrations  of  the  thermocouples  v i re s 

to  15C0eC  (2n21?).  Several  thermocouples,  including  two  BBScalibrated 

Ft  vs  Pt10<  Rh  thermocouples,  were  connected  to  a  rnaim,  hot  junction 

and  the  emf  values  of  various  pairs  compared  with  the  standards.  A 

detai led  description  of  the  calibration  procedure  i s  given  in 

Appendix  A. 

The  data  obtained  indicated  that  the  thermoelectric  properties  of 

our  v i r e s  were  excel lent .  The  Pt  vs  PtlOf  Rh wire  behaved  very  such 

l i k e  the  NBScalibrated  thermocouples,  and  calibration  data  for  the 

Pb61f  Rh  vs  Pt30<  Rh  thermocouples  was  also  obtained.  The  temperature

emf  relationships  for  the  thermocouples  are  presented  in  tbe  Appendix. 

This  calibration  procedure  represents  an  attempt  to  achieve,  under 

ideal  conditions,  measurements  of  temperature  with  maximum  uncertainty 

of  *2'C  (3.6°F)  on  IPTS68  at  1500V  (2732°F).  Below  1064°C  (1947CF), 

estimated  uncertainties  of  thermocouple  calibrations  are  l e s s  than 

+0.2 eC  (0.36°F)  at  fixed  points  and  l e s s  than  ±0.3CC  (0.54°F)  for  table 

values  between  fixed  p o i n t s . 3  These  uncertainties  increase  above  1064'C 

(1947°F).  At  U50°C  (2646°F)  an  uncertainty  of  ±l e C  (1.8 8 F)  i s  given 
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for an NBS calibrated Pfc vs Pt-lO'jf. Kb thermocouple, and we estimate an 

uncertainty of  ±1.5*2 (2.7°F) for oiir thermocouples at 1500CC (2732°F). 

Thus our goal of an uncertainty of r2°C (3.6°F) at 1500CC (2732°F) appears 

realizable except for possible problems associated with thermocouple 

decalibration during installation end use. 

We addressed this latter concern by submitting for recalibration 

a Ft vs Pt-lO^ Rh thermocouple that had been used in various experiments 

between 900 and 1475°C (1652-£^87°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 problems. 

Portions of a similar thermocouple were also submitted for chemical 

analysis (see Table l). There was no indication of significant contami

nation which might lead to decalibration of the thermocouples. 

A feature of our experimental procedure that mitigates decalibration 

difficulties is the fact that in a normal experiment the faermocouple 

hot junction is made by welding the thermocouple leads to a small tab 

of tantalum that is iu 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 formed on the next specimen. Thus 

any contaminants near the hot junction are eliminated before they have 

-Mmp *<? ̂ -<**"use far enough along the thermocouple wires to produce 

problems. 

Thermocouple-Specimen Compatibility 

The  Zircaloysteam  reaction  is  highly  exothermic  (AH **  140  k  cal/mole 

in  the  temperature  range  of  in teres t ) ,  and  significant  selfheating  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  i t  essential  that  metaltometal  con

tact  be  maiiitained  at  a l l  times  between  the  specimen  and  the  thermo

couples . 

Unfortunately  platinumbase  thermocouples  cannot  be  attached  direct ly 

to  Zircaloy  specimens  used  in  experiments  above  ~1150CC  (2102°f)  because 

of  the  formation  of  a  low  melting  [li85°C  (2165°F)]  ptZr  eutectic 



Table  1.  Spectroscopic  Analysis  of  Pt  vs  PfclCVjt  Rh Thermocouples 

Element Analysis, ppm by wt, at positions 

1 2 3 L  5 6 7 8 

Al 7 2 2 0.5 O.l 0.1 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 0.3 0.3 0.3 0.3 

C:, 50 <0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Cr 0.5 0.2 1 0.5 0.5 0.5 0.5 0.5 

CI 7 7 10 5 7 3 7 5 

Cu 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 <J.J  0.5 0.5 0.5 0.5 

M£ s=0.5 SO.5 SO.5 SO.5 SO.5 SO.5 SO.5 SO.5 

MI 0.5 O.l O.l O.l O.l O.l O.l O.l 

Na <0.5 o.:; 0.5 0.5 0.5 0.5 0.5 0.5 

Ni 7 3 3 0.2 3 0.2 5 0.2 

P <0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Pb <1 <1 5  <L <1 <1 <1 <L 

Pd 1 0.5 0.5 0.5 3 0.5 0.5 0.5 

Pt M M M M M M M M 

Rh M M M M 

Sb 5 1 10 3 5 3 3 <L 

Si 3 7 7 7 10 10 10 7 

Ta ^1 SI S3 si si £1 si si 

Ti <> <2 <2 <2 <L  <L  <2 <2 

V O.l O.l O.l O.l O.l O.l O.l O.l 

7.1 5 <3 7 5 3 0.5 0.5 0.5 

Position  1:  Pt10#  Rh wire  adjacent  to  hot  Junction. 
Position  2:  Pb10$  Rh vire  at  break  between  double  and  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:  Pt10#  Rh wire  at  point  where  thermocouple  exited  furnace. 
Position  6:  V  wire  at  point  where  thermocouple  exited  furnace. 
Position  7:  Pb10# Rh control  sample  (annealed,  asreceived  wire). 
Position  8:  Pt  control  sample  (annealed,  asreceived  wire). 
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(see  F ig .  2 . ) .  We  circumvented  t h i s  problem  by  i n se r t i ng  tantalum  or 

iridium  tabs  >*2  x  2  x  0.075  mm  (0.08  x  0.08  x  0.003  i n . ) ]  between  the 

thermocouple  and  t h e  specimen.  The  thermocouple  leads  were  f i r s t  spot 

welded  t o  a  t a b  wi th  the  ends  of  t h e  leads  separated  by  a  dis tance  of 

about  0.25  mm  fO.Cl  i n . ) ,  and  the  tabs  were  then  spot  velded  t o  the 

specimen.  The  subsequent  discovery  of  thermal  gradients  in  t h e  MiniZWOK 

oxidation  apparatus  (see  below)  led  to  a  modification  of  the  procedure 

in  t h a t  the  ends  of  the  thermocouple  leads  were  welded  d i r e c t l y  together 

on  the  t ab  so  as  t o  minimize  the  width  of  the  hot  Junction. 

PtZr  PlatinumZirconium  Y135220 
A'omc  P&Cf.KXjt  Z'tcor.ivm 

!0  20  30  40  50  60  70  80  90 

Pt  10  20  30  40  50  60  70  80  90  It 
A s 0  Weight  Percentage  Zirconium 

Pig.  2 .  PlatinumZirconium  phase  diagram  a f t e r  Hawkins  and 

ftiltgren. 



r 

Tantalum proved  to  be  an  p..cellent  tab  material  when used  in  vacuum, 

as  in  our  diffusion  experiments,  or  in  an  inert  gas,  as  in  our  loir  thenual 

inertia  oxidation  apparatus  (see  below).  A ZrTa  eutectic  melting  at 

~1850°C  (3362°F)  has  been  reported5  but  produced  no  problems.  A narrow 

diffusion  zone  between  a  ta>j and  a  Zircaloy  diffusion  specimen  could  be 

detected  after  a  30  min anneal  at  U50°C  (26&2°c),  Fig.  3,  but  because 

the  junction  between  tab  and  specimen always  consisted  of  metal  with 

good thermal  conductivity,  we  see  no  reason  to  question  the  validity  of 

this  form of  thermocouple  attachment.  No PtTa  phase  diagram  appears 

to  be  available,  but  metallographic  examinations  of  the  PtTa  interface 

showed  no  sifn  of  interaction.  The  only  disadvantage  of  the  tantalum 

tabs  was  the  necessity  to  protect  them from  steam  during  our  oxidation 

experiments. 

Fig.  3 .  Cross  section  through  tantalum  thermocouple  tab  spot  welded 

to  Zircaloy4  diffusion  specimen.  Specimen was  annealed  in  vacuum  for 

30  min  at  1450°C  (2642°F). 
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Because it is much more difficult to protect the thermocouple tabs 

in our second oxidation rate apparatus (see below), we employed iridium 

tabs for use in steam where, in the temperature range of interest, iridium 

is inert. We were unable to find a Zr-Tr phase diagram in the literature, 

and preliminary annealing tests1 in vacuum did indicate the formation 

of a Zr-Ir eutectic between 1200 and 1300CC (2192-2372CF). However, in 

these tests the specimen was heated at a rate ->f 400cc/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 time-temperature regime shown in Fig. 4, 

the thermocouple did remain attached to the specimen throughout the 

experiment. Subsequent metallographic examination of the specimen 

(Fig. f>) showed evidence of liquation in both the tab and the specimen. 
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Fig.  I*. Recorder trace of time-temperature regime used in test of 

iridium thermocouple tab on Zircaloy-4. 
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Fig. 5. Cross section of Zircaloy-4 W R tube speciaen after exposure 

in steam according co the temperature cycle of Fig. 4.1. Illustrates 

interaction zone associated vith veld between iridium tab (on inside of 

tube) and speciaen. As polished, bright field, 62x. 

However, melting was confined to the immediate ricinity of the tab, the 

tab itself was not penetrated (thus protecting the thermocouple leads 

froa attack), and good physical and thermal contact was maintained 

between the tab and speciaen throughout the experlaent. Tor these 

reasons and because ve Anticipate oxidation experlasct* of durations 

considerably less than 4 minutes at these rery high temperatures, ws 

are confident that iridium tabs can be used successfully as needed in 

our oxidation rate studies. 
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Optical Pyrometer 

TWo optical pyrometers were used in oar diffusion studies. The 

first, available to us on an intermittent basis, was a Pyrometer 

Instrument Company photoelectric pyrometer which was calibrated relative 

to IPTS-68 using two HBS-certified gas-filled tungsten strip lamps. 

During the course of calibration and in subsequent periodic checks 

•gainst an IK vacuum tungsten strip lamp, small shifts [generally less 

than 1°C (1.8CF)] 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 maintained so that these 

additional small corrections can be made in the pyrometer readings 

between major recallbrations. Th* total error6 associated with the use 

of this instrument varies somevhat with temperature; at the gold point 

[10640C (1947°F)] xhe error is ±1.7°C (3.1°F); at 1500°C (2732°F) it 

is «v£3"C (5.4'F). 

The second pyrometer used was a Pyrometer Instrument Company 

Micro Optical pyrometer, manually balanced. This pyrometer was 

calibrated to 13G0°C using an NBS vacuum tungsten strip lamp. The 

instrument readibility error resulting from this procedure was ±2°C 

(3.6°F), an error which is a part of the total instrument error (see 

Table  A, page  A2). 

CONTROL AND RECORDING OF TEMPERATURE 

Three different apparatuses in which temperature measurements are 

required are being used in this program: an annealing furnace for the 

diffusion studios and two oxidation rate apparatuses that we have named 

"WniZWOK" and "HaxiZWOK." In all three cases the design of the units 

was considerably influenced by the need to create experimental conditions 

under which temperature could be measured accurately, controlled properly, 

and recorded in an adequate manner. In this section we give description 

of the apparatuses and of the associated wiring, control, sad recording 

systems. 
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Apparatus Description 

WniZWOK 

The MiniZUOK apparatus is a low thermal inertia device use£ in the 

measurement of isothermal rates of oxidation and in controlled transient 

temperature experiments. It is shown schematically in Fig. 6. The 

reaction chamber consists of a 60 mm (2.36 in.) O.D. quarts tube 

60 csi (23.6 in.) long vith a Zircaloy-4 PWR tube specimen [30 mm long 

by 10.7 mm O.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 is instrumented with three Pt vs Pt-10^ Rh thermocouples. 

As described earlier, the hot junctions are formed by spot welding the 

thermocouple leads to small tantalum tabs [2 x 2 x 0.075 mm (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 control

ler, and the other two are used as measuring couples. In some experi

ments a separate tab was used for each thermocouple, but 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 minimise thermal shunting effects. 

The latter purpose Is 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, DeGuaait AL-23, high-purity alumina 

insulators used to separate the lower portions of the thermocouple leads. 

The upper parts of Insulators are within the furnace and also  terra to 

preheat the helium before it reaches the interior of the specimen. 
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Fig.  6.  Scbeaatic  diagraa of the  MLniZHOK oxidation  apparatuc. 

Tha furnace  surrounding  tba  reaction  chamber  is a Research,  Inc. 

quadelliptical  radiant  beating  cbaaber,  ibdal  E*,  with  a hot  tone of 

25.4 ca (10  in.).  Heating  ratea of 150*C/aec  (270*F/aec)  or higher  can 

be  attained vltb  tbla  unit,  and the  reaponae of both  the  furnace and 

lta  controller  ia very  fast.  These cbaracterletlca  plus  the  fact  that 

tba  furnace  ia controlled  directly  by the  specimen  temperature  prevent 
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specimen  overheading  and  allow  isothermal  conditions  t o  be  maintained 

during  oxidation.  A typical  timetemperature  recorder  trace  i s  shown 

in  Fig.  7. 

MaxiZVOK 

This oxidation rate apparatus is shown schematically in Fig. 8. 

It differs from MiniZWOK in that the steam is preheated [max temp: 

~l0O0°C (1S32°F)] and the steam and furnace temperatures are controlled 

and fixed during an experiment. The specimen temperature is allowed 

to float, being determined by the combination of furnace and steam 

temperatures and steam flow rate. The latter is estimated to be ~80 km/br 

(50 mi/tar) in most experiments. This corresponds to steam flow rates of 

~1 lb/min. 

The steam temperature is measured by a Pt vs Pt—10£ Rh thermocouple 

suspended in the steam 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 cm (0.12 in.) wide annulus between 

the furnace wall and the reaction tube. 

The specimen is a 46 cm (18 in.) length of Zircaloy tubing. A 

series of ventilation slots is cut into the lower portion of A*ie specimen 

to allow free flow of steam through the interior 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 tube, 120° apart at a point 5 cm 

(2 in.) from the upper end. 

The instrumented specimen is mounted atop the plunger of a small 

hydraulic ram located in a distilled-water quench bath Just below the 

reaction chamber. Once the desired furnace and steam tamp matures and 

the appropriate steam flow rate have been attained, the specimen la driven 

up Into the reaction chamber In 4 sac. At the and of the experiment the 

sample Is again lowered in 4 sec into the quench bath. A typical time-

temperature record is shown in Fig. 9. 
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Fig. 9. Specimen temperature as a function of time for a MaxiZWOK 

oxidation experiment at 900°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—.26 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-shield heating element that is resistively heated. Multi

ple tantalum heat shields completely surround the furnace except at the 

top where an 8 mm (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. 

A 1 on (0.04 in.) diam hole drilled 8 mm (0.32 in.) deep into the top 
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experiments. 



2C 

of the zirconium disk creates a black body used for temperature 

measurements with an optical pyrometer. 

The entire unit is located inside a metal bell jar capable of being 

evacuated to pressures of 10~ C to 1Q~ torr. A port at the top of the 

bell jar is fitted with an optically flat quartz window and a right-

angle prism to provide an optical path for the pyrometer. 

Wiring Procedures and Control and Recording Systems 

In all three apparatuses the thermocouple wires are led-out of the 

system uninterrupted through ports sealed with silicone rubber or Teflon 

end from thence to an ice bath where they join low thermal emf copper 

telephone wires (see Appendix B ) . 

Annealing Furnace 

\ schematic 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 L&N Series 60 CAT controller. 

The other two thermocouples run to a "thermal free" switching station 

througn which they lay be connected to an L&N Speedomax-H recorder or 

a Honeywell Rubicon Madel 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 --*1CC (l.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 a negligible effect on 

the diffusion rate. 

MiniZWOK 

The  instrumentation  for  th is  apparatus  i s  the  most  complex  of  the 

three  and  i s  indicated  schematically  in  Fig.  6.  Temperature  control 

is  maintained  with  a  Research,  Inc.  Nfodel  D30  MicroThe/inac  Controller 

associated  vith  a  DataTrak  Programmer,  Model  FGE5110.  The  l a t t e r 

unit  is  programmable  for  vir tual ly  any  timeteroperatnr,  regime.  The 
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signals  from  the  two  measuring  thermocouples  after  passing  through 

a  thermal  free,  multiposition  switch  (contact  resistance  < 0.001  ohm, 

thermal  emf  <  i  y.V),  may be  l )  read  on  an  L&N K3  potentiometer,  2) 

recorded  by  a  twochannel  s t r ip  chart  recorder  (Esterline  Angus, 

Model  1102S,  a  multispan  unit  with  calibrated  zero),  or  3)  feed  to  com

puter  operated  data  acquisition  system  (CODASIII).  The  CODAS sys'em 

has  been  described  in  detai l  elsewhere. 7  In  our  system  the  CODASTJI 

computer  periodically  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  emftemperature  calibration  for  our  par t ic 

ular  Pt  vs  Pt̂ 10% Rh  thermocouple  wires,  and  prints  the  time  and  the 

averaged  temperature  at  ~2  sec  intervals  with  the  aid  of  a  teletype. 

The  CODASIII  system  is  calibrated  directly  before  and  after  each 

experiment  with  a  DialASource  voltage  unit  (General  Resistance,  Inc., 

Model  DAS47A1)  that  i t se l f  i s  compared  against  our  K3  potentiometer. 
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Care  was  exercised  in  properly  wiring,  grounding,  and  shielding 

the  various  components  of  the  MiniZWOK  control  and  recording  system  in 

order  t o  eliminate  ground  loops  and  other  parasit ic  emf's.  In  addition 

i t  was  found  that  considerable  high  frequency  noise  was  introduced  into 

the  system  by  the  operation  of  the  s i l i c o n  controlled  r e c t i f i e r s  of  the 

power  supply  for  the  quade l l ipt ica l  furnace.  For  th i s  reason  a  low 

band  pass  f i l t e r  with  a  cutoff  above  50  HE  was  insta l led  between  the 

multiposition  switch  and  the  CODAS amplifier  (items  19  and  24  in  Fig.  6 ) . 

The  f i l t e r ,  insta l led  in  each  copper  lead,  consisted  of  a  seriesconnected, 

50  CI,  manganinwire  wound  res i s tor  grounded  through  a  60  yj?  mylar 

capacitor. 

The  temperature  control  of  which  th i s  system  i s  capable  may be  seen 

graphically  in  Fig.  7.  Note  the  abrupt  change  from  transient  to  i s o 

thermal  control.  la  the  isothermal  control  regions  only  small  temperature 

fluctuations  r ~*1.0 c C(±1.8 c F)]  about  the  control  temperature  occur. 

MaxiTWOK 

Power  to  the  steam  superheater  i s  controlled  by  the  signal  from 

the  Pt  vs  Pt10^  Rh  thermocouple  located  at.  the  upper  end  of  the  reaction 

tube  (see  Fig.  8 ) .  An  ice  bath  cold  junction  i s  u t i l i z e d ,  and  control 

i s  provxded  by  an  L&N Speedomax  H recordercontroller.  The  furnace 

temperature  i s  controlled  by  the  ChromelAlumel  thermocouple  in  the 

furnace  annulus,  again  using  a  Speedomax  H controller  with  a  b u i l t  i n 

temperature  compensator.  The  measuring  Pt  vs  Pfc10^  Rh  thermocouples 

are  fed  into  two  Esterline  Angus,  MDdel  1102S  recorders;  one  of  the 

couples  i s  wired  through  an  I&N DPDT,  lowthermalemf,  copper  switch  so 

that  i t s  signal  can  also  be  read  on  the  K3  potentiometer.  The  calibra

t ion  of  the  Esterline  Angus  recorders  i s  checked  before  and  after  each 

experiment  using  a  portable  potentiometer;  however,  as  in  the  case  of 

MiniZWOK,  the  accepted  temperatures  are  based  on  the  K3  potentiometer 

readings. 
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At the control temperature a IfexiZWOK 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 the steam superheater and. furnace temperatures. 

Temperature Variations Curing 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.8 

the effect of such oscillations on oxide and alpha layer growth in 

7.ircaloy 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 isothermal 

oxidation showed that neither ?-penetration values (the sum of oxide and 

alpha layer thicknesses) nor total oxygen consumption is sensitive to 

such temperature cycles. For example, over a 90-sec period for 
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Fig  12.  Cyclic  temperature  pattern  used  for  computer  simulated 

oxidation  experiments;  AT  was  varied  up  to  5fe°C  (+28°C  or  ±50°F). 
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oscillations with a frequency of 10 sec and an amplitude of  ±28CC 

(50°F), differences of less than 0.5% in 5 and total oxygen were 

calculated. 

Evidently, the average rate of oxidation is not changed appreciably 

by symmetrical temperature cycling about a Mean. In light of the fact 

that oxygen diffusion in 0-Zircaloy 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 problem. 

POTEHTIAL SOURCES GF THHODCGUFLE ERRORS 

Considerable care oust be exercised in the use of thermocouples at 

hi^h temperatures if serious temperature errors are to be avoided. This 

caution is particularly relevant in systems where experimental require

ments create less than ideal conditions. We have considered the folloving 

list of potential errcr sources in relation to the ZMfOK program: 

1. Thermal shunting 

2. Electrical stunting 

3. Parasitic emf's 

4. Data acquisition system errors 

5. Thermocouple calibration errors 

6. Temperature gradients in «be sample 

7 . Decalibration of tbermocouple* 

8. Tab attachment effects. 

In this section ve discuss the error sources listed above as they apply 

to each of the three apparatuses 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 flowing past the thermocouple 
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The analytical problem ia eaaentlally one of eatabllahiag an 

acceptable model for the beat transfer system, and than solving the 

beat flow aquations so that the temperature at a given point in the 

abeence of the sensor can be calculated. while such solutions bare been 

obtained 1 0* 1 2 for aeveral cases relevant to the operation of thermocouples 

on specimens suspended in flowing gaa streams, these solutions are gener

ally baaed on oversimplified system geometries. Obviously, under theae 
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circumstances an experimental calibration of the system is desirable: 

but frequently it is impractical or even impossible, as in our case, 

to carry out such a direct calibratior for a real system. For this 

reason ve have taken the position that ve should design our apparatuses 

in such a way as to minimise perturbation errors, while at the same 

time making use of existing computational procedures to estimate the 

magnitude of the errors involved and to guide the design work. Equations 

derived by Musselt (reported by Jakob10 and others) or Boelter11 proved 

useful in the latter effort; and they have the added virtue that, because 

of the nature 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 Jakob10 is based on the following model: 

An infinitely extended, homogeneous body bounded by a plane surface 

is perfectly insulated against heat loss except for a small circular 

area. From this area, a cylinder or wire extends perp3ndicular to the 

plane surface into an environment having a temperature different from 

tee 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 ii.ro the wire is given by: 

q 0 =T T(2k whr 0

3) 1/2(t 0_t e) , (2)* 

where k = thermal conductivity i f the thermocouple leads, 

h = heat transfer coefficient between thermocouple leads and 

environment, 

r = radius of thermocouple leads 

t Q = temperature of the interface between body and environment 

(this is the temperature measured by the thermocouple), 

t = environment (fluid) temperature. 

*A typographical omission exists in Jakob's10 presentation of this equation. 

http://ii.ro
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The  flow  of  heat  out  o f  the  body  into  the  area  created  by  the 

junction  of  the  thermocouple  lead  i s 

q c  = 4 r c k ( t  t 0 )  ,  (3) 

where  r f i  =  the  ef fect ive  junction  radius,  assumed  t o  be  identical  to 

the  wire  radius, 

k  =  thermal  conductivity  of  the  body, 

t  =  temperature  o f  the  body. 

For  steadystate  conditions,  the  heat  flows  in  Bjs.  (2)  and  (3)  are 

equal.  .. .  s,  combining  the  two  expressions  and  rearranging: 

k  V  * 
t    t„  =  —=S  

TT  I k 

i *  •  '  

( t    t  )  .  (*) 
e 

This  expression  affirms  that  the  perturbation  error  (t  —  t„ )  in  the 

temperature  measurement  depends  upon  the  temperature  difference  between 

the  body  and  i t s  environment  (t  —  t  ) ,  the  thermal  conductivities  of 

the  body  and  the  thermocouple  leads,  and  the  heat  transfer  characterist ics 

between  the  leads  and  the  environment.  Jakob  a lso  suggests  an  e ^ i r i c a l 

expression  for  the  heat  transfer  coeff ic ient  h  which,  when  substituted 

into  the  above  equation,  results  in  a  perturbation  error  that  i s  inde

pendent  of  the  thermocouple  wire  diameter.  However,  Otter**  points  out 

that  in  practice  the  wire  s i z e  i s  generally  a  real  variable. 

Boelter  et  a l . 1 1  analyzed  the  perturbation  error  for  tha  temperature 

measurement  of  a  thin  p late  with  a  cold  f lu id  on  one  side  and  a  hot 

fluid  on  the  other.  The  thermocouple  i s  mounted  with  i t s  leads  perpen

dicular  to  the  surface  of  the  plate  in  the  hot  f luid.  Boelter's  model 

i s  not  direct ly  applicable  to  the  specimen  geometry  and  heatflow 

conditions  in  the  MiniZWOK  apparatus;  however,  within  the  l imits  se t  by 

the  additional  simplifying  assumptions,  the  perturbation  error  should 

be  similar  for  both  cares.  The  analysis  i s  based  on  a  balance  of  heat 

transfer  rates  on  the  plate  concentric  about  the  thermocouple  wire 

attachment  area.  The  solution  i s  given  in  several  forms.  Ut i l i z ing 



several approximations that are valid for snail perturbation errors, 

Boelter derived the following aquation: 

where b « thickness of the plate, B = (h0 + hi)/bk, where h, and hj 

are the appropriate heat-transfer coefficients on the opposite sides 

of the plate, and the other symbols hare the sane n»anfng as in Bjs. (2) 

and (3). 

This equation shows the relationship between the perturbation error 

(t - t„ ) *ni the parameters of the system in a Banner generally consistent 

with Bj. (4). The thermocouple and plate dimensions appear as nore 

important variables in Hq. (5). This obtains, at least in part, because 

of the different geometries and because of Boelter's assumption that 

no temperature gradient exists in the plate normal to its surface. F*»r 

minimum error, it is seen that the thermocouple leads should have a low 

thermal conductivity and a small diameter; the plate should be thick and 

of high thermal conductivity. In addition, if the effective heat transfer 

coefficient, h, between the thermocouple and the flowing fluid can T e 

decreased by Insulation or by positioning, then the perturbation error 

will be reduced accordingly. 

Sanation (4) was used to estimate the mmrlenm perturbation error 

anticipated in our one-sided MiniZMOK apparatus. A major uncertainty 

in the calculation lies in the assignment of the fluid (heliun or argon) 

temperature and flow characteristics in the vicinity of the thermocouple 

installations. Rot only does this temperature enter directly into the 

equation for the perturbation error, but the heat-transfer parameters 

are also involved. For example, the effective beat transfer coefficient, 

b, between the fluid and the thermocouple wire can be calculated on the 

basis of forced convection at low flow rates or on the basis of natural 

convection with assumed temperature differences in the systea.13 Both 
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methods  give  the  sane  value  of  h within  a  factor  of  2  for  lev

conductivity  gases  such  as  air.  If  we  assume  that  a  reasonable  value 

for  the  h*at  transfer  coefficient  between  the  inert  gas  in  KlniZWOK and 

the  themxMuple  wires  is  5? w u"2  '¥~l  (10  Bta  hr"1  f t ' 2  'F* 1 ) ,  about 

an order  of  magnitude  higher  than  the  steamspecimen  heat  transfer 

coefficient,  then we  can  calculate  an  appraisete  value  for  the  perturbs

tivr.  error.  The  themal  conductivity  of  the  thermocouple  wire,  k  , 

i s  approximately  **? W  m"1  'f1  i*C  Btu  hr*'  ft" 2  C r / f t ) * 1 } ;  the  thermal 

conductivity  of  the  specinen,  k,  i j  taken  as  31  V u"1  *K*J 

"1?  Btu  hr"1  ft" 2  TF/fO" 1 ".  Therefore,  substituting  directly  into 

Bo.  (Or  we  obtain: 

7  *  (t    t .  )/(t    t  )  =  0.025.  (6) 

This result predicts that for bare-wire thermocouples extended 

at right angles into the inert gas strean the perturbation error will 

be 2.54 of the difference between the specinen and inert gas temperatures. 

The effective argon or helium gas t<"mperature in the vicinity of the 

thermocouple installation is unknown. However, aside frost circulation 

owing to convection, the flow rate on the inside of the tube should be 

very snail, allowing the gas to be heated by contact with the components 

of the system that are heated directly by the radiant beating furnace. 

If, for example, the effective gas temperature in the cylindrical volume 

defined by the specimen is within 100'C (180° F) of the specimen tempera

ture, then a maximun perturbation error of 2.5°C (4.5'F) would be antici

pated. Of course, because our thermocouple installations are constructed 

to minimize this effect, the actual perturbation error should be le*-. 

As described elsewhere in this report, the experimental results are 

consistent with the prediction that the perturbation error is small for 

measurements of temperature in our one-sided WniZWOK oxidation apparatus. 

As emphasized earlier, the Boelter equation, Bj. (5), for plate 

specimens was derived with a different model and assumptions than those 



employed  for  the  case  of  the  insulated  semiinfinite  slab.  While  ve 

have  no  basis  for  ascertaining  which  of  these  treatments  i s  best  suited 

to  describe  our  particular  system  i t  i s  of  Interest  to  note  that  the 

Boeiter  expression  leads  to  a  siadlar  value  for  the  perturbation  error 

when the  saae  system parameters  are  used.  For  our  case,  the  "plate" 

thickness  i s  G.6£f  sst  (0.00225  f t ) :  and ve  assume  for  purposes  of 

calculation  that  the  heat  transfer  coefficients  on  e5ther  side  of  the 

plate,  h„  and  K±,  are  each  1  Btu  hr"1  ft" 2  C F _ 1  (5." ¥  u'2  'K*^.  The 

insertion  of  these  values  into  B?.  (5)  yields 

Z =  (t    O / f t    t f t )  = C.033..  ("> 

Ihus. Bq. (5) predicts that the perturbation error will be 3.3'  1 

of tbe difference between the specimen and coolant temperatures, which 

is quite close to the error predicted by lb.  (I). In addition, the 

error is only moderately dependent upon the particular values chosen 

for the plate heat transfer coefficient, 7 varying from about £ to 24 

as the coefficients change from  CA to 600 V  m"2 CK~ : (0.1-100 Btu 

Hr"1 ft"2 <F-M. 

The results of these calculations are recognized  ma being approxi

mate. Their contribution, therefore, lies not so much in a precise 

prediction of error values but in the fact that they indicate tbe 

reL- tionship between some of the important system parameters that 

affect temperature measurement errors, thereby suggesting means for 

reducing these errors to a minimum. Our thermocouple installations are 

constructed with these ideas in mind. 

Thermal Shunting in the tUnlZWOK Apparatus 

Our decision to construct tbe MtaiZUOK apparatus as a one-sided 

oxidation system vith steam on tbe outside and tbe thermocouples mounted 

internally was a direct consequence of the need to minimize thermal 

shunting effects. Brora on the order of 100CC (180'F) have been observed 

in systems where the thermocouples were exposed to rapidly flowing, cool 

steam.!* A discussion of the magnitude of such errors nay also be found 
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in Jitf.ob.1 In HiniZVOK the thermocouples are subjected only to very 

slowly flowing helium* aui the helium itself is preheated as it passes 

over the hot Ai.O, thermocouple insulation in the lower portion of the 

apparatus. In normal experiments the helium flow rate through the 

center tube of the apparatus is 0.24. cc/sec, and no changes in the 

measured emf's of the thermocouples were noted when helium flow rates 

were varied from 0 to 4.9 cc/sec (higher flow rates were not attempted) 

in the range of 900 to 130CeC (1652-2372'F), indicating the absence of 

any significant connective or conductive thermal shunting errors owing 

to the flow of helium past the thermocouples. 

In order to minimise the possibility of radiative thermal shunting, 

a tantalum heat shield is located in the upper portion of the Zircaloy 

specimen (see Fig. 6). The Al 0 thermocouple insulation located in 

the brttom specimen support tube also acts as a heat shield. However, 

radiation losses from the thermocouple leads appeared to be small in 

any case as we observed no change in measured 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 away from the tab along the tube wall in a path parallel to the 

axis of the tube (supposedly the path with the minimum thermal gradient) 

to minimize conduction errors (see inset, Fig. 6^. The vertical sections 

of thermocouple wire between the tabs and the double-bore A1 20 insulation 

(see inset, Fig. 6) are covered with single-bore Al 0 insulation. We 

have broken the single-bore insulation into small pieces to minimize heat 

conduction to or away from the hot junctions. However, comparison with 

unbroken insulation revealed no difference in the temperature measurement. 

Therefore, unbroken single-bore insulation is employed because it is 

easier to handle. 
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These various design features and tests have led us to the conclusion 

that therm1 shunting errors in the MiniZHOK apparatus are negligible. 

Thermal Shunting in the MaxiZWOK Apparatus 

Thermal shunting problems in this apparatus are relatively minor 

because in isothermal experiments both the steam and the furnace are at 

the same temperature. Thus even though the thermocouples are exposed 

to rapidly floving steam, 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 

minimi, however, because l) the difference between steam and specimen 

temperatures is relatively small - at  most in the neighborhood of 200° C 

(360cp), and 2) since the furnace temperature in many cases is higher 

than the specimen temperature, the errors due to convective losses 

(steam effects) will be of opposite sign to those related to radiative 

effect3 (furnace wall temperature). In the worst case, using the 

perturbation error analysis above, we estimate errors due to t'aeraal 

shunting to be no more than ~5°C (9°F). 

Diffusion Annealing Apparatus 

The constant temperature zone of the diffusion annealing furnace 

is x*elatively long r?.3 cm (3 in.)] and the anneals are carried out in 

vacuum (~1 x 10" 5 torr). The furnace is also well shielded (see Pig. 10). 

Thus factors leading to thermal 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 U50°C (21G2°F) readings of 1U9.4, 

1K9.6, and 1150.l'C (2100.9, 2101.3, and 2102.2"F) were obtained with 

a Pt-f.̂  Rh vs Pt-30 Rh thermocouple, a i>t vs Pt-10^ Rh thermocouple, 

and an automatic-balancing optical pyrometer, respectively. 

Electrical Shunting 

Thermocouple errors may arise due to electrical leakage of the 

thermocouple insulators or to 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 [e.g., in argon at a pressure of 43 torr and at temperatures 

near 1SOO°C ( 3 2 7 2 ° F ) ] / However, in the current work this phenomenon 

was not a problem. For example, the resistance of an open circuit 

thermocouple at 1300 °C (2372 °F) in the HiniZWOK apparatus was 5 x 10 5 

ohms and 1.7 x 10 5 ohms at l455eC (2651 CF), which are much too high 

values to allow significant electrical shunting. A similar experiment 

in the JfcxiZWOK apparatus produced a value of ~LQ* ohms. The decrease 

in resistivity relative to that measured in MiniZWOK was attributed 

to the fact that the lower ends of the MaxiZWOK thermocouples are 

exposed to the distilled water of the quench bath for the apparatus; 

however, a resistance of 10* ohms was still considered sufficiently high 

to preclude 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 15C0eC (2732eF) these differences were 

within the calibration error limits of the pyrometer. 

Parasitic  EtV's 

Temperature measurement errors can be caused by the presence of 

parasitic emf's in the electrical circuitry of thermocouples. Reference 

here is made to such effects as ground loops, noise, pickup, and problems 

associated wuth the tue of improper lead wires, reference Junctions, 

feedthroughs, etc. The elimination of such error sources requires 

considerable care and the use of proper thermometry techniques. Ir 

setting up the circuitry for all our systems we worked closely with 

representatives  of the Instruments and Controls Division of ORNL, and 

the steps taken to overcome these problems have already been outlined 

in the section on Control and Recording of Temperature. 
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Data Acquisition System Errors 

Our primary standard used in measuring thermocouple emf's is a 

carefully calibrated Leeds and Northrup K-3 potentiometer or a Honeywell 

Rubicon, Model 27S0, potentiometer. The accuracy of the former is 

given as 0.015^ of the measured emf plus 0.5 jiV, while that of the latter 

is 1 nV or 0.015^ of the measured emf, whichever is greater. Thus at 

1500CC (2732CF) for a P t v s Pt-10^ Rh thermocouple, each potentiometer 

has an accuracy of ~0.2°C (0.36°F). 

For our MiniZWOK experiments time and temperature are also recorded 

with a Computer Operated Data Acquisition System (CODAS}. This device 

is calibrated against the K-3 potentiometer at the b>iginning of each 

experiment, and recalibrations immediately after an experiment revealed 

no change. Thus for short periods of time the accuracy of CODAS ar-pears 

to be comparable to that of the K-3 itself. 

Thermoccjple Calibration Errors 

Thermocouple calibration procedures and uncertainty limits were 

described in detail in an earlier section. This uncertainty is greatest 

at temperatures above the gold point [1064°C (1947JF)], and we estimate 

it to be ±1.5°C (2."0F) at 1500°C (2732°F). Below the gold point the 

uncertainty is ±0.8°C (l.4°F). 

Temperature Gradients in the Sample 

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 «4cc/cm (7°F/cm) from the center to the ends of the specimens. TLiere 

is also a circumferential variation (two-fold symmetry) in temperature 

of ~7°C (13°F). The quad-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 corresponding opening on the other side of the furnace 

are located along the vertical center line of two opposed elliptic 

hemi-cylindrical reflecting surfaces. The positions of the cooler 

regions on » specimen correspond to the positions of the hinge and 

opening, leading to the conclusion that these imperfections in the 

reflecting surfaces reduce the efficiency of the furnace in these areas. 

These temperature gradients cause no particular problem for our 

measurements of oxide and alphr layer thicknesses since ve simply section 

the specimen at the thermocouple tabs and make our metallographic 

measurements in the immediate 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 

lend to the generation in the thermocouple of an additional emf tbat 

is proportional to the temperature difference between the two vires of 

the thermocouple at the hot junction. 

A calculation was performed for a thermocouple whose hot junction 

consists of successive segments of Pt, Ta, and PtHLO$ Rh. A temperature 

gradient is assumed to exist across the junction vith T ^ >L'3, T ,T 2 and 

T being the temperatures at the ri/Ta junction, the midpoint of the Ta 

segment, and the Ta/pt-10^ Rh junction, respectively. Let EL. and EL be, 

respectively, the emf's generated by the thermocouple and a similar 

thermocouple in which the Ta segment is removed. It can be shown that 

**  *T  ~ ( STa " S P t K T 2 - V + C STa " SPt/Rn ) ( T3 ' Ta>> < 8 ) 

where the S 's are the appropriate absolute Seebeck coefficients. The 

results of this calculation are tabulated in Table 2 for the case 

T - T 3 = 1°C (l.8°F). 

The "Worst Case Error" listed in the table was calculated on the 

assumption that the thermocouple leads are welded at the edges of the 

tabs, thus producing a hot junction length of  ~2 an. The worst 

temperature gradient in our sample is -0.8°C/ian (1.4oF/am0, thus creating 

a temperature gradient of 1.6°C (2.9°F) across the hot junction. 
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I~  a.tuel  practice  we  attempt  t o  keep  the  length  of  our  thermocouple 

hot  Junctions  at  a  minimum.  Thus  for  a  v e i l  made  thermocouple  junction 

the  error  due  to  the  Seebeck  effect  should  be  at  l eas t  an  order  o f 

magnitude  smaller  than  those  l i s t e d  for  the  T ,Vorst  Case." 

The  calculations  given  above  were  made  for  a  Pt/Ta/pt10^  Rh 

junction,  whereas  in  actual  practice  the  tantalum  tab  i s  attached  to 

the  Zircaloy  tube.  Thus  the  Zircaloy  might  a lso  be  expected  t o  contribute 

to  the  Seebeck  error.  We have  made  a  few  rough  determinations  of  the 

absolute  Seebeck  coeff ic ient  for  Zircaloy4,  however,  and  find  i t  to  be 

approximately  1  vV  greater  than  that  for  tantalum.  Therefore,  itL.  (8) 

may also  be  expected  t c  give  a  reasonable  estimate  of  the  Seebeck 

e f fec t  temperature  error  for  a  Pt/TaZr/ptlQ^  Rh  junction. 

Table  2 .  Seebeck  Effect  Temperature  Errors 

Temp 

(MV/°C) 

( ^    E^/dE/dT)/^  Worst  Case 

CO 

a 
ijrror 

(°F) 

900  13.70   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   4 . 0   3 . 5  6 .3 

See text. 

Decalibration of Thermocouples 

This problem was discussed in the section on Thermocouple Calibration 

Procedures. As indicated, we have found no indication of decalibration 

during times much longer than the duration of our experiments. 

Tab Attachment Effects 

As already pointed out, at temperatures above about 1100oC (2012°F) 

we find it necessary to insert snail tantalum tabs between the Zircaloy 

f.nd the thermocouples in order to circumvent the problem of the 
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low-melting Pt-Zr eutectic. The success of this arrangement obviously 

depends on establishing good thermal contact between the tabs and the 

specimen, and our normal 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. Hbte that "tab 

attachment effects" represent a special case of thermal shunting. 

We have attempted to establish an upper bound, for tab attachment 

errors in the MiniZWOK apparatus by performing an experiment in which 

one measuring thermocouple was attached to the specimen in the normal 

fashion while the second thermocouple 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 CC (16, 20, 18, and 27°F) 

were observed at 900, 1100, 1300, and 1500CC (1652, 2012, 2372, and 

2732°F), respectively. In this experiment the flow rate of helium 

through the interior of the specimen was varied from 0 to «^ cc/sec 

at each temperature; no change in the thermocouple readings was noted 

except at 900eC (i652cF) where a temperature drop of 1°C (l.8°F) 

was noted for the unattached thermocouple. These results set the 

maximum limits for temperature errors due to poor tab 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 experiment as suspect. Any accidental leakage 

of steam into the interior of the specimen in quantities sufficient to 

produce significant oxidation of the thermocouple tabs elso leads to the 

rejection of the experiment. Thus, in a normal experiment, errors due 

to poor tab attachment are expected to be much smaller than the 

max-5.', given above and should approach zero for good attachments. 

One indication of the existence of tab attachment errors may be 

obtained 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 caasuring 

thermocouple are attached makes poor thermal contact with the specimen, 
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the control thermocouple vill sense a temperature lover than that of 

the specimen. The temperature of the specimen will thus increase until 

the emf required by the controller is generated by the control thermo

couple. The first measuring thermocouple (attached to the same t*ib as 

the control thermocouple) will indicate approximately the expected 

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 requirement that reasonable agreement exist between the two 

measuring thermocouple temperatures is not an absolute measure of tab 

attachment quality. 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 snail, 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 make 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 annealing 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'irement errors in our experimental systems. 

Determinant Errors 

Certain parts of the temperature measuring system used with a given 

apparatus may be calibrated against external standards, and a quantitative 

estimate of the error associated with each component can be obtained; 
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such errors are usually referred to as the determinant errors of the 

system. The determinant temperature errors for our three apparatuses 

are summarized in Tables 3 and 4. 

Irdeterainant Brrors 

It is copsiderably more difficult to specify quantitatively the 

indeterainant temperature aeasureaent errors associated with our 

experimental systems. Indeterainant errors are those related to proce

dures or apparatus feature* not susceptible to direct, Independent 

calibration as are, for example, thermocouples. Examples of such errors 

include the problems of thermal and electrical shunting, decalibration 

of tboraocouples, tab attachment effects, and spurious eaf's associated 

Wx'ih temperature gradients across the thermocouple hot Junctions (the 

Seebeck. effect). 

MiniZWOK 

On the basis of evidence cited in the section on &ror Sources we 

feel that errors related to thermal and electrical shunting and thermo

couple decalibration are essentially negligible. Tab and Seebeck 

effect 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 acceptable experiments, 

for reasons given in previous sections, suet errors are expected to be 

much less than maximim, although we cannot give a quantitative estimate 

of their magnitudes. 

MatxiZROK 

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 CC (9'P) 

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. 

tonealing Furnace 

The long isothermal cone of the furnace precludes the existence 

of Seebeck Effect errors 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 likewise small. 

Total Error Estimates 

The total temperature error for a given apparatus is the sum of the 

determinant and indeterminant errors for the system. The determinant 

errors for the MiniZUOK and MaxiZHOK apparatuses are listed above and 

we have already cited evidence for our belief that the indeterminant 

errors are small. It is impossible tc quantify them; however, in other 

studies15 it has been observed that the probable absolute accuracy error 

of temperature measurements in a well designed system "'s two-to-three 

times the reproducibility. Thus, taking the determinant error as an 

estimate of reproducibility, we give as the probable temperature measure

ment error in MiniZWOK and for isothermal experiments in MuciZWOK values 

ranging from ±A°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). IXiring transient temperature tests in the 

MaxiZNOK apparatus where the temperatures of the steam, the furnace, and 

the specimen are all different, the temperature error will be slightly 

larger than that given above, the additional uncertainty reaching an 

estimated ±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  Krrors  In  che  MinlZWOK and  MaxiZWOK  Apparatuses 

Error  Source  Temperature  Error,  deg.,  at 

900 "C  lf)52°xF  12.Q0°SC  2192°%F 

Uncertainty  reUtive  to  IPTS68  ±0.3  ±0.5 

Thermocouple  material  variability  0.5  0.9 

Potentiometer  0,16  0,28 

Potentiometer  rea«*. out  0.33  0.59 

Thermae  csT  in  copper  leada  O.01  O.02 

Reference  ( l je  bath)  temperature  0.01  0.02 

Total  ±1.3  +2.3  +1.7  +3.2  +2.1  +3.7 

+0.7  + 1.3 

0 .5  0.9 

0.19  0.34 

0.33  0.59 

O . 0 1  O . 0 2 

0.01  0.02 

1500°C 

(°c) 
2732 "F 

TF) 

+1.0  n . R 

0.5  0.9 

0.24  0.43 

0.33  0.59 

<0.01  O . 0 2 

0.01  0.02 



TaVla  4.  Dataminant  Taa^araturr  Krrora  tn  Annaaltn*  rurnaoa 

Error  Souroa  Taayaratura  Krror,  <1af,  at 

'•OCT 

rharaocounlaa 
uncartaJnty  rvlat lva  to  IVTCr^ 

Pt  va  rt~l*  J R!i 
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Potantt.••atar  raadlna  «rro • 

Tharaal  ~.t  In  :oppar  laada 
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Total  tharaocoupla  armor  for 
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PW><  Rh  v»  jt»...  t  Rn 

Autoaa'.lc  Balancing  Optical  Pyrosat 

KtS  calibration  arror  for  atrip  ••a$ 
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"A"  valua  arror  for  win tow *  p r l i a 

Error  in  dataralnlng  rafiranoa  laap 
currant 

Total 

Mutually  Balancad  pyroaatar 

Error  In  calibrating  atrip  1  «v 

A  valua  arror  for  window  prlaa, 

Inatruaant  raa  U l t y  arror 

Total 

UV'T 

0 , 1 

H  •> 

• 0 . 1 
O.'i 

n . " 
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0 . 1 . 

0. .M 
C . l l 

o.io  0 , ) . ' 
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0 . 0 1  0 ,0 . ' 
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I . . 1 
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0,1" 
M l 
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0,14  '  ' 1 



£3 

.Additional  evidence  for  the  va l id i ty  of  our  temperature  error 

analysis  i s  available  frc*  an  examination  of  oxide  layer  thicknesses 

on  the  oxidized  Zircaloy  samples.  Because  of  the  thermal  gradients  in 

our  samples  or  on  account  o f  small  variations  of  the  control  point 

between  experiments,  ve  observe  measurable  differences  in  oxide  thickness 

at  different  points  around  the  circumference  of  a  sample,  differences 

that  can  be  correlated  with  differences  in  temperature  as  indicated  by 

our  two  measuring  thermocouples,  .to  extieme  example  of  t h i s  e f fec t 

occurred  in  an  experiment  where  the  nominal  oxidation  temperature  was 

13X*C  (2372*7).  One  measuring  couple  read  1307*C  (23€5'F)  and  the 

other  1329  C  (2424'F);  the  con  spoi  £& oxide  thicknesses  measured  at 

the  posit ions  of  the  two  cot pies  were  53  and  ~7  n ,  respectively.  Because 

  •: preliminary  results  appear  M  agree  wel l  with  the  previous  data  o f 

Hobson, i €  we  can  r~»  the  activation  t  determined  from  Hobson's  data 

to  calculated  v^cia  t^ckneii  ixpet*.^  at  1307  and  1329°C  (23€52i2^cT). 

The  predr  *:  * v  t  _e  53  '  '.  5?  .m.  While  th i s  result  u  TO* 

bear  JLi  c  absolute  accura*   f  our  ' <  «rature  met  *  . . t s , 

"t  does  indicate  that  the  ra_  " —  errors  are  smai^  and well  'thir.  \he 

.ncertainty  l imi ts  fr"'en. 

The  o»  real  to  qu*.    '  the  .  sterminant  errors  i  ex  ' 

ental  apparatus  i s  to    Tare  esu l t s  obtained  wi+h  those  measuz 

'a  a  completelv  Hfferem;  apparatus  or  by  a  completely  ifferent  methoc 

We w i l l  be  abi  .  sake  '  *  compar? ~ons  on  _•  we  complete  the  data 

acquisit ion  «  _ » of  tht.  progi  «m,  expect  ._  coma*r  farther  u 

t h i s  regard  .  the  f5nal  report  o..  *:._  project. 

The  to t a'  emperature  error  f«  the  annealing  furnace  used  in  the 

diffusion  exp  intents  i s  somewhat  «. ..>ier  t o  assess  in  that  temperature 

aeasuT  stents  were  made  using  both  thermocouples  arv  an  optical  pyrome  r. 

Thus  we  have  two  1. dependent  checks  on  tempera*  * . .  » compare  these 

resu l t s  in  Fig.  14  where  tl  »'  Ing  of  the  Pt  „  Pt10^  Rh  thermocouple 

i s  treated  as  the  reference  temperature,  and  the  differences  between  that 

temperature  and  those  indicated  by  the  Pt6"t  Rh  vs  Pb30% Rh  thermocouple  \ 

and  the  pyrometer  are  plotted  as  a  function  of  the  reference  temperature.  i 
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As may be  seen,  more  than  SO* of  the  differences  fa l l  within  the 

determinant  error  band  for  the  thermocouples  and only  two  pyrometer 

readings  l i e  outside  the  corresponding  error  band  for  the  pyrometer. 

We conclude,  therefore,  that  the  absolute  error  for  our  temperature 

measurements  in  the  annealing  furnace  i s  not  greater  than  the  determinant 

error  for  the  pyrometer  [appro*.  ±3.7«C  (6.7*F)  at  100G#C  (1S32T)  and 

±4.*c  (7.2'?)  at  150C*C  (2T32T)\  *>re  likely,  this  error  approximate* 

the  deteminant  error  for  the  thermocouples  C*1"C  (l.ff*F)  at  900'C 

(lf52 cF)  and  ±2'C  (3.6'F)  at  1500C  (2732*F)]. 

Influence  of  Temperature  &rors  on  Oxidation 

Rate  Constant  Determinations 

As  indicated  in  the  Introduction,  the  oxidation  rate  constant  i s 

an  exponential  function  of  reciprocal  teaperature,  and  relatively  small 

errors  in  temperature  measurement  can  lead  to  large  errors  in  the 

determination  of  the  rate  constant.  The  error  relationships  shown  in 

Fig.  1 were  calculated  on  the  assumption  that  the  rate  constant  was 

determined  on  the  basis  of  one  temperature  measurement.  In  actuality 

our  determinations  of  rate  constants  are  based  on  ten  different  oxidation 

experiments  of  five  different  time  durations,  two  experiments  being 

carried  out  at  each  time.  TKr  '•he  extent  that  our  temperature 

measurement  errors  are  rat  i  .ocedure  tends  to  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  oxidaVn  tempera

ture  was  assumed  tr  vary  randomly  in  the  interval  T   10CC  <  .  + 10°C, 

where  T i s  the  nc  a l  temperature  of  the  experiment.  The  temperatures 

were  distributed  as  a  normal  random variable  with  mean,  T,  with  a 95"jt 

probability  that  they  lay  within  the  desired  temperature  interval.  These 

temperature  values  were  then  fed  into  the  standard  oxidation  rate 

equation 

5 2  = kt  (9) 



u 

vbere § is the total oxygen consuaptioc in tiae, t. and k =  k exp(—Q/ST* 

where C, the activatioe energy, was taken  ms 3-.-" eal/aoie. and 5 and 

T are the gts constant and the true teaperature respectiveiy. The values 

of the t*s selected were those actually used in our experiments.  Jr. order 

to normalize the k*s, * was chosen as exp'i/5*^. where T y is the noaisal 

teapuiature cf the experiaent; thus for the case wbere the teaperature 

error is zero, the slope of a plot of %' versus t is unity. 

On --his basis a thousand oxidation rate curve* were generated for 

each teaperature considered and a least scares fit of treir slopes 

obtained. The avsi-age and the standard deviation for each set of ore 

-thousand estiaavted slopes is suaatrized in Table 5. 

Table 5. Average and Standard Deviation of IXC Siaulated Slopes 

True value of the slope is KCT* = 1 

Teaperature Average Slope 

(*C) Slope Standard 

Deviation 

90C  1.X30C  0.0566? 

100C  1.000^6  0.0565? 

1100  1.00063  0.W5?3 

1200  1.0G0U  0.03*76 

1300  1.00C39  0.03123 

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  estimated  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)  i s  shown  in 

Fig.  15.  As  might  be  expected  for  a  normally  distributed  variable,  i t 

was  found  that  at  a l l  temperatures  at  l eas t  95$  of  the  estimated 
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slopes have values in the interval 1 ± 2 a, where  a 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 

Simulated Slope Values 

Temperature 90* 

Interval 

95* 

Interval 
9Q* 

Interval 

900 0.92 - 1.08 C.90 - 1.10 0.86 - 1.14 

10C0°C 0.92 - 1.10 0.90 - 1.10 0.88 - 1.12 

1100°C 0.94 - 1.08 0.92 - 1.08 0.90 - 1.10 

-.or0oc 0.95 - 1.05 0.94 - 1.07 0.92 - 1.08 

1300°C 0.96 - 1.05 0.95 - 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 96 - 1.04 0.94- 1.05 

Consider the first entry in the 90* interval at 900°C in the table. 

This result means that, given our experimental procedure and assuming a 

random temperature error of ±10°C (±18°F), there is a 90* probability 

that we will determine the rate constant to ±8* at 900°C (lG52°F). 

The error predicted from Fig. 1 is ±15*. As might be expected,, the 

anticipated error decreases with increasing temperature. Thus at 

lsOCC (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 systematic rather than random, end it is obviously essential 

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

temperature measurements. 
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CONCLUSIONS 

Accurate measurement of temperature in the experimental pbase of 

the Zirconium Metal-Water Oxidation Program is essential. Through 

careful apparatus design and the use of well calibrated  Pt vs Pfc-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 apparatuses used. 

1. MiniZWOK oxidation apparatus: ±4°C (7.2°F) et 900°C (1652°F) 

and ±6CC (10.8°F) at 1500°C (2732°F). 

2. MaxiZWOK oxidation apparatus: same as above for isothermal experi

ments; for nonisothermal experiments there is an additional 

uncertainty estimated tc reach ±5°C (9eF) in extreme situations. 

3. Annealing Furnace: ±1°C (l.8°F) at 900°C (i652°F) and ±2°C" 

(3.6CF) at 15G0°C (2732°F). 

The maximum possible error appears to be "*±10°C (l8cF) 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) -md Pt-6"t Rh vs Pt-30* Rh 

Thermocouples free 25 to 1500CC (77-2732°F) 

Five thermocouple& were fabricated from Sigmund Cohn wire as indi

cated in Table 1. The wires were welded in an oxygen-acteylene flane, 

cleaned with acetone and alcohol and then annealed by electrical self-

heating according tc the following schedule: 1-2 min at lUOO'C (2552°F), 

IT-30 min at 1200°C (2192°*), 1 hr at lOOO'C (l832°F), and 2 hr at 500°C 

(932°F). 

The annealed thermocouples were threaded into high purity, DeGussit 

AL-23 alumina insulators. For Run 1 thermocouples designated ZtfOK-Sl, 

S2, S3, and 31 were welded to the bead of the laboratory standard SL-7913-

Run #2 included SL-7913, SL-7912, and ZW0K-S4 as indicated in Table 2. 

The assembly was inserted into a high purity, DeGussit AL-23 protection 

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 by crushed ice in a Dewar flask. Uhtinned copper leads (Western 

Electric telephone cable) were used to connect the thermoelements to 

the selector switch at the potentiometer. 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 thermoelements as well as the emf between the test alloy thermo-

elemencs 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 a Type S thermocouple attached to a CAF-

type controller. The furnace power was supplied by an SCR-phase-fired 

power supply. 



Table 1. Test Thermocouple Characteristics 

resignation Type  Wire  Dia.  Jfaterial  Iden t i f i ca t ion 

"WOK31 

"3TOKS2 

7W0KS3 

7K0KS4 

2W0KB1  B 

"*,  r\*yr\  in 
in 

C.02C  in 
0.020  in 

C.010  in 
0.010  in 

in 
0.010  in 

0.01C  in 
0.010  in 

Pt ,  Bar  452,  End  a 
Pt10*  Rh,  Bar  345.  End  a 

P t ,  Bar  £52,  End  h 
Pfc10*  Rh,  Bar  345,  End  b 

Pt ,  Bar  452,  End  a 
PtlCjf  Rh,  Bar  345,  End  a 

Pt ,  Bar  452,  End  b 
Pt10^  Rh,  Bar  345,  End  b 

Ptr6«fc  Rh,  Lot  No.  914 
Pt3Gf  Rh,  Lot  No.  913 

Table 2. Calibration Information 

Test  Thermocouples 

0.020  in .  diam  G.01C  in .  diarn 

Standard 
Thermocouples 

Run  1 

Run  2 

Run  3  SI 

SI,  S2 

Max. 
°C 

remp. 
°F 

S3,  Bl  SL  7913  1500  2732 

S4  SL  7913,  SL  7912  1500  2732 

New,  Old  SL  7913,  SL  7912  1000  2732 



On the first run, the control thermocouple Has located in the vail 

of the furnace. Above about 10J0"C (1832*F), electrical leakage caused 

the measurements to be increasingly unstable, and at 1300rC (2372CF) 

the leakage increased to the point that reliable readings could not be 

made nor the furnace controlled. The furnace was cooled to room tesper-

ature, and an electrical shield for the alumina protection tube was fade 

by winding a platinum wire on the alumina tube and connecting it outside 

the furnac? to ground. At the same tim* the control thermocouple was 

transferred into the alumina protection tube. This seemed to solve the 

problems caused by electrical leakage. Tables 3 and U show the thermo

couple and thermoelement comparisons for 3K)K 31 before the electrical 

leakage was corrected and for ZWCK SU after the correction. The latter 

case shows agreement to better than 1.0 ttV. 

Table 3. Thermal Emf Comparisons in Microvolts for  2KX. SI 

Thermocouple and Thermoelements to Reference SL 7913 

Before Electrical Leakage Correction 

Nominal 
Temperature 

°C  CF 
A Pt 

Std.Test 

Thermoeleac 
A  Alloy 

Std.T»st 

•nts 

£ a ( P t    Alloy) 

Thermocouple 
A  EMF 

Std.Test 

25  77  0.1  0.6   0 . 5  0.4 

200  292  1.  0.6  1.3  1.2 

400  752  1.9  0.2  1.7  2.3 

600  1112  1.2   2 . 6  3 .3  3.9 

700  1292  1.3   2 . 3  4 .1  4.3 

800  1472  1.4   3 . 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  41 .5  13.5  9.5 

iuoo
a 

2552  1.9   8 . 1  10.0  10.6 

1500*  2732  0.8   8 . 5  9.3  10.2 

Measurements mace after shielding installed. 
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Table  k. Thermal Eaf Comparison in Microvolts for Zwok SU 
Thermocouple and Thermoelements to Reference SL 7933 

After Electrical Leakage Correction 

nominal 
Temperature 

*C  °F 
A Pt 

Std.Test 

Thermoelements 
AALloy 

Std.Test  Y^ Pt    Alloy) 

Thermocouple 
A EJf 

Std.Test 

25  77  0 .1  C.2 

20G  392   0 . 3  C.4  C.l  0 

UOO  752  C.7   1 . 1  0.3  0.3 

600  m ?   0 . 4   0 . 9  0 .5  0.5 

700  1292   0 . 5   1 . 3  0.8  0.6 

800  1U72   0 . 8   1 . 5  0.7  0.9 

900  1652   0 . 6   2 . 0  1.4  1.3 

1000  1832   0 . 3   1 . 3  1.0  2.0 

UOO  2012   0 . 2   2 . 7  2 .5  2.2 

1200  2192  C.2   3 . 1  2.9  7.1 

1300  2372  0.2   3 . 4  3 .6  3 .4 

ltoo  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 ORRL Type S standard 

SL-7913. In the second run, a sate 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 outputs of the two 

standard thermocouples agreed within 1 »V over the entire range of 

temperatures. 

SL-7913 and SL-7912 are two thermocouples made from specially 

prepared wire acquired from Slgmund Cohn and given special calibrations 



*n 

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 saturated standard cells used to 

maintain the value of the volt at ORHL. 

Results 

Tables  and plots  were  calculated  for  each  thermocouple  using  the 

ORNL thermocouple  calibration  program.  These  were  referenced  through 

SL7913  and the  Monograph  125  functions  to  IPTS6S.  Figure  1  i s  a 

plot  of  the  deviation  of  ZW0KS1,  ZW0KS3,  and  ZW0KS4  from  the  exact 

Type  S  thermocouple  as  a  function  of  temperature.  The  average  values 

for  three  thermocouples,  ZWOKAVZ, was  used  to  prepare  a  single  table 

representing  the  ZWOK  thermocouples.  As  Fig.  1  shows  that  the  spread 

of  these  thermocouples  amounts  to  about  ±0.5°C.  The  line  in  Fig.  1  i s 

least  squares  f i t  of  the  data  to  a  thirddegree  polynomial.  The  be

havior  of  ZW0KS1 only  i s  shown  in  Fig.  2.  Thermocouple  ZW0KS2 was 

not  included  in  the  calculations  of  2N0KAVE because  of  somewhat more 

scatter  in  the  data  as  shown  in  Fig.  3.  This  scatter  i s  probably  due 

to  the  electrical  leakage  observed  at  the  1100,  1200,  and  1300°C  (2012, 

2192,  and  2372*F)  points,  since  the  points  at  UOO'C  and 1500°C  (2552

2732° F)  taken  after  installation  of  the  shield  wire  agreed  vith  the  other 

two  thermocouples  in  Run 1  run within  about  ±0.1°C  (.18°F).  It  i s  not 

clear  why ZW0KS2 was  affected  by  the  leakage  more  than  other  thermo

couples. 

*Robert  L.  Powell,  William  J.  Hall,  Clyde  H  Hyink,  Jr.,  Larry  L.  Sparks 
George  V.  Barns,  Margaret  G.  Scroger,  and  Harmon H.  Plumb,  "Thermocouple 
Reference  Tables  Based  on  TPTS6g,"  BBS Monograph  125  (Mtrcb  1974). 
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The data in run *1 were taken in the order: 

Emf - Std. SL-7913 

ZWOK-S1 

*. :0K-S2 

ZW0K-S3 

ZW0K-B1 

Std. SL-7913 

Pt-Std. vs Pt-test 

ZHOK-S1 

ZW0K-S2 

ZWOK-S3 

ZWOK-B1 

Alloy-Std. vs Alloy-test 

ZW0K-S1 

ZW0K-S2 

ZW0K-S3 

ZW0K-B1 

Emf-Std. SL-7913 

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 maximum dif

ferences observed between ths two standard emf measurements at the various 

test temperatures. 

Figure  k is  0. reproduction of page 1 of the calibration table for 

ZWOK-S-AVE for the range 0 to U9°C (32-120cF) 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 0 to 1U99°C (32-2730eF). 

Thermocouple ZW0K-B1, Pt-6% Rh vs Pt-30% Rh, was included in Run -, 

and Fig. 5 compares its behavior to that reported in Monograph 125.
1 

Except for the data scatter at 1100 and 1200°C (2012-2192°?) associated 

with electrical leakage, the calibration appears quite acceptable and a 

table similar to Fig.  h was prepared for this combination. 
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Table 5. Linear Drift used in Calibrations 

Test Temperature Drift (14V) 

21. 45  70.61 

192  378 

409  768 

598.5  IIO9.3 

701  1294 

804  1472 

904  1659 

999  1830 

1109  2028 

1308  2386 

1412  2574 

1500  2732 

0.3 

0.2 

1-3 

0.2 

1.7 

0.4 

1-5 

2-0 

4.5 

2-3 

4.1 

3.2 

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

A sample  of  a  used  0.010  in  Type  S thermocouple  (old)  was  submitted 

for  retest  along  with  a  new  thermocouple  (new),  both  made  from  the  same 

material3  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.  Figures 

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  ZW0KS1 thermo

couple  which was  included  as  a  reference  along  with  laboratory  standard 

SL7913.  SL7913  was  the  same  reference  standard  used  in  the  first  ZWOK 

calibration  run. 

R. L, Anderson 
Metrology Research & Development 
Laboratory 

Report of Calibration 
November 24, 1975 
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APPSKDH B 

Referance Junction Systems 

The Pt-10* Rh, Pt, Pfc-3CK Rh and Pfc-6* Rh wires for each of the 

thermocouples of the experimental systeas (MiniZHOK, MaxiafOK, and 

the annealing furnace) were individually joined by Mechanically twisting 

tc vinyl-insulated copper telephone wires to for* the cold Junctions. 

These ccld junctions vere insulated froa each other by vinyl tubing and 

were placed two each in 7 aa (0.28 in.) diaa glass tubes 25 ca (10 in.) 

long partially filled with a ~10 ca (4 in.) long coluan of mineral oil 

for thermal uniformity. A silastic compound was extruded into the open 

end of each glass tube to seal the cold Junction to minimize water 

accumulation in the tubes. This procedure precludes electrical shunting 

between the cold Junction wires. 

The sealed glass tubes were mounted in a cork stopper which formed 

the top of a Dewar flask containing the 0*C (32 ~p) ice water bath. Good 

thermal contact  of the cold Junctions with the bath was assured by the 

large V D ratio of the tubes (—36) and the mineral oil column. 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 foraed from distilled and tap water 

obtain 0°C well within the ±O.0l°C limit specified in the foregoing error 

analysis.1' The cold Junction used in the Metrology Laboratory thermocouple 

calibration facility was of a similar design, and the thermal EMFs asso

ciated with the copper wire circuit were found to be 0.015 microvolts 

(~0.003°c). 

In the annexing 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 insui*nce that all of the cold Junctions 

*D.  L, McELroy, Progress Report 1, Thermocouple Research Report for the 

Period November 1. 1956 to October 31, 1957; ORHL-2467 (March 1958;. 

*J. p. Moore, R. S. Graves, T. G. Stradley, J. H. Hannah, and 

D. L. McElroy, Some Thermal Transport Properties of a Limestone Concrete, 

ORNL-TM-2644 (August 1969). 



vere at the same temperature and served as a thermal inertia block in 

maintaining the cold Junction temperature constant during the time the 

ice bath was being changed. This vas useful in long time diffusion anneals 

to prevent major changes in the control of the furnace temperature due 

to bath replenishment. 




