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RCCTJRACY OF STIALT, 1)TAMETEK SHEATHED THERMOCOUPLES 
FOR TIE CORE FTNW TEST LOOP 

R. L. Anderson and T.  G.  K o l l i e  

IFIGKLLGHTS 

The p o t e n t i a l  e r r o r s  :LIT t empera ture  measurements employing small 

d iameter  (0.5 mm) , m e t a l  shea thed  thermocouples were ana lyzed  f o r  the 

Core Flow T e s t  Loop experiments.  The e r r o r  sou rces  cons idered  were 

ex tens ion  l e a d  w i . r e s ,  r e f e r e n c e  j u n c t i o n s ,  t h e  d a t a  a c q u i s i t i o n  system, 

c a l i b r a t i o n  of t h e  s e n s o r s  c leca l ibra t  i o n  of the s e n s o r s ,  thermal  

shun t ing ,  e l e c t r i c a l  shun t ing ,  e l e c t r i c a l  l eakage ,  and e l . e c t r i c n 1  n o i s e .  

Because of t h e  relat i -ue1.y small wrire  s i z e s  (<O.  1 mm d i a m e t e r ) ,  t h e  

behavior  of t h e  sinal1 d i - m e t e r  thermocouples could n o t  be  e x t r a p o h  i:ed 

from t h e  'mown behavior  of l a r g e r  d iameter  thermocouples,  particul.nr1.y 

above about 900°C. 

E l e c t r i c a l  shun t ing  and leakage  a t  t h e s e  higher t empera tu res  can 

cause l a r g e  e r r o r s ,  t h e i r  magnitude depending on t h e  tempera ture  p r o f i l e  

th rough which the thermocouple pas ses .  

t o  c a l c u l a t e  t h e s e  e r r o r s ,  and t h e  results are i n  e x c e l l e n t  agreement 

w i t h  expe r imen ta l  r e s u l t s .  

An analyti .cal .  model w a s  developed 

S i z e  e f f e c t s  also p l a y  a l a r g e  r o l e  i n  t h e  deea l . i b ra t ion  of small 

d iameter  shea thed  thermocouples. The. s h e a t h  material  is  an impor tan t  

f a c t o r  t h a t  causes  d e c a l i h r a t i o n  above 900°C. N i c r o s i l  vs N i s i 1  thermo- 

couples  -- new a l l o y s  developed t o  re.place type. K a l l o y s  -- d e c a l i b r a t e d  

more e x t e n s i v e l y  than t h e  type  K mater ia ls  i n  a s h e a t h  of e i t h e r  t y p e  304 

s t a i n l e s s  s tee l  o r  Incone l  600. 

S m a l l  d iameter  thermocouples w i t h  p la t inum based thermoelements w e r e  

even more s e n s i t i v e  t o  t h e  choice  of s h e a t h  material  t han  t h e  base  m e t a l  

a l l o y s  a Pla t inum based thermocouples w i t h  p la t inum a l loy  s h e a t h s  were 

s u p e r i o r  t o  base  m e t a l  thermocouples,  p a r t i c u l a r l y  at h ighe r  tempera tures  

(above 900°C). 



vi 

Final  1 y t h e  p r e d i c t a b l e  tempvra ture  measurempnt errdrs T w e r e  com- 

bined t o  y i e l d  an e s t i m a t e  of t h e  m a x i m u m  o v e r a l l  e r r o r s  as a f u n c t i o n  

of teiriperatuce. 



1.. INTKODUCT LON 

Th i s  r e p o r t  summarizes t h e  r e s e a r c h  and development: on 0.5-m- 

d iameter  , compacted m e t a l  shea thed  thermocouples c a r r i e d  ou t  i n  t h e  

Metrology Research and Development Labora tory  (MLIDL) of t h e  Instrumenta- 

t i o n  arid Con t ro l s  D iv i s ion  a t  t h e  Oak Ridge Na t iona l  Labora tory  over a 

pe r iod  of about two yea r s .  The ob:jecti.ves of t h i s  r e s e a r c h  e f f o r t  have 

been: to i d e n t i . f y  and ana lyze  t h e  sou rces  of tempera ture  measurement 

e r r o r s  i n  t h e  u s e  of 0.5-nm-diameter shea thed  thermocouples t o  measure 

t.he s u r f a c e  t empera tu re  of t h e  c l add ing  of fuel-rod s i m u l a t o r s  i n  t h e  

Core Flow Test Loop (CFTL) at QICNL; t o  d e v i s e  methods f o r  reducing  o r  

c o r r e c t i n g  f o r  t h e s e  t e m p e r a t u r e  measurement e r r o r s ;  t o  estimate L h e  

overa.11 t empera tu re  measurement u n c e r t a i n t i e s ;  and t o  recommend modifi- 

c ,a t . iuns  i n  t h e  manufacture,  i n s t a l l a t i o n ,  o r  materials used t o  minimize 

1:emperature measurement u n c e r t a i n t i e s  i n  t h e  CFTL exper iments .  

Accura te  tempera ture  measurements are e s s e n t i a l  t o  m e e t  t h e  o1)j ec- 

t ives  of t h e  CFTI, exper iments .  Both h e a t  t r a n s f e r  c a l c u l a t i o n s  and 

s t r u c t u r a l .  i n t e g r i t y  e v a l u a t i o n s  r e q u i r e  r e L i a b l e  t empera tu re  measure- 

ments f o r  i n t e r p r e t a t i o n  and f o r  comparison of t h e  CFTL r e s u l t s  w i t h  

a n a l y s e s  and measurements from o t h e r  l a b o r a t o r i e s .  Temperature measure- 

ment s e n s o r s  are rhe most numerous t y p e  of s enso r  i n  t h e  CFTL, and t h e s e  

i n c l u d e  bo th  thermocouples and r e s i s t a n c e  thermometers. 

Research t o  de te rmine  t h e  c h a r a c t e r i s t i c s  of s m a l l  d iameter  thermo- 

couples  i s  necessa ry  f o r  s e v e r a l  r easons  e Because of space limits t i o n s  

i n s i d e  t h e  %7.2-m-diameter fuel-rod s i m u l a t o r s  of t h e  CFTL, t h e  d iameter  

of t h e  thermocouples f o r  measurement of t:he tempera tures  of t h e  c l add ing  

on t h e  simul.ators cannot be l a r g e r  than 0.5 mm. S ince  such s m a l l  diatn- 

eter , shea thed  thermocouple materials have become a v a i l a b l e  on ly  r e c e n t l y ,  

l i t t l e  performance d a t a  has been accumulated. Furthermore,  t h e  CFTL 

exp er imen t s r e q u i r e  mea suremen t s t o  h i g h e r  temper  attires than previous  l y 

r e q u i r e d  -- sometimes t o  1370"C, t h e  me l t ing  p o i n t  of t h e  s t a i n l e s s  steel 

c l add ing  on t h e  s i m u l a t o r s .  (The s ingle- rod  and t h e  mul t i rod  b u r s t  tests, 

f o r  example, r each  s i m i l a r  t empera tu res ;  however, t h e  d u r a t i o n  of a tes t  

is on ly  about 20 sec,  which is n o t  s u f f i c i e n t  t i m e  f o r  s i g n i f i c a n t  t h e r -  

mocouple d e c a l i b r a t i o n  t o  t a k e  p l a c e . )  



In a d d i t i o n ,  t h e  requi rements  f o r  tempera ture  measurement accuracy  

f o r  t h e  CF'I'L arc. more s t r ingent :  than previor.isl.y r e q u i r e d  i n  l a r g e  scale 

The l i m i t s  of tempera ture  measurement uncer- r i n g  exper.iments. ' 
t a i n t i e s  f o r  t h e  thermocouples on t h e  fue l - rod  s i m u l a t o r s  have been 

i.f:ied3 as L8"C t o  800°C and i-15"C above 800°C. 

&cause t h e  d i ame te r s  of t h e  thermoelement w i r e s ,  as weIl as t h e  

separation bet-ween t h e  wires or between the w i . r e s  m d  the sheaths i n  t h e  

0.5-iixn-diarneter theriilocouple a s sembl i e s  are so  s m a l l  ~ t h e  mechanical ,  

e l ec t r i ca l ,  and chemical behav io r s  o f  these tEiermocoup1 es are d i f  Eerent  

from those  o f  larger  di-ameter t:hermor:oupl.es I Above 6 0 0 " C ,  t h e  thermo-- 

e l ec t r i c  p r o p e r t i e s  of t h e s e  thermoe.lements may be  a l t e r e d  by a vari.ei:y 

of  causes .  For example, chemical. re3cti.ons may occur  a t  t h e  i n t e r f a c e  

.!:!ern tihe tilei-moelements and t h e i r  sur rounding  m a t e r i a l s ,  o r  t h e  i:l)er- 

r ime lemen t s  may be contaminated by d i f f u s i o n  of i m p u r i t i e s  from t h e  insu- 

l a t i o n  or  by d i f f u s i o n  of c o n s t i t u e n t s  of t h e  s h e a t h  mat:erial. i n t o  the 

wires. The e f f e c t s  of such r e a c t i o n s  o r  coni-aiv.ination on the thermoelec- 

t r i c  p r o p e r t i e s  of t h e  thermoelements r d L l -  i n c r e a s e  as t h e  p roduc t s  of 

t h e  renctLons and the i m p u r i t i e s  p e n e t r a t e  t o  the co re  of the w i r e s ,  t : k  

p e n e t r a t i o n  t i m e  be ing  a f u n c t i o n  o f  t h e  wire thi-cktiess and  temperature .  

in a 3-vm-dia.metci:r shea thed  thermocouple,  f o r  example t h e  thermocouple 

wire diarileters are %O. 5 mm, but  i n  a 0.5-mm-diameter sheat-hed thenmo- 

couple ,  t h e  w t r e  d i ame te r s  are 0.1 iiiit o r  I-ess. Yhus, t h e  d e c a l i b r a t i o n  

of a 0.5-mn-diameter thermocouple i s  more r a p i d  and severe a t  h igh  

t e m p e r  a t  u r  e s t han  i n  a l a r g e r  d i a m e  t er t h e  rino coup I.e . 
Nine major sou rces  of tempera ture  measurement e r r o r s  r e l e v a n t  t o  

thertnoocoupie thermometry w e r e  eva lua ted  f o r  the CFTL fuel.-~-od s i m u l a t o r ,  

smal l  d iameter  thermocouples. These sou rces  of e r r o r  are l i s t e d  i n  

Tah1.e 1. 

2. D E F I N I T I O N S  OF ERROR TERMINOLOGY 

Since  t h e  central .  theme of t h i s  paper  i s  the i d e - n t i f i c a t i o n  and 

a n a l y s i s  of tempera ture  measurement e r r o r s ,  :it wil .1  b e  worthwhile  t o  

d i g r e s s ,  momentaril-y, t o  d e f i n e  the t e r m s  and t h e  s p e c i f i c  WRY i n  which 

they asre used .  These inc lude  e r r o r  (random and sys t ema t i c )  , u n c e r t a i n t y ,  
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Table 1. E r r o r  sou rces  i n  CFTL thermocouple thermometry 

-. __ 

Source Discussed i n  S e c t i o n  

1. Extension l e a d  wires 

2. Reference j u n c t i o n s  

3 .  Data a c q u i s i t i o n  system 

4 .  C a l i b r a t i o n s  

5 .  Decalibra t i o n  

6. Thermal shun t ing  

7. E l e c t r i c a l  shun t ixg  

8. E l e c t r i c a l  l eakage  

9. E l e c t r i c a l  n o i s e  

4.1 

4.2 

4.3 

4.4 

5 

4.5 

4.6 

4.7 

4.9 

d e v i a t i o n ,  t o l e r a n c e ,  p r e c i s i o n ,  and t e r m s  de r ived  from these. This 

d i s c u s s i o n  relies h e a v i l y  on t h e  work of E i s e ~ d i a r t ~  and Ku. 5 9 6  

E r r o r  i s  t h e  d i f f e r e n c e  between it measured v a l u e  and t h e  " t rue"  

v a l u e  of a p h y s i c a l  p rope r ty .  There i s  an u n c e r t a i n t y  a s s o c i a t e d  w i t h  

both  a measured v a l u e  and t h e  t r u e  value.  

r e p o r t e d  value is e s t i m a t e d  by " s t a t i n g  c r e d i b l e  limits t o  i t s  l i k e l y  

inaccuracy.  '"t 

The mcei.tainty of a 

The t r u e  v a l u e  of a q u a n t i t y  is unknowable i n  an a b s o l u t e  sense ,  

s i n c e  t h e r e  is always some u n c e r t a i n t y  a s s o c i a t e d  w l t h  e17en the most 

a c c u r a t e  d e t e r m i n a t i o n s ,  due t o  n o k e  o r  u l t i m a t e l y  t h e  u n c e r t a i n t y  

p r i n c i p l e .  "Standard" v a l u e s  of p h y s i c a l  q u a n t i t i e s  are adopted, a long  

w i t h  an estimate o f  t h e i r  u n c e r t a i n t y ,  by i n t e r n a t i o n a l  agreement a f t e r  

c a r e f u l  examination of the a v a i l a b l e  experimental  work. An adopted 

v a l u e  i s  u s u a l l y  t h e  average  of s e v e r a l  independent de t e rmina t ions ,  and 

i s  s u b j e c t  t o  r e v i s i o n  as more a c c u r a t e  determj-nations become a v a i l a b l e .  

Thus, it is of utmost importance t h a t  t h e  s t anda rd  v a l u e s  used i n  c r i t i -  

c a l  measurements be adequa te ly  r e fe renced  so  t h a t  when more a c c u r a t e  

s t anda rd  v a l u e s  become a v a i l a b l e ,  t h e  expe r imen ta l  r e s u l t s  can be  

c o r r e c t e d  and t h u s  r e t a i n  t h e i r  v a l i d i t y .  

J u s t  as a s t anda rd  v a l u e  would be r e l a t i v e l y  u s e l e s s  w i thou t  an 

estimate of i t s  a s s o c i a t e d  u n c e r t a i n t y ,  an "experimental" v a l u e  r e p o r t e d  
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without  a s t a t emen t  of e s t ima ted  u n c e r t a i n t y  i s  a l s o  wor th l e s s .  A 

s ta tement  of u n c e r t a i n t y  m i s t  incl.ude t h e  e s t ima ted  u n c e r t a i n t i e s  con- 

t r i b u t e d  by tlie measurement system as w e l l  as those  cleteriniried from 

examinat ton of t h e  exper imenta l  d a t a ,  

i s  f r e q u e n t l y  used t o  ruake an estimate of t h e  cont r ibu t i -on  of several 

e r r o r  sou rces  t o  t h e  u n c e r t a i n t i e s  of expe r imen ta l ly  dete-miiietl va lues .  

A propagat  i o n  of e r r o r  treatment' 

The ways i n  which est:imates of e r r o r 5  can be combined depend on tile 

types  of e r r o r s  involved.  There are two g e n e r a l  c1assi.f i c a t i o n s  of 

e r r o r s :  random and sys t ema t i c .  Any exper5ment.A measurement w i l l  have 

a s s o c i a t e d  wiLh it  bot11 random and sys t ema t i c  e r r o r s ,  a l t hough  in. some 

cases one o r  t h e  o t h e r  may be so small. [:hat i t  may be neg lec t ed  w i t h  

respect t o  the o t h e r .  E i senha r t  recomiiends t h a t  t h e  estimates of t h e  

random and s y s t m a t i c  e r r o r s  be ~ e p o r t r c ~ d  s e p a r a t e l y  i n  an e x p l i c i t  

s t a t emen t .  

The estimate oE t h e  s t anda rd  d e v i a t i o n  is f r e q u e n t l y  gi-ven as t h e  

estimate of t h e  random c?rror. A t  tilie same trime, the conf idence  limits 

of t h e  estimate are a l s o  g iven ,  SO t h a t  the  p r o b a b i l t t y  t h a t  an  i .ndividual  

measurement w i l l  not  d e v i a t e  from t h e  group average  i s  63% f o r  1 sigma, 

95% for 2 sigma, and 99% f o r  3 sigma, where sigma i s  tlie estimate of the  

s t anda rd  d e v i a t i o n  of t h e  mean of a l a r g e  number of exper iment id  measure- 

ments. 1 - E  ali exper imenta l  q u a n t i t y  i s  dependen11 on tihe combination of 

several measured v a l u e s ,  and i f  t h e  random e r r o r s  a s s o c i a t e d  w i t h  each  

v a l u e  are independent and normally d i s t r i b u t e d ,  the-n t h e  estimate f o r  

t h e  random e r r o r  of t h e  f i n a l  q u a n t i t y  is g iven  by t h e  RMS v a l u e  of the 

sum of I:he squa res  of t h e  i n d i v i d u a l  i.ndependent: random errors, 

2.1. Sys t ema t i c  E r r o r s  

The estimate of sys  te inat ic  e r r o r s  i s  more s u b j e c t i v e  and depends t o  

some e x t e n t  on t h e  p e r s p i c a c i t y  and hones ty  of the observer .  Sys t ema t i c  

e r r o r  can b e  b o t h  cons t an t  and changing. Constant  sys t ema t i c  errors can 

o f t e n  be c o r r e c t e d  f o r  i f  t h e i r  e f fec t :  i s  h o m i ,  In a h y p o t h e t i c a l  

example, suppose t h a t  a s teel  measuring t a p e  w a s  used t o  deterni ine a 

l e n g t h  on two d i f f e r e n t  days.  T h e  measiirements made on t h e  f L r s t  day 
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had a ran.dom e r r o r  of 0.1%. On t h e  se tond  day, a second set of determi-  

n a t i o n s  had a random e r r o r  which w a s  a l s o  0.12, but  the average  l e n g t h s  

of t h e  s a m e  o b j e c t  measured on the two d i f f e r e n t  days d i f f e r e d  by 1%. 

An i n v e s t i g a t i o n  i n t o  t h e  cause  of t h i s  disagreement  d i s c l o s e d  that the 

ambient tempera ture  on t h e  two da.ys d i f f e r e d  by  S"C,  and the effe .c t  on 

t h e  steel. t a p e  due t o  t h e  thermal  expansion of the t a p e  could account  

f o r  t h e  di .screpancy. Thus by measuring the tempe.rature a long  w i t h  t h e  

l e n g t h ,  t h e  s y s t e m a t i c  e r r o r  due t o  tempera ture  could b e  c o r r e c t e d  f o r  

and t h e  o v e r a l l  u n c e r t a i n t y  of the Length measurements reduced. O f  

cou r se ,  t h e r e  might sti.11 be a systematic e r r o r  due t o  a s t r e t c h i n g  of 

t h e  t a p e ,  which could a f f e c t  b o t h  sets of measurements arid iriglit not 

be d e t e c t e d .  I f  t h e  t a p e  were s t r e t c h e d  i n e l a s t i c a l I . y ,  then. t h i s  could 

be  d e t e c t e d  by a r e c a l i b r a t i o n  of the measuring t a p e ,  I f  the s t r e t c h i n g  

of t h e  t a p e  w e r e  elasti.(.:, however, L1ii.s e f f e c t  tn:i-ght n o t  be  d e t e c t e d  by 

a r e c a l i b r a t i o n  u n l e s s  the t a p e  w e r e  suspended i n  t h e  same way as i n  t h e  

original. .  experiments .  Thus, s imple  r e p r o d u c i b i l i t y ,  o r  pr~czm,on, w h i l e  

necessa ry  f o r  a c c u r a t e  measurements, i s  no t  s u f f i c i e n t  t o  gua ran tee  

accuracy.  Even careEul  c o n s i d e r a t i o n  of a l l  linown sources  of systematic 

e r r o r s  may no t  reveal. al-L of the f a c t o r s  w h i c h  cont r ibu te .  :I:n parti.cu1.a-t: 

as advancing technology makes p o s s i h l e  more s e n s i t i v e  and a c c u r a t e  

measuring in s t rumen t s  f a c t o r s  w h i c h  w e r e  f o mer l . y  in s i . gn i f i can t  (arid 

t h u s  ignored)  can become the l i m i t i n g  f a c t o r s  w i t h  the i n t roduc t ion .  of 

improved in s t rumen ta t ion .  A danger  l i e s  i n  that  these f a c t o r s  may n o t  

b e  recognized.  

. .  

S e l e c t i o n  of an a p p r o p r i a t e  method t o  combine e s t i m a t e s  of system- 

a t i c  e r r o r s  .from several sou rces  i s  f r a u g h t  wtth u n c e r t a i n t y .  

ment ions f i v e  d i f f e r e n t  methods r ang ing  from "much too  dar ing"  t o  ' ! a  ~7ee 

b i t  conserva t ive ."  

accepted  ways t o  estimate s y s t e m a t i c  e r r o r s  o r  t o  comhine. them, m e  should 

d i s c u s s  t h e s e  e r r o r s  i n  s u f f i c i e n t  de t a i l .  t o  e n a b l e  o t h e r s  t o  make their 

own judgments. I n  t h i s  paper  w e  a t t empt  t o  do th i s  f o r  t h e  tempera ture  in 

CFTL fuel-rod s i m u l a t o r s  made with 0.5-m-diameter,  i n t e r n a l . l y  a t t a c h e d ,  

shea thed  thermocouples.  In combining t h e  e r r o r s  from t h e  several sou rces ,  

we have used a c o n s e r v a t i v e  approach of s imple  a l g e b r a i c  a d d i t i o n  t o  y i e l d  

o v e r a l l  e r r o r  bounds. This  approach g i v e s  an o v e r a l l  b a s i s  f o r  comparison 

Ei.senharL7 

Ku6 recommends that s i n c e  t h e r e  are no fo rma l ly  
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of t h e  r e l a t i v e  magnitudes of t h e  u n c e r t a i n t i - e s  from t h e  d i - f f e ren t  sources  

of tempera ture  measurement e r r o r s .  Actua l  expe r i ence  wi th  ope ra t ing  

systems w i l l  make more a c c u r a t e  e s t i m a t e s  of the probable  e r r o r s  p o s s i b l e .  

Devia t ion  i s  t h e  d i f f e r e n c e  between t h e  measured v a l u e  and a s tandard  

va lue .  

Tolerance  is a p e r m i s s i b l e  u n c e r t a i n t y ,  and l i m i t  of t o l e r a n c e  is 

t h e  maximum permissibl-e  u n c e r t a i n t y  i n  a measured q u a n t i t y .  

2 . 2  Report ing t h e  Es t imated  E r r o r s  of Experimental  R e s u l t s  

Expertmental  r e s u l t s  should be  r e p o r t e d  w i t h  an exp1.ici.t statement: 

E ise i lhar t4  of t h e  estimates €or  bo th  t h e  random and systemafric e r r o r s .  

r ecogn izes  f o u r  d i f f e r e n t  eases : 

1, Sys temat ic  and random e r r o r s  bo th  negligi-bl.e, 

2 .  Sys temat ic  e r r o r  n o t  n e g l i g i b l e ,  random e r r o r s  n e g l i g i b l e ,  

3 .  Nei the r  sys  temnt ic  no r  random e r r o r s  n e g l i g i b l e ,  

4 .  Systemat ic  e r r o r s  n e g l i g i b l e ,  random e r r o r s  n o t  n e g l i g i b l e .  

In  t h e  d i s c u s s i o n  of thermocouple e r r o r s  which fo l lows ,  we wil.1. di .scuss 

t h e  t y p e s  of e r r o r s  involved and how t h e y  shou1.d be t r e a t e d .  

3.  B V L E W  OF THERMOCOUPLE FUNDAHENTALS 

Before t h e  e r r o r s  i n  CFTL thermocouple thermometry are d i scussed  

i n  dct at13 some fundaincJritals of thermocouple thermometry w i l l  h e  reviewed 

b r i e f l y ,  s t a r t i n g  f i r s t  w i t h  t h e  b a s i c  equa t ion  f o r  the t h e r m o e l e c t r i c  

e f f e c t .  The em€ output  of a thermocouple,  E ,  i s  g iven  by the l i n e  i n t e -  

g r a l  a long  t h e  p a t h  1,  as fol lows: :  

where S ,  i s  t h e  a b s o l u t e  t h e r m o e l e c t r i c  power (dE/dT of the thermoelement 

i a long  t h e  p a t h  L ,  the Seebeck coe f f i c i - en t )  , and VT i s  the tempera ture  

gradi-ent a t  x a long  t h e  p a t h  &. This  i s  i l l u s t r a t e d  i n  Fig.  1.a. 

3. 
--f 
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and inhomogenei t ies  on the e m f  o u t p u t  of 
a thermocouple.  
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I f  b o t h  thermoelements are homogeneous, that  is, i f  S i  is not  a 

f u n c t i o n  of p o s i t i o n  x (hut  may be a f u n c t i o n  o€ t empera tu re ) ,  Eq.  (1) 

is  o f t e n  s i m p l i f i e d  t o  

This equa t ion  i s  an oversimpl  t f i c a t  i o n ,  however, because i-t obscures  t h e  

:fact t h a t  t h e  sou rce  of t h e  thermocouple emf i s  i n  t h e  tempera ture  g rad i -  

e n t ,  iiot t h e  j u n c t i o n .  The j u n c t i o n  serves on1.y t o  cornplete the e lec t r i -  

ca l  c i r c u i t .  Furthermore,  t h i s  equa t ion  hs based on an assumption t h a t  

t h e  thermoelements are homogeneous. This i s  a poor assumption because 

chemical and p h y s i c a l  changes can produce i.nhomogeneFti.es a f t e r  a t:liermo- 

couple  is put i n  s e r v i c e  o r  even du r ing  i t s  c a l i b r a t i o n ,  p a r t i c u l a r l y  

i n  0.5-mm-diameter thermocouples.  For i n s t a n c e ,  w i t h  a srirnple tempera ture  

p r o f i l e  (Fig.  l b )  , suppose t h e r e  i s  a cor responding  tempera ture  g r a d i e n t  

(F ig .  IC), I f  t h e  thermoelements in Fig .  l a  are homogeneous, the cor re-  

sponding Seebeck c o e f f i c i e n t s  can be  i l l u s t r a t e d  by Fig. ld, and thei . r  

g r  adu a I change wi.  t h t emp e r a t uue r e p  r e s en t s t h e  i r  t emp e.r a t. u r  e de  pen den c e 

F i n a l l y ,  t h e  emf output  of t h e  homogeneous thermocouple [Eq.  (l)] is 

shown i n  Fig.  l e .  

I f ,  however, one of t h e  t:hermoelemcnts is inhomogeneous i n  a p o r t i o n  

of t h e  ther-[nocouple l o c a t e d  i n  the tempera ture  g r a d i e n t ,  t h e  emi ou tpu t  

w i l l  n o t  be as shown i n  F ig .  l e ,  For example, w i t h  the Se-ebeck c o e f f i -  

c i e n t  of t h e  inhomogeneous thermoelemen 11 r ep resen ted  by t h e  dashed l h e  

i.n Fig.  I f ,  idle r e s u l t a n t  emf of t h e  inhomogeneous thermocouple is shown 

i n  Fig.  l g ,  where t h e  emf of t h e  homogeneous thermocouple of F ig ,  l e  i s  

shown f o r  comparison. I n  t h i s  ca se ,  t h e  p o s t u l a t e d  inhomogenei-ty has  

produced an i n c r e a s e ,  A E ,  i n  t h e  emf output ,  w i t h  an  att :cndant i n c r e a s e  

i n  t h e  tempera ture  as indicat:ed by the  ~shernocouple  A'].' , and t h i s  i n c r e a s e  

i s  a tempera ture  rneasureiiietit error. Depending on tIhe cause ,  however, t h e  

development of in1iornogeneiti.es can e i ther -  increase o r  d e c r e a s e  t h e  Seebeck 

coef f i c i e n t  local. ly,  r e s u l t i n g  i n  ei.ther p o s i t i v e  o r  n e g a t i v e  tempera ture  

measurement e r r o r s .  These e r r o r s  are sys t ema t i c  and can be  of the o r d e r  

of hundreds of deg rees  in  extreme cases. 
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I f  thermoel-ement "a" w e r e  t o  deve lop  an inhomogeneity in the p o r t i o n  

of t h e  thermocouple l o c a t e d  around x as shown in F i g .  2 ,  with the t e m -  
0' 

p e r a t u r e  p r o f i l e  i d e n t i c a l  t o  t h a t  of Fig.  2a and t h e  tempera ture  g r a d i e n t  

t h e  same as t h a t  of F ig .  2b, t h e n ,  VT i n  t h e  r e g i o n  of t h e  inhomugeneity 

would equal ze ro .  Thus, hE would a l s o  e q u a l  z e r o ,  s i n c e  from Eq. (1) nn 

inhomogeneity i n  a r e g i o n  of uniform t empera tu re  would have no el-Eect on 

t h e  emf ou tpu t  of t h e  thermocouple,  and, consequent ly ,  t h e r e  would be no 

temp e T  a t u r  e measurement err o r .  

3 

Examples of b o t h  crases p re sen ted  i n  Figs .  1 and 2 w i l l  b e  i l l u s t r a t e d  

by expe r imen ta l  d a t a  in S e c t .  5. 

4 .  TEMPERATURE MEASUREPENT UNCEKl'AINTLES 

4 . 1  Extens ion  Lead Wires 

In precis i.nn t h e m a m e t r y  t h e  thermocouple wires are connected 

d i r e c t l y  t o  a r e f e r e n c e  j u n c t i o n  whose t empera ture  is prec i . se ly  known 

and/or  c o n t r o l l e d .  That is ,  t h e  thermocouple w:i.res extend  f r o m  t h e  

measuring juncti .on t o  t h e  r e f e r e n c e  j u n c t i o n  i n  con t inuous ,  unbroken 

l e n g t h s  wi thout  t h e  i n t e r v e n t i o n  of e x t e n s i o n  l e a d  w i r e s  o r  connec tors .  

Such practice is  i m p r a c t i c a l  in l a r g e  s c a l e  eng inee r ing  exper iments  

such as t h e  CFTL, because  more thrm 200 thermocouple connections t o  t h e  

d a t a  system must: be made and broken when t h e  test  a p p a r a t u s  is exchanged. 

A t  least six such exchanges w i l l  be made du r ing  t h e  cour se  of the CFTL 

exper iments .  I n  a d d i t i o n ,  t h e  1engr:hs of the s m a l l  d iameter  thermocouples 

must be mi.u:imized t o  reduce  t h e  t o t a l  e l e c t r i c a l  r e s i s t a n c e  of t h e  themo- 

coup le  c i r c u i t s .  For t h e s e  r e a s o n s ,  the thermocouples wLLl be connected 

using e x t e n s i o n  l e a d  w i r e s .  

Extens ion  lead wires  and t h e  c o n t a c t s  i n  t h e  thermocaupl r- connec to r s  

are made from p a i r s  of a U o y s  which approximate ly  match t h e  t h e r m o e l e c t r i c  

p r o p e r t i e s  of a s p e c i f i c  thermocoupie type  (K, S ,  e t c . )  over a l i m i t e d  

tempera ture  range,  t y p i c a l l y  0 t o  200°C. Type K e x t e n s i o n  w i r e ,  Ear 

example, i s  o f t e n  made from type  K a l l o y s  which f o r  some reason  o r  

ano the r  do no t  m e e t  t h e  requi rements  :for t ype  K thermocouples over  t h e  

e n t i r e  range  from 0" t o  1260"G, but  do p rov ide  a r easonab le  match of e m f  

vs  tempera ture  from 0" t o  200°C. The most wide ly  used s t anda rd  f o r  t h e  
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a l lowable  e r r o r  i n  t h e  match between the t h e r m o e l e c t r i c  p r o p e r t i e s  of tb.e 

ex tens ion  l e a d  w i r e  materia1.s and t h e  cor responding  the-mocouple types  

i s  g iven  i n  t h e  American National. Standard f o r  Temperature Measurement 

Thermocouples ANSI WC96.1. The t o l e r a n c e s  a r e  expressed  as maximum 

a l lowab le  e r r o r s  which would r e s u l t  i n  a teroperature  measurement due t o  

a mismatch i n  t h e r m o e l e c t r i c  p r o p e r t i e s  between t h e  e x t e n s k n  l e a d  wires 

atid t h e  thermocouple.  For example, the l i m i t  of e r r o r  i s  +2.2"C (0 t o  

200°C) f o r  t y p e  K (Chromel-P v e r s u s  hlumel) and k6.7"C (0 t o  Z00"C)  f o r  

t ype  S (90% platinum-l0% rhodium .versus  p la t inum) .  

Within a p a r t i c u l a r  l o t  of ex tens ion  w i r e  p a i r s ,  t h e s e  should be 

r e l a t i v e l y  c o n s t a n t ,  and t h e r e f o r e ,  sys t ema t i c  e r r o r s .  

W e  have measured t h e  d e v i a t i o n s  i n  a tempera ture  range  from 0 t o  

140°C of a random sampling of t y p e  S ex tens ion  w i r e  obtaf-ned from several 

sources  a t  ORNL. Thus, t h e  samples w e r e  from s e v e r a l  manufac turers  and 

came from l o t s  of materials purchased over  a p e r i o d  of about t e n  yea r s .  

The range  of d e v i a t i o n s  w a s  w i t h i n  t h e  ANSI tal-erance s t a t e d  i n  the p r e -  

ceding paragraph  and agreed w i t h  t h e  resu l t r s  of S t a r r  and Wanga9 

r e s u l t s  (Fig.  3)  show t h a t  c a l i b r a t i o n  can reduce  the u n c e r t a i n t y  due t o  

t h e  sys t ema t i c  e r r o r s  in t h e  ex tens ion  w i r e s  to +O.l°C o r  less,  This  i.s 

a l s o  t r u e  f o r  t ype  K ex tens ion  wires: c a l i b r a t i o n  can reduce t h e i r  

measurement u n c e r t a i n t i e s  t o  a few t e n t h s  of a deg ree  Cels ius . lO 

o t h e r  words,  c a l i b r a t i o n  of each l o t  of e x t e n s i o n  l e a d  wi-ree used can 

reduce t h e  s y s t e m a t i c  e r r o r s  t o  the level  of the random e r r o r s  i n  t h e  

thermocouple measurement sys tern. 

The 

I n  

4.2 Reference J u n c t i o n s  

The output  o f  a homogeneous thermocoupLe una f fec t ed  by t h e  o t h e r  

sources  of e r r o r  l i s t e d  i n  Table  1 -- a c o n d i t i o n  almost  never  achieved -- 
is  determined by t h e  d i f f e r e n c e  i n  tempera ture  between t h e  measuring junc-  

t i o n  a t  tempera ture  T and t h e  r e f e r e n c e  junct i -on a t  tempera ture  T . 
Therefore ,  an u n c e r t a i n t y  i n  T wi l l  d i r e c t l y  cause  an u n c e r t a i n t y  i n  t h e  

measured tempera ture .  For  a l a r g e  group of thermocouples,  such as i n  t h e  

CFTL,, it i s  prac t ice  t o  i n s t a l l .  a zone box heated t o  c o n s t a n t  tempera ture  

t o  e s t a b l i s h  To. 

0 

0 

Usual ly  a zone box is the - rmos ta t i ca l ly  c o n t r o l l e d  a t  
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I l l u s t r a t i o n  of how the. l o c a t i o n  of a t empera tu re  g r a d i e n t  
can mask the d e c a l i b r a t i o n  of a thermocouple. This  i s  a s i t u a t i o n  which  
i s  l i k e l y  t o  arise i f  the thermocouple has  d e c a l i b r a t e d  i n  use and is  
removed and i n s e r t e d  in a c a l i b r a t i o n  f u r n a c e  f.n an a t t empt  t o  r e c a l i -  
b r a t e  i t .  
$T = 0 i n  t h a t  r eg ion .  

The d e c a l i b r a t e d  s e c t i o n  n e a r  Xo i s  n o t  d e t e c t e d  because 
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big. 3. Dev ia t io~zs  o f  t e n  samples 01 type  SX ex tens ion  ~i.1-e 

:bt:ni~ned f rom v a r i o u s  sources  a t  OR-NL f r o m  0 t o  140°C.  

.'.:;'':, and LhLs t empera ture  i s  monitored du r ing  an expe r imen t  by a t h e r -  

- , L t ~ ~ x t e r ,  such a s  a r e s i s t a n c e  thei:nmmeter, t h a t  does n o t  rnqi i t - re  

-, cference - 
af t empera ture  wi. . thin a zone box i s  about 20.2"C. Thi.s wf.1 1 be a c m -  

staat  sys t ema t i c  error i f  t h e  ternperstur2 gradicnt .s  :ire small and con- 

sLalit w i th in  t h e  zone box and t h e  box rcmains i n  t h e r m o s t a t i c  c o n t r o l .  

j u n c t i o n .  The u n c e r t a i n t y  a t t r i b u t a b l e  t o  a l a c k  of uniformf ~ r y  

4.3  Data A c q u i s i t i o n  S y s t e n  

The e r r o r s  due t o  t h e  measuring systrxi  in measuring the thermal  emf 

o f  a tlierrnocouple can vary f r o m  t h e  eqiii-valent of a f e w  mil . l idegrees  wi.th 

h i g h  q u a l i t y  1.aboratory poteniri.ometers t o  t e n s  of deg rees  w i t h  h igh  speed 

d a t a  l o g g e r s .  Measurerneni: systems des igned  f o r  s t e a d y  s ta te  emf measure- 

rnent s can be i.11 gene ra l  more  a c c u r a t e  than  systems designed f o r  t r a n s i e n t  

rnensiirenents of emf. 

the product  of the speed of d a t a  a c q u i s i t i o n  and t h e  accuracy of d a t a  

a c q u i s i t i o n  i s  approximately constai i t .  

To pa raphrase  t h e  i ie isenherg u n c e r t a i n t y  p r i n c i p l e  
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Cent igrade ,  Cels.i.us, Kelv in ,  e tc .  The scale of tempera ture  which h a s  

wi.dest usage i n  s c i e n t i f i c  and eng tnee r ing  work i s  t h e  L n t e r n a t i o n a l  

P r a c t i c a l  Temperature Scale of 1.968 (IPTS-68) adopted by t h e  Pnterna- 

t i o n a l  Conference on Weights and Measures. This  scale n o t  on ly  d e f i n e s  

va lues  of tempera ture  f o r  s e l e c t e d ,  reproducihl-e  f i x e d  p o i n t s ,  bu t  a1 so 

p r e s c r i b e s  s t anda rd  in s t rumen t s  and methods f o r  r e a l i z i n g  t h e  s c a l e .  

AI.1 measurements of tempera ture  i n  t h e  CFTT, should u l t i m a t e l y  3e 

r e f e r a b l e  t o  t h e  IPTS-68. T h i s  wi1.l be  accomplished by c a l i b r a t i o n  of 

t h e  tempera ture  senso r s .  The c a l i b r a t i o n  u n c e r t a i n t y  of tempera ture  

senso r s  i n s t a l l e d  i n  t h e  CFTL i s ,  t h e r e f o r e ,  t h e  u n c e r t a i n t y  of t h e  cal- 

i b r a t  ion of t h e s e  s e n s o r s  w i t h  r e s p e c t  t o  I :PTS-68. The u n c e r t a i n t i e s  i n  

t h e  measuring system and tile r e p r o d u c i b i l i - t y  of t h e  s t a n d a r d s  used in the 

Mel:rol.ogy Research and Developmernt Labora tory  of t h e  Ins t rumen ta t ion  and 

Cont ro ls  D iv i s ion  do not  c o n t r i b u t e  more t han  0 .2 "C  u n c e r t a i n t y  f o r  ca1.- 

i b r a t i o n s  t o  1400°C. The s t anda rd  thermocouples i n  t h e  metrology l abora -  

t o r y  were c a l i b r a t e d  by t h e  U. S.  National-  Bureau of S tandards  (NBS) w i t h  

an uncer ta i .n ty  of i l ° C  w i t h  r e s p e c t  t o  t h e  IPTS-68. Because of the 

g r e a t e r  v a r i a b i l i t y  of 1:he working senso r s  i n s t a l l e d  i n  the CF'CL, the 

initial c a l i b r a t i o n  u n c e r t a i n t y  i s  n o t  wore than  21°C t o  l O O O " C ,  incz-eas- 

ing t o  t l . 5 "C  a t  1400°C. Addi t iona l  u n c e r t a i n t i e s  may be i-ntroduced 

du r ing  the f a b r i c a t i o n  of t h e  fuel-roil  sirnulatiors due t o  a d d i t i o n a l  

handl. ing cold-working , and anneal. ing of the thermocouples.  

C a l i b r a t i o n  e r r o r s  are s y s t e m a t i c  e r r o r s ,  and since d e c a l i b r a t i o n  

e r r o r s  are t r e a t e d  s e p a r a t e l y ,  t hey  are cons t an t  sys t ema t i c  e r r o r s ,  

4.5 'Thermal Shunt ing 

Thermal shun t ing  i s  a broad ca t egory  which i n c l u d e s  a l l  errors that. 

r e s u l t  from t h e  thermocniiple not  a c t u a l l y  a t t a i n i n g  t h e  tempera ture  of 

t h e  l o c a t i o n  it  is  in tended  t o  measure. 

A thermocouple,  j u s t  as any o t h e r  c o n t a c t i n g  tempera ture  senso r ,  

d i s t u r b s  t h e  tempera ture  d i s t r i b u t i o n  of m y  o b j e c t  t o  which i t  is 

a t t a c h e d  because t h e  thermocouple has  a f i n i t e  s i z e  and contlucts h e a t  

from (o r  t o )  t h e  o b j e c t .  The thermocouple i tself  loses h e a t  t o  (ga ins  

h e a t  From) i t s  sur roundings  by conduct ion.  This  h e a t  Irrai-tsfer can cause 
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t h e  thermocouple ho t  j u n c t i o n  t o  be  at a d i f f e r e n t  tempera ture  h ighe r  

o r  lower,  than t h a t  of t h e  o b j e c t .  This  t empera tu re  d i f f e r e n c e  p l u s  any 

tempera ture  change of t h e  o b j e c t  due t o  t h e  presence  of the ttiermocouple, 

i s  a t e m p e r a t u r e  measurement e r r o r ,  which is c a l l e d  a " t h e r m a l  shunt ing"  

e r r o r .  

Thermal shun t ing  e r r o r s  f r e q u e n t l y  r e s u l t  from t h e  way i n  which t h e  

sensor  is a t t a c h e d .  Without good tf icr i rmal  c o n t a c t  t h e  j u n c t i o n  of t h e  

senso r  will no t  a t t a i n  t h e  tempera ture  of the o b j e c t .  It i s  f r e q u e n t l y  

necessa ry  t o  e lec t r ica l ly  i s o l a t e  t h e  thermocouple from the o b j e c t  by 

i n s e r t i n g  a t h i n  s h e e t  of i n s u l a t i n g  material between the j u n c t i o n  and 

t h e  o b j e c t  (Pig.  4 ) .  I n  t h i s  c a s e ,  because  of the v a r i o u s  heat t r a n s f e r  

p r o c e s s e s ,  t h e  tempera ture  of t h e  nieasurlng j u n c t i o n  will. always b e  

more o r  less than  t h e  tempera ture  of t h e  o b j e c t ,  depending on t h e  tem- 

p e r a t u r e  of t h e  sur rounding  media. 

Thermal shun t ing  e r r o r s  i n  t h e  CFTL ~dll resul t :  from u n c e r t a i n t i e s  

i n  (a) t h e  senso r  l o c a t i o n  i n  the. fue l - rod  simril-ntor; (b) t h e  thermal 

c o n t a c t  of t h e  senso r  w i t h  t h e  shr:ath of t h e  s i m u l a t o r ;  ( c )  changes i n  

t h e  tempera ture  d i s t r i b u t i o n  i n  t h e  s imula to r  because of t:he. p re sence  of 

t h e  senso r ;  and (d) tempera ture  v a r i a t i o n s  a long  the l e n g t h  of t h e  h e a t e r  

due t o  h e a t e r  inhomogenei t ies ,  i n s u l a t o r  d e n s i t y  v a r i a t i o n s ,  and d i f f e r -  

ences in thermal c o n t a c t  a t  t h e  v a r i o u s  i n t e r f a c e s .  

0 R N t -DbVG 783 7637 H 
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Fig. 4 .  Thermal shunting i s  a f f e c t e d  by t h e  ~ 7 F r e  s i z e  of the 
thermocouple, t h e  r e l a t i v e  thermal  c o n d u c t i v i t i e s  of t h e  o b j e c t  and 
t h e  thermocouple, t h e  tempera ture  of t h e  sur roundings ,  and t h e  h e a t  
t r a n s f e r  c o e f f i c i e n t  of t h e  sur rounding  medium. 



In t r 3 n s i e n . ~ - ~ ; ~ m p e r a t u r e  measurements t h e  e f f e c t s  of thermal  

shun t ine  are i l i tc?nsif ied and can often 11, t h e  dominant. e r r o r .  

f a s i  t r a n s i e n t s ,  the est i.inated probable  error foi: "Lie CFTI, is 30°C. l2 

Theraal shuni:i rtg errors ar? noncoiistaiit: sys te ina t ic  e r r o r s ,  and tlleir 

e7:nluat i.on wi 17 req i i i re  a cornbi.n'~ttoo of exper imenta l  tes 1:s aiid arral-yti-. 

cn 1 

For ve ry  

iiu (::e 1 i n,g . 

4 .  6 E l . ee t r i ca1  Shunir i.ng 

lhe e l e c t r i c a l  rpi;isCanre of a1 1 insu1a.i irrg m a t e r i a l s  used in 
' 

;':t?l: thermocouple qqscmbl i es  decrcascs c x p o r i r u t i a l l y  wLth i n c r e a s i n g  

e r , i t u re .  Thc sorpi  i o n  mte r  by comrnci  ~d czrnrnir powdrr  i n su la t  ion 

. -, meta l  ~ l l ~ ~ f : l - i i ~ . l  t l ierxocoiuiles can a1 : ilr the e l e c t r i c a l  i n s u l a t i o n  

r i s i s ta l ic . .  O F  svrh a s s e m b l i r q  by seve ra l  o r d e r s  of magnitiide. A s  an  

c-tnnpl:-, d u r i n g  rpprat r 4  Lliermal c y c l i n g  of a 0.5-nm -diameter  thermocouple 

a s s ~ i n b l y  bcL\ec.r, 1 5  and 1 O O O " C ,  t h e  i n s i l l  at i o n  r e s i s t a n c e  changed as shown 

i n  F i g -  5.13 1)ata rc~rorded  du r ing  t h e  i n i t i a l  hea t ing  of t h e  as-received 

T E Y P c R x T J 1  I 

F i g .  5. I l l u s t r a t i o n  of the changes in t h e  i n s u l a t i o n  resistance 
rncnsured on r epea ted  thermal  cyc l ing .  i'lie i n s u l a t i o n  r e s i s t a n c e s  o f  
1.6- and 3 .3-ami-d iameter  a s sembl i e s  are shown f o r  comparison. 



tI iemocouple are p l o t t e d  as curve 1, wh.i.cIi we  b e l i e v e  to be  the t:esul_t of 

w a t e r  adsorbed by the hygroscopic  magnesium ox ide  (MgQ) i n s u l a  ti.csr:. W e  

b e l i e v e  [:bat the s h a r p  decrease i n  t h e  i n s u l a t i o n  r e s h t a n c e  at: 100°C Is 

due. t o  the release of 1ooseI.y bound w a t e r  which had .been physic;zl..ly 

adsorbed on t ~ ~ e  l a r g e  s u r f a c e  area of the M ~ O .  l 4  

of wate.r which i.ncludes t h a t  chemisorbed 011 t.he MgO, r e q u i r e s  te.mpers-. 

t u r e s  of 900°C o r  more- The improve men^ of the i n s u l a t i o n  r~~ . , s~ . s t z : i c~~ .  

Mith thermal  cycldcg shtwn by the carves marked 2 ,  3 ,  4 Is probably d r ~ e  

t o  "'pumping'' of the w a t e r  vapor t o  c o o l e r  p o r t i o n s  of the assembly OX- C G  

removal. of t h e  water t1i.rougl-1 chemical. r e a c t i o n  with the sEie.ath and t?ier- 

moelements, o r  botl i .16 

coup le  was cut. open, and t h e  open e.ad was Soc.ntec1 w i t h i n  the h o t  zone. 

Cume 5 shoi~s t h e  i n s u l a t  ion resls tance measured dur:i-ng cool.ing from 

1000°C. T h e  open end. of t h e  thermocouple a l lowed the desorbed water 

vapor to escape f rom t h e  heated Irq$'ri, r e s u l t i n g  i n  t h e  improved insti- 

1.ati.m r e s i s t a n c e  shown. As the thermocouple cool.ed below aboi.it 5O'c 

the insulaticm resi.staxnce began t o  decrease becai.tse moi s tu re  was absorbed 

f rom the a i r  i n t o  t h e  open end of tEw tFiermocouple. For compa.r.ison, 

rneasurements of the  insula.I:iori r e s i s t a n c e  of 1.6-mm arid 3.. 2-mm-dinm.eter 

tiiermocmuple materials are shown for t empera tures  between 700 and 1Or)iB"C. 

?'fie c o m p ~ . e t e  remmw1. 

TO conf i rm t h i s  mechanism, t11e end of n t h e r m -  

F i g u r e s  5a, 6b,  i l t ld b c  i l l u s t r a t e  t h r e e  d i f f e r e n t  ways i n  which t . 1 ~  

lower insulati_on resi.si:arrce a t   temperature.^ above ruSOOO 'C can ca.usi2 

e r r o r s  i n  thernio coup1.e thermometry a 

In  Oe5-m-diarneter thermocoupI.es w i t h  'LO. I-m-diameter w i . r e s  , the 

loop  r e s i s t a n c e  of the thermocoup1.e i s  large (%I40 ii/m>. 

r e s i s t a n c e  of t h e  insul-at Fon d e c r e a s e s  wtth increasing T ,  and a t  a s u f -  

f i c i e n t l y  h igh  tempera ture  where the insuSatiori  r e s i s t a n c e  appri:~acb.es 

t h e  loop  r e s i s t a n c e ,  a s igni . f icant  Soss of the thermocoup1.e emf can 

occur because of e lec t r ica l  leakage  through the t h i n  i n s u l a t i o n  Sayer 

between t h e  thermoelements,  r e s u l  t i n g  i n  e r roneous  irmdicat:i.ons of tern-, 

p e r a t u r e  above about 3.000"C. l 3  

The e l e c t r i c a l  

F igu re  6n i l l u s t r a t e s  the mcost common way e l ec t r i ca l  s h u n t i n g  er.t:ii~s 

I f  a thermocouple Is i n s e r t g d  i n t o  a s imple  tempera ture  profi.1;. occur .  



as i l l u s t r a t e d ,  electr  i-cal shun t ing  w i l l  occur  i n  t h e  p o r t i o n  of t h e  

thermocouple above % l O O O " C .  

A second r e l a t e d  e f f e c t  is t h e  c r e a t i o n  of a " v i r t u a l  j u n c t i o n "  a t  

tempera tures  abovn ~l000"C. 

is  l o c a t e d  i n  a t empera ture  p r o f i l e  such as shown i n  Fig.  6b, where a 

p a r t  of t h e  thermocouple i s  hot  tier than t h e  measuring junc'c: Lon, t h e  ther- 

mocouple w i l 3 .  i n d i c a t e  a tempera ture  t h a t  is more n e a r l y  tile tempera ture  

of the h o t t e s t  p a r t  of t h e  thermocouple -- not .Lhat of t h e  measuring 

junction. This phenouienon is  shown schemat i ca l ly  i n  Fig.  Sb, and some 

exper imenta l  r e s u l t s  are shown i n  F i g .  7. I n  t h e  l e n g t h  of the thermo- 

couple  l.ocated i n  t h e  p a r t  of the t empera ture  p:ro f i  l e  w i t h  tempera tures  

greriter than 1000°C , the e lec t r i ca l  i n s u l a t i o n  r e s i s t a n c e  i s  I.owered ~ 

a l lowing  a conduct ion p a t h  t o  be e s t a b l i s h e d  between the thermoelements,  

thereby  creatri.iig a " v i r t u a l "  j u n c t i o n  a t  t h i s  po in t .  T h i s  e f f e c t  has 

been observed i n  0.5-iim-diameter thermocouples w i t h  no juncti-oris. For  

exaiilpIe an emf w a s  measured on an  open-c i rcu i ted  "thermocouple" which 

extended through a peak tempera ture  of ~ 1 0 0 0 ° C  t : h t  was 90% of t h e  emf 

expected from a c l o s e - c i r c u i t e d  thermocouple w i t h  -its measuring j u n c t i o n  

at. 1:1tat: tempera ture .  The e f f e c t  i s  n o t  s o  g r e a t  w i t h  l a r g e r  d iameters .  

I f  a p o r t i o n  of the l e n g t h  of a thermocouple 

Electr ical  shun t ing  e r r o r s  are tempera ture  dependent ,  sys t ema t i c  

e r r o r s .  

4.7 Elec t r ica l  Leakage 

A t h i r d  e f f e c t  observed dur ing  a dec rease  i n  i n s u l a t i o n  r e s i s t a n c e  

i s  caused by leakage  of s m a l l  dc  c u r r e n t s  f r o m  the h e a t i n g  element of 

t h e  f u e l  rod s imula to r  i n t o  t h e  thermocouple c i r c u i t  (F ig .  6 c ) .  This  

e f f e c t  was measured by pass ing  a small dc currcrni long the s h e a t h  of 

one m of a 0.5 mm d iameter  thermocouple assembly hea ted  t o  1000°C o r  

g r e a t e r ,  r e s u l t i n g  i n  temperature measurement e r r o r s  of hundreds of 

degrees  C e l s i u s  f o r  a few mi l l iamperes  or' dc c u r r e n t  on the thermocouple. 

However, t h e  e r r o r s  i n  a CFTL fue l - rod  s imula to r  would n o t  be  n e a r l y  so  

l a r g e  as t h i s .  The d r i v i n g  f o r c e  f o r  t h e  leakage  c u r r e n t  is t b e  v o l t a g e  

drop a long  t h e  s h e a t h  of t h e  thermocouple,  t h e  e r r o r  in t roduced  is 

s t r o n g l y  dependent on this s h e a t h  r e s i s t a n c e .  Tn the CFTL f u e l  -rod 
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Fig. 6. Three t y p e s  of t empera tu rc  measurement e r r o r s  which can occur  
because of t h e  reduced e l e c t r i c a l  i n s u l a t i o n  r e s i s t a n c e  of t h e  i n s u l a n t  in  
a shea thed  thermocouple assembly: (a) shun t ing  of t h e  e l e c t r i c a l  signal;  
(b) c r e a t i o n  of a v i r t u a l  j u n c t i o n  which t e n d s  t o  make t h e  thermocouple 
i n d i c a t e  t h e  h o t t e s t  t empera tu re  through which i t  passes ;  and (c) leakage 
of c u r r e n t s  on t h e  s h e a t h  on to  t h e  thcrmocoup1.e w i r e s .  (Since t h e  thermo- 
elements a r e  normal ly  of d i f f e r e n t  r e s i s t a n c e s ,  t h i s  r e s u l t s  in a n e t  emf 
a t  t h e  ou tpu t  of t h e  thermocouple, which can be  p o s i t i v e  o r  n e g a t i v e  
depending on t h e  d i r e c t i o n  of t h e  l eakage  c u r r e n t . )  

ORNL-DWG 78-3932 
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Fig.  7,. Temperature measurement e r r o r  measured when t h e  thermocouple 
p a s s e s  through a ho t  zone h e l d  at 1200°C and t h e  t empera tu re  of t h e  
measuring j u n c t i o n  i s  v a r i e d .  
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s i n i d a t o r ,  t h e  s h e a t h  r e s i s t a n c e  of the thermocoi1pJ.e i.s shunted by t h e  

c l ad  resi.staace of t h e  rod ,  which resul:?s i n  an " e f f e c t i v e "  tl-~eriiwcoup3.e 

shea th  r e s i s t a n c e  of a few hundredtlis  of an ohm pe r  m e t e r ,  rather t1sa.n 

several ohms p e r  meter. Thus, the e f f e c t  of leakage  current: i.n t h e  c l a d  

of t h e  rod  on the thermocoiiple output  i s  reduced p r o p o r t i o n a l l y .  

The n e t  e f f e c t  on a thermocouple which i.s i n s e r t e d  I;hz.oug.h a i:i:m- 

p e r n t u r e  p r o f i l e  i s  shown i n  Fig.  8 i s  a combinat ion of bo th  e l ec r l - i ca l  

shun t ing  and t h e  creat i .on of a v i r t u a l  j u n c t i o n .  The tempera ture  

measurement ITTOES i n  this case depend on t h e  locat. l im of the thermo- 

c o u p l e  with respect t o  t h e  tempera ture  prdil-e.  I f  t h e  measuring junc-  

tion is l o c a t e d  t o  t h e  I.ef-ti of t h e  tempera ture  maxinurn in  Fig.  8, the 

i n d i c a t e d  tempera ture  i s  less than  t h e  t r u e  'ieinperature (- e r r o r ) .  A s  

the measuring j u n c t i o n  i s  moved through the tempera ture  maximum, the 

error f i r s t  d e c r e a s e s  t o  zcxU as the measuring j u n c t i o n  approaches a 

poiint "a" on t h e  tempera ture  p r o f i l e ;  t hen  i t  i n c r e a s e s ,  but  of t h e  

oppos i t e  s i g n  ( +  e r r o r ) ,  as  t h e  measurLng ju i i c t ion  i s  moved beyond "a", 

that is ,  the tempera ture  i.ndi.cated by the thermocouple is h ighe r  than  

t h e  trite tempera ture  of i t s  measuri-ng junction. 

is  

DEPTH OF THER 
Fig. 8. Temperature indicated by a shun t ing  tlIermocouple as  i t  

i n s e r t e d  through a s,vmmetr i c  tempera ture  d i s t r  ibuL i on 
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E l e c t r i c a l  l eakage  e r r o r s  are also s y s t e m a t i c  and depend on tempera- 

t u r e  and t:he d i r e c t i o n  and magnitude of t h e  c u r r e n t  on t h e  sheath.  

4.8 Analytica.1 Model f o r  E l e c t r i c a l  
Shunt ing  and Electr ical  Leakage 

E a r l i e r  e x p e r b e n t  s showed that e r r o r s  due t o  e l e c t r i c a l  l eakage  and 

shun t ing  i n  t h e  fue l - rod  s i m u l a t o r  thermocouples can be  l a r g e .  Thus, an 

anal.yt:i-cal- model based on e l e c t r i c a l  t r a n s m i s s i o n  l i n e  t h e o r y  :Eo-r t h r e e  

p a r a l l e l  conductors  w i t h  d i s t r i b u t e d  v o l t a g e  sou rces  w a s  developed f o r  

small d i ame te r  shea thed  thermocouples e L 7  I n  th i s  model, t h e  thermocouple 

i s  d.i.vided i n t o  s m a l l  s e c t i o n s  of l e n g t h  Ax (Fig.  9 ) .  T h e  s e l e c t i o n s  f o r  

i n d i v i d u a l  s e c t i o n s  are combined, a long  w i t h  a hiown tempera ture  proEi.l.e, 

and a s o l u t i o n  i s  ob ta ined  t h a t  g:i.va?s a good approximation t o  t h e  errors 

caused by e i t h e r  e l e c t r i c a l  l eakage ,  e l e c t r i c a l .  shun t ing ,  or both.  

The necessa ry  paramete.rs f o r  t h e  model ( e l e c t r i c a l  r e s i s t a n c e  pe r  

u n i t  l e n g t h ,  Seebeck coeffj-cients , and conductances p e r  u n i t  length) w e r e  

determined e x p e r i m e n t a l l y  a t  several t empera tu res .  The insximum d e v i a t i o n s  

between t h e  c a l c u l a t e d  and measured e r r o r s  r e s u l t i n g  from e l e c t r i . c a l  

l eakage  are shown i n  Fig. 10.  The agreement is e x c e l l e n t ,  even though 

t h e  parameters  measured f o r  i n p u t  t o  t h e  model changed w i t h  time a t  hfgher 

t empera tu res  d u r i n g  t h e  experiment.  

The model w a s  used  t o  c a l c u l a t e  t h e  e f f e c t s  of shun t ing  and of a 

r e l a t e d  phenomenon, t h e  v i r t u a l  j u n c t i o n .  This i.s i . l l u s t r a t e d  i n  Fig.  11 

f o r  a O.S-m-diameter, t y p e  K thermocouple shea thed  i-n s t a i n l e s s  steel. 

The s i m p l e  t empera tu re  p r o f i l e  used i n  t h e  c a l c u l a t i o n  i s  shown i n  

F ig .  l l a .  I n  Fig.  l l b  t h e  t e m p e r a t u r e  measurement e r r o r s  r e . s u l t i n g  from 

l o c a t i n g  t h e  measuring j u n c t i o n  a t  v a r i o u s  pos i . t ions ,  L ,  i n  t h e  tempera-  

t u r e  p r o f i l e  are shown. As t h e  l o c a t i o n  of t h e  measuring j u n c t i o n  i s  

changed from L = 0 t o  I m (500 t o  l O O O " C ) ,  t h e  e f f e c t  of elc-.ccri_cal 

shun t ing  becomes b a r e l y  d i s c e r n i b l e  a t  about 900°C. As t h e  measuring 

junc t ion .  i s  moved from the 1 m t o  t'ne 2 m p o s i t i o n  (1000 t o  120O0C), t h e  

e lec t r ica l  shun t ing  e f f e c t  r e s u l t s  i n  a n e g a t i v e  ( ' ~ 2 ' )  t empera tu re  

measurement e r r o r .  Mov:ing t h e  ineasilirlng j u n c t i o n  from t h e  2 m pos i  t-ioi-i 

t o  t h e  3 m p o s i t i o n  (1200 t o  1000°C) r e s u l t s  i n  the l a r g e  (q~16OC)  e r r o r  
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F ig .  11. Shunting e r r o r s  c a l c u l a t e d  u s i n g  model. (a) Temperature 
p r o E i l e  w i t h  measuring j u n c t i o n  a t  X = L and r e f e r e n c e  j u n c t i o n  a t  
x = 0. (b) Temperature measurement e r r o r  v e r s u s  L. 

due t o  t h e  development of a v i r t u a l  j u n c t i o n  a t  the l o c a t i o n  a long  t h e  

thermocouple a t  t h e  maximum 1200°C tempera ture .  These r e s u l t s  have been 

r e p o r t e d  i n  d e t a i l  e l sewhere .  l 7  

4.9 E lec t r ica l  Noise 

In  t h e  CFTL, as i n  any system i n  which large amounts of power a r e  

handled, electrical n o i s e  u s u a l l y  w i l l  be in t roduced  by induc t ion  and 

leakage  i n t o  t h e  low-voltage-level thennocouple c i r c u i t s .  The re la t ive 

e f f e c t s  of n o i s e  pick-up on i n t r i n s i c ,  grounded and ungrounded j u n c t l o n  

thermocouples have been determined i n  a room tempera tu re  s h u l  a t i o n  of 

CFTL fuel-rod s i m u l a t o r s  t o  be i n  a r a t i o  of about 10:2:l.'e P a s s i v e  

f i l t e r i n g  could reduce t h e  e f f e c t  of this induced n o i s e ,  bu t ,  because 

t h i s  method would impai r  t h e  a b i l i t y  of t h e  thermocouples t o  make high- 

speed measurements d u r i n g  t h e  f a s t  CFTL t r a n s i e n t s ,  it would no t  be  

accep tab le .  Act ive  f i l t e r s  can e s sen t i a l . 1y  solve t h i s  problem. Act ive  

f i l t e r s  w i t h  low-dr i f t  o p e r a t i o n a l  a m p l i f i e r s  i n  a t h e r m o s t a t i c a l l y  
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c o n t r o l l e d  enc losu re ,  would add l.ess than  1°C t o  t h e  o v e r a l l  e r ro r s . ' '  

This  e r r o r  in t roduced  i n t o  the measurement system by t h e  d r i f t  of t lw  

f i l t e r  a m p l i f i e r s  w i l l  be  re la t ive1 .y  const a n t  and sys temat ik .  

5 DECALIBRATION 

5 .1  1ntroduct:torn 

The c a l i b r a t i o n  of a thermocouple e s t a b l i s h e s  an i n i t i a l  func t i -ona l  

r e l a t i o n s h i p  between t h e  emf ou tpu t  of t h e  thermocouple and the tempera ture  

of t h e  measuring j u n c t i o n .  'i'hi.s is r e f e r r e d  t o  as t h e  "temperature-emf 

r e l a t i o n s h i p  .I' g g c a l i b r a t i o n  i s  the re-sul. .~ o f  changes of the temperiii:ln:e- 

emf r e l a t i o n s h i p  w i t h  t i m e .  D e c a l i b r a t i o n  d e s t r o y s  t h e  homogeneity of t h e  

thermocouple,  and  the temperature-emf rel.at ioxrship becomes dependent 011 

the Ilocation of the deca1,ibrat:ed p o r t i o n  of t h e  thermocoup1.e w i t h  r e s p e c t  

t o  tempera ture  g radknr r s  

p o s s i b l e .  

A s  a r e s u l t ,  - REcal %rat ion  u s u a l l y  is not: 

D e c a l i b r a t i o n  can be  caused by changes i n  (1) the m e t a l l u r g i c a l  s t a t e  

O F  iilie thermocouple materials o r  (2)  t h e  composi t ion of t h e  thermorle:nerits, 

The ra te  and ext:e?nt o f  t hese  changes depend on f a c t o r s  such as tempera ture ,  

composit i o n  o E t h e  thermoel  e m e r i  t s , compo s i t  i o n  of t h e  sur rounding  materials 

( i n s u l a t o r s ,  p r o t e c t i v e  shea ths  ~ gases )  , and s i . ze  of t h e  thermocouple wires" 

'Yo e l u c i d a t e  the e f f e c t  of deca l i .b ra t  i.on on thermocouple thermometry, 

t h e  d e c a l i b r a t i o n  ersors t h a t  result from any the above f a c t o r s  are  classi-  

f i e d  as d e c a l i b r a t i o n  e r r o r s  of t h e  f i r s t  ki-nd o r  of t h e  second ki.izd. This  

c l - a s s i f i c a t i o n  does no t  r e f e r  t o  t h e  t y p e  o r  o r i g i n  of the d e c a l i b r a t i o n  

e r r o r s ,  bu t  t o  the ways i n  whi.ch the e r r o r s  are  mani fes ted  by exper imenta l  

procedures .  They may d i f f e r  enormously i n  magnitude; t h e  magnitude of an 

error of t h e  second kind u s u a l l y  i s  several t imes  g r e a t e r  than t h a t  of t h e  

f i r s t  kind. 

Deca l ib ra t ion  error 's  of t h e  f i r s t  kind are observed as a d r i f t  of t h e  

temperature-emf r e l a t i o n s h i p  w i t h  the l o c a t  i-on of the tempera ture  g r a d i e n t  

f i x e d  w i t h  respect t o  t h e  thermocouple. 

tlierrnocouple c a l i b r a t i o n s  o r  a p p l i c a t i o n s  are i n  t h i s  ca tegory ,  

Most cases of d r i f t  r e p o r t e d  i n  

Decal ibra- t  i o n  e r r o r s  of t h e  second kind occur  w h e n  3 deca1ibrat:ed 

thermocouple is moved w i t h .  r e s p e c t  t o  t h e  tempera ture  g r a d i e n t .  T h a t  i s ,  
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t h e  e f f e c t  o f  d e c a l i b r a t i o n  is t o  make the temperature-emf r e l a t i o n s h i p  

of t h e  thermocouple p o s i t i o n  dependent.  A change i n  the. l o c a t i o n  o r  shape 

of t h e  tempera ture  g r a d i e n t  with respect :  t o  t h e  decal. i .brated p o r t i o n  of 

a thermocouple w i l l  cause  a change i n  the o u t p u t ,  even i f  the measuring 

j u n c t i o n  should remain a t  t h e  same tempera ture .  D e c a l i b r a t i o n  e r r o r s  of 

t h e  second kind are i m p o r t m t  f o r  exper iments  such as th.e CF'UL because  

changes i n  the power i n p u t  and hel ium f low w i l l  change. the tempera ture  

g r a d i e n t s  imposed on t h e  fuel-rod si.rriulator thermocouples ., which, as 

d i scussed  i n  succeeding s e c t i o n s ,  can resu1.t i n  l a r g e  noncons tan t  system- 

a t  i c  tempera ture  measurement e r r o r s .  

The 0.5-mm-diameter shea thed  thermocouples f o r  the CPTL h e a t e r  rods  

w e r e  s tudi-ed t o  de.termi.nt2 t h e  causps  of decal . ibrat . ion,  t o  devel.op means 

t o  mi.nimize decalibration e r r o r s ,  and t o  estimate the tempera ture  m e a s -  

urement e r r o r s  which r e s u l t  from d e c a l i b r a t i o n .  The r e s u l t s  of this 

s tudy  are d i s c u s s e d  be low t o  e x p l a i n  why tempe.rature measurement e r r o r s  

cann.ot b e  redur:ed by lin s i t u ,  s t e a d y - s t a t e  c a l i b r a t i o n s  and why e f f o r t s  

t o  r educe  tempera ture  measurement e r r o r s  due t o  d e c a l i b r a t i o n  must be  

l i m i t e d  t o  t h e  s e l e c t i o n  of the opt.iniurn combinat ion o f  thermocoople and 

s h e a t h  mat:e.r:i.als and manufactur ing procedures  which min imize  decalibra- 

ti.011. (he would expec t ,  as w e l l ,  t h a t  the CFTL exper iments  would b e  

conducted i n  such a m a i . n e r  as t o  minimi.ze the e r r o r s  i n  the thermocouple 

thermometry w:i.thin the expe r imen ta l  g o a l s  of the CFTT.,. 

5.2 Exper:imental. Measuremeixts and R e s u l t s  

5 e 2 e 1 Measurement Systems 

Two d i f f e r e n t  f u r n a c e s  w e r e  use.d i n  t h i s  work. B o t h  are used regu- 

l a r l y  f o r  c a l i b r a t i o n  work i n  the OWL Metrology Research and Development 

Labora tory  (!tRDIL) . Both are e1 .ec t r i cn l ly  hea ted  tube  f u r n a c e s  of about  

6.5 cm I D .  h e  (No. I> c o n t a i n s  an Inconel -c lad ,  copper  e q u a l i z a t i o n  

i so the rma l  zone block which p r o v i d e s  an. irrunersi.on dept.h o f  ~ ~ 2 3  ciii and 

a tempera ture  -range from 20 t o  1000°C. The second fu rnace  (No. 11) has 

a platinum-rhodium a l l o y  h e a t i n g  element which p e r m i t s  o p e r a t i o n  t o  

$1500°C. La fu rnace  I, t h e  test thermocouples  w e r e  seal .ed i n t o  an  

Irrconel-600 p r o t e c t i o n  tube  t h a t  was f i r s t  evacuated  and t h e n  fi:l.led wi.th 
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argon be fo re  i n s e r t i o n  i n t o  t h e  furnace .  I n  fu rnace  11, a s e a l e d ,  c rys-  

t a l l i z e d  alumina tube  w a s  used w i t h  f lowing argon t o  p r o t e c t  t h e  tes t  

thermocouples from ox ida t ion .  

Seve ra l  systems were used t o  measure t h e  thermocouple ern.t' .c?, includ-  

ing  a G u i l d l i n e  9930 DCC po ten t iome te r  w i t h  a r e s o l u t i o n  b e t t e r  t han  

0 . 1  PV; and a T,eeds and Northrup p r e c i s i o n  d i g i t a l  v o l t m e t e r ,  wlr:lch has 

a r e s o l u  t i o n  of 0 .1  pV, t o g e t h e r  w i t h  a low-thermal, 30-channel. scanner .  

The d i g i t a l  vo l tme te r  and scanner  w e r e  c o n t r o l l e d  by a minicomputer which 

a l s o  ca lcu l -a ted  and logged t h e  d a t a .  The l e a d s  between the measurement 

systems and t h e  tes t  thermocouples liere unt inned  copper t e l ephone  cable .  

The o v e r a l l  u n c e r t a i n t y  of t h e  measuring systems which i n c l u d e s  t h e  

measuring in s t rumen t ,  t h e  swi t ch ing ,  and l e a d  w i r e s  i s  e s t ima ted  t o  b e  

*1 pv. 

The inhomogeneity tes t  r i g  (F ig .  12) c o n s i s t s  of a s t i r r e d  s a l t  

b a t h  maintained a t  ~ 1 5 0 ° C ~  a motorized c a r r i a g e  t o  lower t h e  test t h e r -  

mocouples i n t o  t h e  h a t h  a t  a uniform rate ,  a v o l t a g e  suppressLon u n i t ,  

and an X-Y r eco rde r .  To test a thermocouple f o r  homogeneity, t h e  t h e r -  

mocouple i.s a t t a c h e d  t o  t h e  motorized c a r r i a g e  and J-owe.red i n t o  the b a t h  

about  2 cm. The thermocouple emf i s  suppressed i is ing t h e  v o l t  suppres s ion  

u n i t  and this low-level. d i f f e r e n t  i-al emf i s  ampl.if:i-ed and recorded on t h e  

Y - a x i s  of t h e  r eco rde r .  The a m p l i f i e r  on t h e  X-axis of t h e  r e c o r d e r  i s  

ad jus t ed  t o  g i v e  a 1:l correspondence between t h e  d i s t a n c e  t r a v e l e d  by t h e  

motorized c a r r i a g e  a n d  the reco rde r  p e a .  A s  the thermocouple is lowered 

i n t o  the b a t h  a t  a uniform rate ,  the change i n  t:he thermocouple ou tpu t  i s  

recorded by t h e  X-Y r e c o r d e r  t.7hich p l o t s  t h e  presence  of inhomogenei t ies  

i n  t h e  thermocouples as a f u n c t i o n  of p o s i t i o n .  This  appa ra tus  w a s  used 

extensive1.y t o  observe  , semiquan t i t a t  i v e l y ,  the d e c a l i b r a t i o n  of thermo- 

couples  du r ing  t h e  d r i f t  tests. 

The changes i n  t h e  t h e r m o e l e c t r i c  power along the 1engt:h of a 

thermocouple measured i n  t h e  inhomogeneity tes t  r i g  a t  150°C cannot ,  i n  

most cases , be used t o  p r e d i c t  t empera ture  measurement e r r o r s  at: o t h e r  

tempera tures .  The u s e f u l n e s s  of t h e s e  tests 1.ies mainly i n  the  a b i l i t y  

t o  d e t e c t  the? presence  o r  absence of inhomogenei t ies  r e s u l t i n g  from 

d e c a l i b r a t i o n .  The magnitude of tempera ture  measurement e r r o r s  due to 

such d e c a l i b r a t  i o n  depends unique1.y on t h e  l o c a t  i o n  of t h e  i.al-tomogeneities 
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F i g .  12. Diagram of the inhomogeneity test rLg. 

w i t h  respect t o  t h e  t empera tu re  g r a d i e n t s  i n  any p a r t i c u l a r  a p p l i c n t i m ,  

as d i s c u s s e d  i n  S e c t .  3,  and on t h e  cause oE t h e  decalibr.,itFori. If t I w  

d e c a l i b r a t i o n  i s  t h e  r e s u l t  of composi t iona l  changes i n  the t h c ~ m o ~ ~ o i i p l  c 

t h e  change i n  t h e  t h e r m o e l e c t r i c  power measured a t  150°C in rhe inhamo- 

g e n e i t y  t e s t  r i g  is no t  simply r e l a t e d  t o  a cor responding  change i n  

t h e r m o e l e c t r i c  power  at any o t h e r  tempera ture .  This is d i s c u s s e d  P I I O T ~ ~  

e x t e n s i v e l y  i n  Sec t .  5 3.3 e 

5.2.2 D r i f t  Tests 

A v a r i e t y  of materials w e r e  t e s t e d  t o  de te rmine  t h e  rate and ext:ent 

of d e c a l i b r a t i o n  as a f u n c t i o n  of tempera ture  (Table 3 ) .  

The tes t  thermocouples w e r e  f a b r i c a t e d  i n  the PRDL f rom bulk  0-5-  

mm-diameter s h e a t h  thermocouple materials most  as grounded ,juncti.rJn 

thermocouples. The measuring j u n c t i o n  and i t s  end s e a l  w e r e  welded using 

a tungs ten- iner t -gas  welder.  A t  t h e  refereace end of the tlrermocouple 

a 3- t o  5-mm l e n g t h  of t h e  s h e a t h  was s t r i p p e d  o f f ,  and t h e  end of .the. 



Tab1.e 3. Summary o f  d r i f t  tes ts  
conducted on CF':CL, t y p e  thermocouples 

Thermocouple 
Type  

K 

K 

....... ....... - 
N i c r o s i l  vs N i s i 1  

S 

D r i f t  Tests Conducted 

T ime  Temp 

......... __- 

Shea th  M a t r r i a l  ( h r )  ("0 

304 s t a i n l e s s  s t ee l  

I n c n n e l  600 

~. .......... 
304 s t a i n l e s s  s t e e l  

90ZPt -10ZRh 

962 
531 
303 
100 
50 
50 

96 2 
5 3 1  
303 
100 

50 

600 
800 
900 

1000 
1100 
1150 

600 
800 
900 

1000 

1100 

.. __ 

C a l i b r a t e d  t o  1370°C 

- 

907~Pt-107~Rh 
80 ' P t -2 0 7; K h 
304 s t a i n l e s s  s teel  
Incone1--600 

SO%?t-ZO%Rh 
304 s t a i n l e s s  s t e e l  
Inconel.-600 

......... .......... ............... 

therinocouple w a s  s e a l e d  w i t h  a f a s t - s e t t i n g  (5 min) epoxy r e s i n .  The 

thermocouple w i r e s  w e c e  spot-welded t o  copper l.ead wfres, and t h e  con- 

n e c t i o n s  were insul.ated e l e c t r i c a l l y  w i t h  a d d i t i o n a l  epoxy, whi.ch a l s o  

provided mechanical suppor t  and p r o t e c t i o n .  The r e f e r e n c e  j u n c t i o n s  

were immersed i n  an ice b a t h  which provided t h e  r e f e r e n c e  temperature .  

D r i f t  t e s t s  on several. t y p e s  of thermocouples and thermocoupl~e-sheath 

material combinat ions w e r e  run  a t  t h e  same t i m e  t o  ensu re  i d e n t i c a l  heat: 

t r ea tmen t s  f o r  t h e  tthermocoup1.e t y p e s  bei.ng compared. 'I'hey were seal-ed 

i n t o  a pro tec t io i i  t ube  and i -nse r t ed  i n t o  a ho t  fu rnace ,  which was pre-  

heated t o  t h e  tempera ture  of t h e  p a r t i c u l a r  d r i f t  tes t  be ing  r u n ,  al.ong 

wi th  a c a l i b r a t e d ,  t ype  S ,  s t anda rd  thermocouple. 'The emf's of the test 

thermocouples and the s t anda rd  w e r e  recortled periodical.1.y wh i l e  t h e  ther.- 

mocouples w e r e  inn t h e  fu rnace .  A t  s e l e c t e d  i n t e r v a l s ,  t h e  test  thermo- 

couples  were withdrawn from t h e  f u r n a c e ,  qi.ienclied i n  a n  ice  b a t h ,  and 

removed from t h e  p r o t e c t i o n  tube.  A f t e r  t h e  t es t  thermocouples mre 

scanned t o  de te rmine  where inhomogenei t ies  had formed, they were r e t u r n e d  
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t o  t h e  fu rnace  i n  accordance w i t h  the procedure desc r ibed  i n  t h e  prectvl  i.i~g 

d i sc i i s s ion  f o r  f u r t h e r  hea t  t r ea tmen t .  

5 . 2 . 3  R e s u l t s  of D r i f t  Tests 

I----- At: 600°C. Three sets of thermocouples  (two pe r  set) w e r e  t e s t e d  

f o r  a t o t a l  of 962 h r  a t  600°C: (1) t y p e  K i n  t y p e  304 sta: i -nless  steel. 

s h e a t h s ,  ( 2 )  t y p e  K i n  Inconel-600 sheaths, and (39 M i c r o s i l  versus 

N i s i 1  i n  t y p e  304 s t a i n l e s s  s t ee l  shea ths .  The thermocouples were removed 

from t h e  fu rnace  a t  1, 6 ,  2 8 ,  96, 249 ,  and 9 6 2  h r  and scanned. 

For t h e  fi.rst set ( t y p e  K i n  s t a i n l e s s  steel) t h e  naxxbum emf recorded 

i n  each scan (F ig .  13) occurred  a t  a p o s i t i o n  25 cm f r o m  the measuring 

jun.c:.ir:i-on ( le f t -hand-s ide  of Fig.  1.3) e The thermocoupLes were in.uner:;ed 

~ 2 3  cm i .n to  t h e  h e a t  t rea tment  fu rnace ,  and these maxl'.ma are a t  a p o i n t  

rb2 cm o u t s i d e  the fu rnace ,  I n  ano the r  test  w i t h  the furnace a t  600°C, 

the tempera ture  p r o f i l e  i n s i d e  the p r o t e c t i o n  t u b e  w a s  scanned; the teal- 

p e r n t u r e  insi-de the p r o t e c t i o n  tube  a t  the locixtion of the rnaxha of the 

emf o u t p u t s  w a s  %35O0C.  The. magnitude of the maxima in tl=e emf's repre-  

s e n t : ~  a change of \ l X  i n  t h e  Seebeck coeffi-ci-ent. This c o r r e l a t e s  w e l . 1  

w i t h  th.e measured Sl.L(:)?_t-ra~ge-order e r r o r s  i n  type  IC t lwr inocouples  ~ which 

produce a maximum e r r o r  of ~ ~ 1 . 1 %  a t  350°C.20 

dur ing  the. d r i f t  tests change.d a t o t a l  of +2.6"C -i.n 962 h r ,  o r  %0.44;  t h i s  

i s  a d e c a l i b r a t i o n  e r r o r  of t h e  f i rs t  kind.  

The tempera tures  measured 

For t h e  secoiid set of thermocouples w i t : h  Inconel s h e a t h s  t h e  s c a n s  

f o r  one of t h e s e  themocxwples  (Fig. 14)  show a pos i - t i ve  -mnx:i.rriuin i.n t h e  

emf o u t p u t  a t  .425 cm, w h i c h  wuul.d K e S l l l t  from it change of q j l .  1% in the 

Seebeck coef f li.cient. T h i s  is an exce- l len t  agreemmt w i . t h  the val.ue from 

short-range-order  measurements The change in i n d i c a t e d  tempera tures  

a f t e r  9 6 2  111- a t  600°C was 1 . 3 " C ,  o r  %0.2% -- aga in  a dt;?caii.bra.tisn e r r o r  

of t h e  f i r s t  kind.  

The N i c r o s i l  v e r s u s  N i s i l .  thermocouples ( t h i r d  set) are improved 

thermocouple m a t e r i a l s  which w e r e  formula ted  t o  mi.ni.mize d e c a - l i b r a t  i o n  

due t o  shor t - range  o r d e r  and high-temperature  o x i d a t  ion.  'I'he o v e r a l l  

change i n  the two thermocouples w a s  about  0.2"C i n  the  962 hr per iod .  

The scan shows a mi.nfmum i n  the enif o u t p u t  a t  t h e  5ame l o c a t i o n  eorre- 

sponding t o  t h e  short-range-order  trig rnaximum i n  the e m f  of t h e  companion 
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Fig .  14. Inl-Loiilogeneity s c a n s  of a t y p e  K thermocouple 
sheathed i n  InconeJ--600 after exposure a t  600°C f o r  the  i n d i c a t e d  
t i m e s  . 
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t ype  K thermocouples. The chromium con ten t  of t h e  Nicros i l .  i n  these. 

thermocouples was ~ 1 %  g r e a t e r  than t h e  14 .2  w t , %  Cr which has been fora-ri.nl 

t o  minimize t h e '  o r d e r i n g  e f f e c t  on t h e  t h e r m o e l e c t r i c  p r o p e r t i e s  of 

N i - C r  a l . loys I Recause exper iments  a t  900 and lOO0"C showed that t h e s e  

thermocouples i n  a shea thed  assembly d e c a l i b r a t e  t o  a g r e a t e r  extent: 

than type K theirnocouples of a s imilar  s i z e ,  they w i l l  not be  d i scussed  

e x t e n s i v e l y .  

A t  800°C. Two type  K thermocouples in t y p e  304 s tah less  steel, 

two type  K i n  Inconel-600, but  o n l y  one N i c r o s i l  v e r s u s  N i s F I .  i n  type 304 

s t a i n l e s s  steel. w e r e  t e s t e d  at: S0O"C f o r  a t o t a l  of 531 hr, These t h e r -  

mocouples w e r e  removed from the fu rnace  and scanned af ter  l, 4 ,  7,  4 3 ,  

1 8 4 ,  2.50, 321 ,  4 8 5 ,  and 5 3 1  hr a t  800°C. 

The scans f o r  t h e  f i r s t  set (Fig.  15) show t h a t  t h e  average  in.di.cated 

tempera ture  f o r  t h t i !  two thertnocouples had inc reased  1.4"C a f t e r  about 500 

h r  of exposure  a t  800°C. Also, a peak due t o  shor t - range  o r d e r h g  had 

formed i n  t h e  s t e e p  tempera ture  g r a d i e n t  r e g i o n  of t h e  furnace.  It i s  

ev iden t  t h a t  some o t h e r  mechanism caused d e c a l i b r a t i o n  oE the p o r t i o n  

i n s i d e  t h e  fu rnace .  

A scan of one of t h e  two t y p e  K thermocouples slieat.hed in Inconel-600 

(Fig .  1 6 )  shows t h a t  a d e c a l i b r a t i o n  o t h e r  t han  o r d e r i n g  occurred  in t h e  

tempera ture  g r a d i e n t  r e g i o n  of t h e  f u r n a c e  because t h e  t empera tu re  i n d i -  

ca t ed  by t h e s e  two thermocouples dec reased  2.7"C n f t e r  500 h r  a t  8 O O " C ,  

but  t h e  tempera ture  i n d i c a t e d  by t h e  s i n g l e  N i c r o s i l  v e r s u s  N i s i l  thermo- 

couple  decreased  1 . 4 " C .  

Because t h e  inhomogeneity tests a t  150°C can on ly  i .ndicate  t h e  

p re sence  of inhomogenei t ies ,  two a d d i t  i o n a l  tests were conducted w i t h  

t h i s  set of thermocouples a f t e r  completion of t h e  d r i f t   est t o  o b t a i n  

an e s t i m a t e  of t h e  e r r o r s  i n  tempera ture  measurement caused by t h e  d e c a l i -  

b r a t i o n  a t  800°C a t  o t h e r  tempera tures .  

e i t h e r  200 o r  800"C, t h e  thermocouple assembly w a s  withdrawn from t h e  

fu rnace  i n  measured increments  t o  a t o t a l  of 12 .5  cm, and the thermoc.oup1.e 

emf w a s  read a f t e r  s u f f i c i e n t  time had been allowed f o r  thermal  e q u i l i b r i u m  

t o  be  e s t a b l i s h e d .  The system was judged to  be  i n  thema:l. equi.librium 

when success ive  r e a d i n g s  of t h e  thermocouple emf's t aken  a t  5-min i n t e r v a l s  

r e p e a t e d  w i t h i n  +2 vV. A t  200"C, t h e  N i c r o s i l  v e r s u s  N i s i l  i n  s t a i n l e s s  

With the f u r n a c e  c o n t r o l l i n g  a t  
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Fig. 15. Ldlomogeneity scdns of a type  K thermocouple i n  a type 304 
s t a i n 1 . e ~ ~  steel  shea th  a f t e r  exposure a i  800°C f o r  t h e  indicated t i m e s .  

F i g .  16.  Inhomogeneity scans of a type K thermocouple shea thed  i n  
Inconel -600 a f t e r  L'xposure a t  800°C for: the  indicated times. 
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steel ,  t h e  t y p e  K i n  s t a i n l e s s  steel ,  and t h e  t y p e  K i n  Tnconel. s h e a t h s ,  

r e s p e c t i v e l y ,  changed by i-0.3, -2, and -l°C, re . spec t ive ly .  A t  800°C .the 

changes observed w c r e  -2 .8 ,  -8.9, and +3* 9 '6 ,  r e s p e c t i v e l y .  These are 

d e c a l i b r a t i o n  e r r o r s  of t h e  second kind. 

___I.-_ A t  900°C. Figure  17 is  a p l o t  of homogeneity scans  of a type K 

thermocouple i n  a s t a i n l e s s  s teel  sheath a f t e r  0 ,  4 ,  23, 4 7 ,  95, and 189 

hr a t  900°C. (During ano the r  scan a t  303 hr, t h e  d e c a l i b r a t i o n  had 

become so severe t h a t  t h e  scale f a c t o r s  had t o  be changed on the re.corder, 

and t h i s  scan could n o t  be p l o t t e d  on .Fig. 1 7 . )  The change i n  t h e  See1,ec.k 

c o e f f i c i e n t ,  r e p r e s e n t e d  i n  F i g .  1 7  by t h e  deep minimum i n  t h e  emf about 

halfway between t h e  rnensiiring j uncl: i on  and the. end o f  the f u r n a c e ,  was 

1.3% a t  189 h r  and 2% a t  303 h r "  T h e  h e i g h t  o f  the iliaxiinurn i-n t h e  emf 

due t o  shor t - range  orclering remained about the same as befo re .  ?'he 

i n d i c a t e d  t empera tu re  decreased  by ~ 1 ~ 8 ° C  i n  300 h r .  

A d i f f e r e n t  p a t t e r n  i s  observed i n  t h e  scans  of R type K thermocouple 

i n  an  Into-nel-600 sheath (Fig .  18) C l e a r l y ,  t h e  mechanism o€ decal. ibra- 

t i o n  i s  dependent on t h e  s h e a t h  mnter i .a ls  above 800°C. The i n d i c a t e d  

tempera ture  inc reased  1 . 5 " C  i n  300 hr, and t h i s  i n c r e a s e  i s  a decal- ibra-  

t i o n  e r r o r  of t h e  f i r s t  kind. 

A t  1000°C. F igu re  1 9  is a p l o t  of s cans  of a (1) type. K thermocouple 

i n  a type 310 s t a i n l e s s  steel s h e a t h ,  (2)  a type K thermocoup1.e i n  an 

Inconel-600 s h e a t h ,  and ( 3 )  a Nici-osi.1. versus  N - i s i l  thermocoup1.e i n  a 

type  304 s t a i n l e s s  steel s h e a t h  after 1-00 h r  a t  1000°C. The Seebeck 

c o e f f i c i e n t  f o r  t h e  f i r s t  of t h e s e  t h r e e  thermocouples changed -2..5%, 

wherea.s t h e  c o e f f i c i e n t  f o r  t h e  second thermocouple changed on ly  +O. 7%. 

I n  t h e  N i c r o s i l  v e r s u s  M i s i l  themocoupl-e. a -6.6% change i n  the Seebeck 

c o e f f i c i e n t  w a s  observed at t h e  l a r g e  emf minimum. T h e  d e c a l i b r a t i o n  

e r r o r s  of t h e  f i r s t  kind observed a f t e r  100 hr a t  3-00OoC w e r e  (in the 

same orde r  iis i n  t h e  preceding  l i s t ) :  (1) -1.6"C, (2)  +2.6"C, and 

(3) -6°C. 

The CFTL program p lan2  c a l l s  f o r  about 50 h r  of t o t a l  exposure  a t  

I l l i O " C ,  which r e p r e s e n t s  t h e  most severe long-term tests. (The subsequent 

approach t o  1370°C i s  expec ted  t o  be  r e l a t i v e l y  s h o r t  term.) The fo l lowing  

tests w e r e ,  t h e r e f o r e ,  performed t o  s i m u l a t e  the expec ted  hi-gh tempe.rature 

exposure e 
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F i g .  17. Inhomogeneity scans  of a t y p e  K thermocouple i n  a type  304 
sir~i7i7c?:;s steel s h e a t h  a f t e r  exposurr aI 900°C f o r  the i n d i c a t e d  times. 

W 
Q 

0 

Ffg. 18. Inhomogeneity s c a n s  of a type K Chermocouple i n  an 
Inconel-SOQ s h e a t h  a f t e r  exposure at: 900°C for t ihe  indicairct!d t : i m e s .  
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s h e a t h  a f t e r  exposure a t  1000°C f o r  100 hr .  
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A t  1100°C. 'Two type  K thermocouples w e r e  t e s t e d  a t  1100°C f o r  50 h r ,  

O n e  was shea thed  i n  type  310 s t a i n l e s s  steel, and t h e  o t h e r  i n  Inconel.---600. 

4x1 i n i t i a l  i - n t u i t i v e  eval-uat ion of t h e  t e s t  d a t a  f o r  the s t a i n l e s s  steel. 

sheathed thermocoupl-e (F ig .  20)  w a s  thac t h e  therinocouple was d e f e c t i v e  

and t h e  r e s u l t s  should be d i sca rded .  Later ,  however, a f t e r  stai.nJ.ess s teel  

sheathed t y p e  R thermocouples i n s t a l l e d  i.n a p r o t o t y p i c  fuel-rod simu1at:or 

showed 3 s i m i l a r  behavior  du r ing  a dc Leakage tes t  (F ig .  21) ,  t h e  d a t a  w e r e  

recons idered  T9uring t h e  same tes t ,  t h e  t y p e  K thermocouple i n  Inconel  

i -ndicated a d e c a l i h r a t i o n  e r r o r  of the f i r s t  kind of less than  1 ° C .  

I n  these tests,  i n  a d d i t i o n  t o  t h e  o u t p u t s  of t h e  thermocouples ,  t h e  

o u t p u t s  of t h e  indivi.dua1 therrnoelements r e fe rcnced  t o  plat inum w e r e  

recorded .  F igure  2 2  shows an anomalous peak a t  ~ 3 0  h r  due t o  a change i n  

t h e  Aluii1ei. el-ement . Some change was a l s o  observed i n  the Chrome1 elenic--.nt. 

(Fig.  2 3 ) .  i n  addii: ion,  c a l i b r a t i o n  data w e r e  recorded as t h e  thermo- 

couples  were hea ted  t o  1 1 O O " C ,  A t  t h e  conclus ion  of t h e  50-hr t e s t ,  

addit: i.onal calibrat: i .oii  d a t a  w e r e  rt.c:.orded from 1100 'io 130B"C, and from 

1300 t o  600°C (F ig .  2 4 ) .  A t  t h e  conclusi.on of the test ,  the d e c a l i b r a t i o n  

error  of the f i r s t  ki.nd w a s  ~ 3 0 ° C  a t  600°C. 

To demonst ra te  the  e r r o r s  of the second ki.iid, the thermocouple test  

assembly was moved 4 2 . 5  cm w i t h  r e s p e c t  t o  t.he furnace .  The change i n  

t h e  i n d i c a t i o n  of t h e  s t anda rd  thermocouple (a p a r t  of the tes t  assembly) 

w a s  less than  iO.5"C; tihe tempera tures  of t h e  measuring j u n c t i o n s  of  a].]. 

thermocouples i n  t h e  assembly remained almost: cons t an t .  T h k  test was 

conducted i n  fou r  s t e p s :  (I-) from t h e  o r i g i n a l  p o s i t i o n  of the therino- 

coup1.e assembly rna:i.ntained duri.ng t h e  50-hr d r i - f t  t e s t  a t  1100°C t h e  

assembly was moved 2.5 cm f a r t h e r  i n t o  t h e  fu rnace ;  ( 2 )  a f t e r  t h e  assembly 

became e q u i l i b r a t e d ,  i t  was iiioved back t o  i t s  o r i g i n a l  p o s i t i o n ;  ( 3 )  aEter 

equilibri.um was e s t a b l i s h e d  i n  s t e p  2 ,  t h e  assembly w a s  moved f a r t h e r  ou t  

of the fu rnace  by 2 . 5  cm; and ( 4 )  a f t e r  equi.li.brium was establ- ikhed i n  

s t e p  3 ,  t h e  assemb1.y was re tu rned  t o  i . t s  o r i g i n a l  p o s i t i o n  of s t e p  1. 

'The thermocouple emf w a s  recorded a p p r o x h a t e l y  every  3.5 min. The 

r e s u l t s  f o r  t h e  type  K thermocoup1.e i n  t h e  s t a i n l e s s  steel s h e a t h  (Fig.  25)  

w e r e  as fo l lows :  a f t e r  t h e  s h i f t  i n t o  t h e  fu rnace  ( s t e p  I), the i n d i c a t e d  

teruperatrire i nc reased  ~13.7"C; a f t e r  the. r e t u r n  t o  t h e  o r i g i n a l  pos i t i on .  

( s t e p  2 ) ,  t h e  i n d i c a t e d  tempera ture  r e tu rned  t o  the va lue  observed p r i o r  
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Pig .  21. Anomalous behavior of type K thermocouples sheathed in 
strai-nless steel du r ing  a d c  Leakage test. 
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thermocouple b e f o r e  and a f t e r  t h e  50 h r  exposure  a t  1100°C. The d e c a l i -  
b r a t i o n  e r r o r  of t h e  f i r s t  k ind  a t  600°C is  i n d i c a t e d  by el. The deca l -  
i b r a t i o n  e r r o r s  of t h e  second k ind  produced by moving the thermocouple 
k2.5 cm i n  t h e  fu rnace  g r a d i e n t  i s  i n d i c a t e d  by e2. 
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40 

t o  s t ~ p  l wit hi^ z1"C; a f t e r  the s h i f t  o u t  of the furnace ( s t e p  3 ) ,  t -he 

indic:at:c?d tempera ture  decreased  1.25 O C ;  and a f t e r  tzhe r e t u r n  t o  the o r i g i -  

n a l  p o s i t i o n  ( s t e p  4 ) ,  t h e  i n d i c a t e d  tempera ture  aga in  agreed w i t h  t h a t  

observed p r i o r  t o  s t e p  1. 

'j'he corresponding changes i n  t h e  i n d i c a t e d  tempera ture  observed f o r  

t h e  type  K thermocouple i n  the Zacouel.-600 s h e a t h  w e r e :  step 1, +2"C; 

step 2 ,  r e t u r n e d  t o  t h e  o r i g i n a l  i n d i c a t e d  te1;rperar:u-e w i t h i n  0.15"C; 

s t e p  3 ,  - 4 . 1 " C ;  and s t e p  4 ,  r e t u r n e d  t o  t h e  o r i g i n a l  indicatzed ternpera- 

t u r e  w i t h i n  0.I"C. 

T h i s  t es t  w i l l . >  perhaps ,  c l a r i f y  the d i s t i n c t i o n  between d e c a l i b r a -  

t i o n  e r r o r s  of the  f i r s t  and second k inds .  A t  the end o f  the 50-hr d r i f t  

t es t  and a short: cal . i .bration run  t o  1300"C, t h e  i n d i c a t e d  temperature a t  

600°C had decreased  %25"C ( i n d i c a t e d  by el i n  F i g .  2 4 ) .  

b r a t i o n  e r r o r  of t h e  f i r s t  k ind ,  that i s ,  a change in the i n d i c a t e d  

tempera ture  w i t h  the thermocoup1.e i.n a f i x e d  l o c a t i o n .  

This  is a d e c a l i -  

Changing the p o s i t i o n  o f  che. thermocouple 0ill-y ? I 2  cm w i t h  respecir 

t o  the furnace  and t h e  s t e e p  tempera ture  g r a d i e n t  at the e n t r a n c e  r e s u l t e d  

i n  changes i n  t h e  i n d i c a t e d  tempera ture  denoted by t h e  e r r o r  b a r  e2 i n  

Fig.  2 4 ,  Tlius, a d e c a l i b r a t i o n  error of t h e  second kind i s ,  i n  e f f e c t ,  

a measure of t h e  u n c e r t a i n t y  of d e c a l i b r a t i o n  e r r o r  of t h e  f i r s t  kind.  

The magnitude o f  i3n e r r o r  of t h e  second k ind  depends on several f a c t o r s :  

t h e  r e l a t i v e  displacement  of t h e  inhomogeneit: i e s  f-iiduced by the decaJ.i.bra- 

t:i.on w i t h  r e s p e c t  t o  t h e  tempera ture  g r a d i e n t ,  t h e  e x t e n t  of  t h e  d e c a l i -  

b r a t i o n ,  t h a t  i.s, t h e  change i n  t h e  Seebeck c o e f f i c i e n t ,  i n  t h e  l e n g t h  

o f  trhe thermocouple i n  t h e  tempera ture  g rad i - en t ;  t h e  shape and magnitude 

of  t h e  tempera ture  g r a d i e n t ;  a.nd t he  temperature .  An i n c r e a s e  of t h e  

di-splacement t o  t4 crn might i n c r e a s e  t h e  magnitude of  t h e  e r r o r s  of t h e  

second k ind  by 100% o r  more, The e x t e n t  of c-ortipositional d e c a l i b r a t i o n  

depends on t h e  thermal. h i s t o r y  of the the-mocouple,  s i n c e  t h e  rate of 

chemical react i o n s  and t h e  ra t  e of d i f f u s i o n  of i m p u r i t i e s  i n c r e a s e  w i t h  

tempera ture .  Thus, t h e s e  e r r o r s  are,  i n  p rac t i ce ,  i nde te rmina te  i n  most 

cases .  I f  tlie the-mocoup1.e can be c a l i b r a t e d  i.n p lhce  by comparison w i t h  

a s t anda rd  thernomet:c:r under a c t u a l  o p e r a t i n g  cond i t ions  t h e  o v e r a l l  

e f f e c t  o f  e r r o r s  of t h e  f i r s t  and second kind may be detenniri.ed. I n  t h e  

case of t h e  CFTZA, i t  i s  not  p o s s i b l e  t o  instal.1. a s t anda rd  f o r  a cal . ibraLion 



under o p e r a t i n g  c o n d i t i o n s ,  and thFs will probably  be t r u e  i.ii many o t h e r  

cases, Where a s t anda rd  can be i n s t a l l e d ,  i t  I.s necessa ry  t o  show t h a t  

t h e  p re sence  o f  t h e  stcamlard does  n o t  d i s t u r b  t h e  t empera tu re  g r a d i e n t s  

w i t h  r e s p e c t  t o  t h e  thermocouple, being c a l i b r a t e d .  To reduce teinperature 

measurement: u n c e r t a i n t i e s  , t h e r e f o r e ,  comb i n a t  i o n s  of t h e  thermocouple, 

s h e a t h ,  and i n s u l a t o r  materials should be  se . lec ted  which minimize d e c a l i -  

b r a t  ion .  

A t  l.l.SO°C. - Two thermocouples,  a type  K i n  a s t a i n l e s s  s teel  s h e a t h  

and a type K i n  an Inconeh-6O0 s h e a t h  were hea ted  a t  1150'5: f o r  50 hr .  

The behav io r  of t h e  t y p e  K i n  s t a i n l e s s  steel a t  1150°C, w a s  markedly 

d i f f e r e n t  from t h e  t es t  a t  1100°C (Fig .  26) .  I n  tlr1i.s test  at 11.50°C, 

t h e  out-put s o f  the i n d i v i d u a l  thermoelements versus p l a t i m m  as w e l l  as 

t h e  o u t p u t s  of the thermocoup1e.s w e r e  recorded  and a r e  shown i n  Fig.  26. 

The change of t h e  Alumel. can e x p l a i n  t h e  largest: f r a c t i o n  o-E the t o t a l  

change i n  t h e  o u t p a t  of t h e  thermocouple. D e c a l i b r a t i o n  of t h e  Chromel. 

r e s u l t e d  i n  the anomal.ous behavior  : i n  the. ten~.perature vs time curve 

beginning  a t  ~ ~ 3 0  hr .  The t o t a l  d r i f t  a f t e r  SO h r  a t  1150°C bras -13.SoC, 

o r  1.14. T h i s  is a d e c a l i b r a t i o n  e r r o r  oE the. :Itrst kind. 

Fi.gure 27 shows a sirnil-ar pl .ot  fo r  t h e  type K thermocoup1.e in Inconel .  

The measured d r i f t  du r ing  t h e  50 h r  w a s  less t h a n  +2"C, 

A f t e r  t h e i r  removal from t h e  d r i f t  test.s t h e s e  thermoooup1.e~ w e r e  

s e c t i o n e d  f o r  metal.l.ographic s t u d i e s  and the i o n  microprobe m a s s  ana lyze r  

(1MM.A). The r e s u l t s  of t h e  IMPLA ;mal.ysis are tli.scussed i.11 Sec t .  5 .3 .3 .  

Addi t iona l  tests a t  1100°C.  - Because of the encouraging r e s u l t s  a t  

h igh  tempera ture  w i t h  t y p e  K thermocouples i n  Inconel-600 sheaths, a 

second se.t of d r i f t  tests w a s  conducted f o r  50 h r  a t  1100°C. Before and 

a f t e r  these tes ts ,  t.he thermocoupl-es w e r e  c a l i b r a t e d  t o  a1.low i3n e s t i m a t e  

of t h e  d e c a l i b r a t i o n  e r r o r s  of t h e  second kind as well. as those of t h e  

f i r s t  k ind ,  which w e r e  measured d i r e c t l y ,  F i g u r e  2 8  shows t h e  r e s u l t s  

of t h e  cn I - ib ra t ion  of two thermocouples from room t e m p e r a t u r e  t o  l l O O o ( : ,  

Curves K 1  and K2 are. l e a s t - s q u a r e s  f i t s  of the. c a l i b r a t i o n  d a t a  f o r  t h e  

two t:hermocoiiples t aken  bo th  b e f o r e  and a f t e r  the. 50-h.r drri.ft. tes t .  The  

spread of t h e  d a t a  p o i n t s  around t h e  f i t t e d  l i n e s  w a s  about +I y V  and 

g i v e s  estimates of t h e  s i z e  of t h e  d e c a l i b r a t i o n  e r r o r s  of t h e  f i r s t  kind. 
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F i g .  26. Changes observed i n  a t y p e  K thermocouple sheathed i n  
t y p e  304 s ta in less  s teel  dur ing  a 50 h r  exposure a C  1150°C. 

F i g .  27. Changes observed i n  a t y p e  K thermocouple sheathed i n  
Inconel-600 dur ing  a 50 hr exposure a t  1150°C. 
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F i g .  29. D e c a l i b r a t i o n  e r r o r s  of the second kind r evea led  b y  
s h i f t i n g  t h e  thermocouple i n  t h e  deca lLbra t ing  fu rnace  a f t e r  a 50 hr 
exposure a t  1100°C. 



Another s t u d y  w a s  made du r ing  th i s  test t o  o b t a i n  in fo rma t ion  about 

t h e  e f f e c t s  of d e c a l i b r a t i o n  e r r o r s  of t h e  second kind.  A f t e r  t h e  two 

t1ir:rmocouples had been hea ted  a t  1.IOO"C f o r  50 h r ,  t h e y  were cooled i n  

t h e  fu rnace  t o  ~ 3 0 0 ° C .  

duri i ig  the coo l ing  p rocess ;  and t h e s e  d a t a ,  a long  w i t h  the c a l i b r a t i o n  

d a t a  taken  b e f o r e  t h e  50-hr t e s t ,  are p l o t t e d  i n  FFg. 29 (curve marked 

Aa). 

per<i t .ure  g r a d i e n t  of tihe fu rnace  i n  a r eg ion  of t h e  therliioc:oupl.es 1<7h.i.ch 

had been i so the rma l  a t  1100°C f o r  50 hr. 

from 300 t:o 1 . l O O " C  and back (curve  B i n  Fig.  2 9 ) .  The thermocoupl-e 

assembly w a s  t hen  s h i f t e d  i n t o  t h e  furii;ice 8 c m  beyond the o r i g i n a l  posi-  

t i o n  so t h a t  v i r g i n  material-  wou1.d be  i n  the tempera ture  g r a d i e n t  of the 

c a l i b r a t i o n  fu rnace .  A th.i.rd c a l i b r a t i o n  was performed, and t:hese 

r e s d t s  are p l o t t e d  as curve  C i n  Pig.  29. T h i s  l a s t  cal . i .brat ion essen-  

t i a l l y  reproduced t h e  o r i g i n a l  c a l i b r a t i o n .  At: 6OO"C, the d i f f e r e n c e  

bctwccn t h e  average  of curves  A and C and curve  B i s  Q ~ O O C ,  OK 1..7%. 

This d i f f e r e n c e  i s  a d e c a l i b r a t i o n  error of the second kind,  

C a l i b r a t i o n  d a t a  were t aken  a t  d i s c r e t e  s t e p s  

The assembly w a s  s h i f t e d  ou t  of the f u r n a c e  9 cm,  p l a c i n g  t h e  t e m -  

A neb7 c a l i b r a t i o n  w a s  performed 

Decal- ibrat ion of shea thed  noble-metal t lwmocoup les ,  - S a m p l e s  of 
-l__l_. .......__..l.l 

t y p e  S and type  B materials l i s t e d  i n  Table  3 were c a l i b r a t e d  t o  1370°C. 

LO determine the  r e p r o d u c i b i l i t y  of t h e  ca l  ib t -a t ion  of t h e s e  thermocouples ,  

the tal-ibration w a s  performed i n  cycles  of i n c r e a s i n g  temperatures; t h a t  

i s ,  c a l i b r a t i o n  d a t a  w e r e  recorded  a t  selected i n t e r v a l s  from room tempera- 

t u r e  t o  ~ 5 0 0 ° C .  The tempera ture  w a s  then s tepped  down t o  ~ 3 0 0 ° C  and a new 

cyc1.e was begun. Li? t h e  second cycl.e, the maximm tempera ture  reached w a s  

about 700°C. Again, t h e  tempera ture  w a s  s tepped  down t o  300 to 400°C 

be fo re  a new c y c l e  w a s  begun. The results of t h i s  procedure a l s o  i n d i c a t e d  

!:lie maximum tempera ture  a t  wkich each type  o E thermocouple could be  expected 

t o  perform well. An example of t h e  r e s u l t s  of t h e  r e p r o d u c - i b i l i t y  test: i.s 

shown i n  Fig.  30 f o r  t h e  C a l i b r a t i o n  of a type  S thermocouple sheathed i n  

type  304 sea in l e s s  s tee l .  t o  1 3 0 0 ° C .  The o v e r a l l  decalibra1::ion was -88°C 

a f t e r  exposure t o  tempera tures  above 1 2 0 0 ° C .  

- 

Cal.i.bration t o  1 2 0 0 ° C  of a t y p e  S thermocouple shea thed  i n  type 304 

s t a i n l e s s  steel  (F ig .  31) shows that: up t o  ~ 9 0 0 ° C  the r e p r o d u c i b i l i t y  w a s  

w i t h i n  about 2 1 ° C  ( e r r o r  of t h e  f i rs t  k ind ) .  A t  t empera tures  above 9OO"C, 

t h e  r e p r o d u c i b i l i t y  became worse .  Table  4 l is ts  t h e  change i n  t h e  
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Table  4 .  Change i n  i n d i c a t e d  tempera ture  a t  600°C 
f o r  a typ(! S thermocouple i n  a type  304 s t a i n l e s s  

s tee l  shea th  as a f u n c t i o n  of the maximum 
tempera ture  du r ing  t h e  c yc l e 

Maximum Temp era t u r e  Change i n  Ind ica t ed  
of Cycle Temperat:ure at %6OO0C 

. .- 
( O  c) C0 C) 

_..I.. 

900 

1000 

1100 

1200 

-1 

-2 

-4 

-13 

i n d i c a t e d  tempera ture  of t h e  thermocouple at 600°C as a f u n c t i o n  of the 

maximum tempera ture  of t h e  cyc le .  

F i n a l l y ,  wh i l e  t h e  tempera ture  of t h e  fu rnace  w a s  he ld  a t  1305”C, 

t h e  o u t p u t s  of t h e  thermocouples were recorded f o r  a pe r iod  of 20 m i n .  

The d r i f t  r a tes  for a l l  thermocouples i n  the test ( p l o t t e d  i n  Fig. 32)  

show t h a t  the s t a b i l i t y  of the noble-metal  thermocouples i s  dependent 

on t i h e  s h e a t h  mat:eri.al.. T h e  t ype  S thermocouple in a 90%Pt-l.O%Kh s h e a t h  

performed b e s t .  The d r i f t s  of thermocouples in s t a i n l e s s  steel shea ths  

w e r e  greater than  those  i n  Inconel.-600 shea ths .  The d r i f t s  and d r i f t  

rates f o r  t y p e  S thesrirocouples were higher t han  those  f o r  t y - p e  B t h e m o -  

couples .  This  i s  t o  be expect:c?d s i n c e  the type S thermocouple wLth a 

pure  p la t inum thermoelement i s  more s e n s i t i v e  t o  contaminat ion  than  t h e  

type  B thermocouple i n  which bo th  thermoelements are a l l o y s .  

A t  t h e  conclus ion  of “LE t e s t ,  t h e s e  thermocouples w e r e  scanned f o r  

inhomogenei t ies .  The scans f o r  t h e  type  S thermocouples i.n t h e  v a r i o u s  

shea ths  are s1-10.tnl i n  Figs .  33-37. (Note: In  comparing t h e  base-metal  

shenthed thermocouple scans w i t h  t h o s e  of t h e  noble-metal  sheathed the r -  

mocouples a l . l o w  f o r  d i f f e r e n c e s  i n  t h e  s c a l e s . )  For t h e  t:-ype S thermo- 

couples  i n  90%PT-IO%Rh, 80%Pt-20%Rh, t y p e  304 stainless  steel, and 

inconel-600 s h e a t h s ,  the d e c r e a s e s  in the Seebeck c o e f f i c i e n t s  ‘ ~ 2  cm 

f r o m  t h e  measuring j u n c t i o n  w e r e  0.3%, 5%, 642, and 55%, respect5veI.y. 
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F i g .  32.  The effect  of v a r i o u s  sheath materials on the d r i f t  r a te  
of noble-metal  thermocouples a t  1300°C. The v a r i o u s  thermocouple types  
and s h e a t h  materials,  a long  w i t h  t h e  d r i f t  ra tes ,  are g iven  below. 
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8O%Pt-2O%Rh 
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T y p e  304 

Type 304 

Inconel-SO0 
Inconel--600 
Type 304 
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s t a i n l e s s  steel 

stainless steel 

s t a i n l - e s s  steel 

s t a i n l e s s  s t ee l  

D r i f t  R a t e  a t  1300°C 

1. nK/min 
10 mK/min 
70 mK/rnin 
70 ml(/rnin 
70 mK/min 

140 m K / m i n  

140 mK/min 

170 mK/min 
1.70 mK/min 
300 mKlrnin 

300 mK/min 
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Fig.  36. Inhomogeneity scan of a type S thermocouple shea thed  in 
Inconel-600 a f t e r  c a l i b r a t i o n  t o  1350°C. 
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F i g .  37. Inhomogeneity scan of a type  S thermocouple shea thed  i n  
t y p e  304 staillless steel a f t e r  c a l i b r a t i o n  t o  1350OC. 

D r i f t  ..... test of t y p e  S thermocouple i n  Pt-lO%Rh Sheath  a t  1100°C. - 
Three type  S t1ierm.ocouples i-n 90%Pt-P0%Rh shea ths  were inc luded  i n  the 

tr-s~ts d iscussed  i n  Sec t .  5.2.3 under  "Additional tests a t  1100°C .I1 The 

r e s u l t s  of t h i s  t es t  on t h i s  t ype  of thermocouple are shobm in Fig. 38. 

(The designnt:i.urr of t h e  curves  is t h e  s a m e  as i n  Fig.  29 . )  The d i f f e r -  

ence between t h e  average  of curves  A aiid C and curve  B is 4 O C  a t  60O0C, 

o r  0.7%. A s  i n  F ig .  29, t h i s  i.s an e s t i m a t e  of the d e c a l i b r a t i o n  e r r o r s  

of the second kind. The scan (Fig.  39) of t h i s  thermocouple i n d i c a t e s  

little change a f t e r  50 h r  a t  11.OO"C. The maximum change i n  t h e  Seebeck 

c o e f f i c i e n t  iiear ~ihe measuring j u n c t  i.im is  %2,5%. 

._ -.I.- ~ _ _  .- - 

5.3 Causes of Deca l ib ra t  ion 

The causes  of d e c a l i b r a t i o n  are many and i n c l u d e  changes iil tlte 

m e t a l l u r g i c a l  stat  e ,  as w e l l  as i n  compusi-Lion. 21 

can be caused by mcchaiiica.1 de€ ormat i o n s  of t h e  ther invelanents  ~ t h e  

annea l ing  proredure ,  o r  s o l i d - s t a t e  phase t r ans fo rma t ions  such  as short-  

range o rde r ing  i n  Chrornel. Compositional changes may be caused by 

M e t a l l u r g i c a l  changcs 
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Fig.  38.  C a l i b r a t i o n  curves and d e c a l i b r a t i o n  e r r o r s  of the second 
kind revealed on a type S thermocouple shea thed  i n  90%Pt-l0%Rh a f t e r  
50 h r  a t  l l O O ° C .  

F i g .  39. Inhomogeneity scan of t ype  S thermocoup1.e after 50 h r  
exposure at 1100°6. 
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r e a c t  ions between t h e  thermocoupl F w i r e s  and t h e  t i i s i l l a t ion ;  by i m p u r i t i e s  

i n  t h e  i n s u l a t i o n  o r  gases  surrounding t h e  wires; by p r e f e r e n t i a l  evapo- 

r a t i o n  of one o r  mire components of rbr thermocouple a l l o y s ;  o r  by d i f f u -  

s ion  of i m p u r i t i e s  through t h e  i n s u l a t i o n  from the shea th  (Fig.  4 0 ) .  I n  

the  fo l lowing  sec t ior i s ,  t h e  d i s c u s s i o n s  are l i m i t e d  t o  d e c a l i b r a t i o n  of 

types  K and S thermocouples.  

5.3.1 E f f e c t  of Wire S i z e  

I n  0.5-m-diameter shea thed  thermocouples ,  t h e  average  d iameter  of 

t h e  thermocouple wi.res is  0.1 mn o r  less, about  t h e  diameter  of a human 

h a i r  (Fig.  4 1 ) .  Because of t h e  l a r g e  surface-to-volume r a t i o  of such 

small-diameter  w i r e s ,  chemical e f f e c t s  t h a t  normal.ly would be  apparent  

a f t e r  an extended pe r iod  of t i m e  i n  la rger -d iameter  wires a r e  discernib1.e  

a f t e r  a much s h o r t e r  t : i i n e  i n  t h e  sma1.l.e-c-diameter w i . r e s .  I n  a d d i t i o n ,  

s i n c e  chemical r e a c t i o n  ra tes  i n c r e a s e  exponentLai ly  w i t h  tempera ture  

( a  1 0 ° C  tempera ture  i n c r e a s e  w i l l  double  t h e  r e a c t i o n  r a t e )  , d e c a l i b r a -  

t i o n s  1:)ecome r a p i d  a t  higher t empera tures  ( c f .  P i g .  3 2 ) .  

5.3.2 Order-Disorder E f f e c t  i n  T y p e  K . . .... .- ...... ... .-.-.-- 

K o l l i e  et al.. 21 have reviewed the order -d isorder  phenomenon i n  

Chromel. and i t s  effect:  on t h e  emf output  of t y p e  K thermocouples.  Some 

of t h e  p e r t i n e n t  p o i n t s  a r e  as fo l lows :  between 200 and 6OO0C,  t h e  nickel .  

and chromium atoms i.n Chrome1 tend  110 occupy s p e c i f i c  s i t e s  i n  t h e  c r y s t a l  

l a t t i c e  ( t h e  ordered  s t a t e )  ; above %600°C, t h e  aI:orns are distz-i-buted 

randomly among t h e  l a t t i c e  s i tes  ( t h e  d i so rde red  s t a t e ) ;  a change from 

t h e  ordered  t o  t h e  d i s o r d e r e d  s t a t e  o r  v i c e  versa i s  r e v e r s i b l e ;  t h e  ra te  

and e x t e n t  a t  which t h e  ordered  s t a t e  i s  formed are  t i m e  and tempera ture  

dependent (Fig.  42); and between 0 and 600"C, t h e  temperature  measurement 

e r r o r s  caused by t h e  o rde r -d i so rde r  t r ans fo rma t ion  can approach L , l %  of 

t h e  measured tempera ture  e 

The r e s u l t s  of t:he order -d isorder  t r ans fo rma t ion  on t e n p c  >? : a t u r e  m e a s -  

urernents made w i t h  type K thermocouples are i l l u s t r a t e d  by Fig.  43.21  

The i n i t i a l  c a l i b r a t  i.on curve  of an annealed thermocouple,  curve A ,  l i e s  

w i t h i n  t h e  rt3/8% I S A  a l lowab le  e r r o r  € o r  s p e c i a l  g rade  Chromel-Alumel, 
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CHEMICAL REACTIONS CAN AFFECT BOTH 
ELEMENTS OF THE THERMOCOUPLE 

REACTIONS MAY TAKE PLACE BETWEEN THE 
THERMOCOUPLE WIRES AND: 

1. THE INSULATION 
2. IMPURITIES IN THE INSULATION 
3. THE ATMOSPHERE INSIDE THE SHEATH 
4. THESHEATH 

RATES OF CHEMICAL REACTIONS, AS A 
GENERAL RULE, DOUBLE FOR EACH 10°C 
RISE IN TEMPERATURE. 

Fig.  40.  I l l u s t r a t i o n  of s e v e r a l  s o u r c e s  of d e c a l i b r a t i o n  a t  h i g h  
tempera ture  i n  shea thed  thermocouple assembl ies .  

Fig.  41. Photograph of t h e  end of a 0.5-mm-diameter shea thed  
thermocouple. The s h e a t h  h a s  been s t r i p p e d  back t o  show t h e  r e l a t i v e  
wire s i z e s ,  which are ~ 0 . 0 1  mm d iameter .  
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Fig. 43. Curves from c a l i b r a t i o n  d a t a  t aken  on h e a t i n g  and c o o l i n g  
an annea led  and a h e a t - t r e a t e d  t y p e  K thermocouple. 
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bu t  d a t a  t aken  du r ing  coo l ing  l i e  well o u t s i d e  this l i m i t .  The c a l i b r a -  

t i o n  curve f o r  a thermocouple which w a s  "preordered" a t  482°C is l a b e l e d  

curve B ,  and t h e  h y s t e r e s i s  observed du r ing  coo l ing  of  t h i s  thermocouple 

w a s  much less than  t h a t  f o r  t h e  annealed thermocouple. These are e r r o r s  

oi: t h e  f i r s t  kind. A f t e r  the thermocouples had been s h i f t e d  in  the 

fu rnace  and r e c a l i b r a t e d ,  d i f f e r e n t  c a l i b r a t i o n  cu rves  fo r  the two t h e r -  

mocouples were ob ta ined ,  which a r e  i n d i c a t e d  by cu rves  A'  and B ' ,  r espec-  

t i v e l y .  The d i f f e r e n c e s  A-A' and B-B' are estimates of d e c a l i b r a t i o n  

e r r o r s  of t h e  second k ind  f o r  thermocouples A and R.  

I n  t h e  d r i f t  tests conducted a t  600"C, the maxima i n  t h e  scans  w e r e  

formed i n  t h e  t empera tu re  g r a d i e n t  of t h e  f u r n a c e  where the tempera ture  

w a s  less than  600°C. These d e c a l i b r a t i o n s  w e r e  dominant and w e r e  due t o  

t h e  e f f e c t s  of o r d e r i n g  ( c f .  F igs .  15 and 16) .  A s  d i scussed  i n  S e c t .  6 ,  

e r r o r s  due t o  o rde r -d i so rde r  would degrade  the fue l - rod  s imula to r  temper-  

a t u r e  measurements i f  t y p e  K thermocouples w e r e  used, More p a r t i c u l a r l y ,  

t h e s e  e r r o r s  would occur  i n  t h e  t empera tu re  r eg ion  of g r e a t e s t  i n t e r e s t  

i n  t h e  CFTT, exper iments ,  Iicmely, between n~400 and 600°C. 

5.3.3 D e c a l i b r a t i o n  by Compositional Changes i n  Type K Thermocouples 

Numerous i n v e s t i g a t o r s  have s t u d i e d  the d e c a l i b r a t i o n  of t ype  K 

thermocouples i n  air .  

i n v e s t i g a t e d  t h e  d e c a l i b r a t i o n  of 3.3-mm-diameter, bare-wire, t y p e  K 

thermocouples i n  a i r  a t  tempera tures  t o  1000°C f o r  up t o  3000 hr .  

F igu re  44 summarizes some of h i s  r e s u l t s .  For Chromel-Alumel p a i r s  from 

f o u r  d i f f e r e n t  sou rces ,  t h e  changes i n  t h e  emf ou tpu t  of t h e s e  thermo- 

couples  (F ig .  44a) are caused by changes i n  bo th  t h e  Chrome1 element 

(Fig.  44b) and t h e  Alumel element (Fig.  44c).  A t  600 and 800°C t h e  

changes i n  t h e  thermocouple ou tpu t  are caused predominately by changes 

i n  t h e  Chrome1 e lement ,  b u t  a t  1000°C the changes i n  t h e  thermocouple 

o u t p u t  r e s u l t  mainly from changes i n  t h e  Alumel element. 

Bur ley ,23  i n  one of the  more recent s t u d i e s ,  

Our i n v e s t i g a t i o n  of s m a l l  d i ame te r  shea thed  thermocouples shows 

much more r a p i d  and e x t e n s i v e  d e c a l i b r a t i o n s .  W e  a t t r i b u t e  t h i s  t o  d i f -  

f e r e n c e s  i n  t h e  s i z e s  of t h e  thermoelements and t o  our  u s e  of shea thed  

thermocouples. The presence  of a s h e a t h  has  been shown23 t o  c o n t r i b u t e  
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F i g .  44 .  Thermocouple einf d r i f t  v s  t i m e  ciirvps f o r  convent iona l  
t ype  Chrome1 and Alumel i n  t e r m s  O F  averages  of a l l  f o u r .  (Adapted 
from Burley.  22) 

Table  5 .  Noiuiiial composi t ion of t y p i c a l  A h m e l .  and Chrome1 a l l o y s  

................. . ______I_ 

Compo s i.t :i-on ( u n i t  s 

Al. 1. o y C K  F e  CO A 1  S i. N i. 

A l ~ i r n e l . ~  t r a c e  trace 2.7 1 1 .8  1. Kemainder 

Chrome la 9.5 L L  ace t r a c e  0.8 trace 1 . 2  Remainder L _  

a 
Since  t h e  composi t ions of t h e s e  a l l o y s  are a d j u s t e d  du r ing  manufacture  
so thcrt t h e i r  temperature-em1 re1 a t  ionsh ip  matches t h e  rcference tab1 e s ,  
t h e  composition w i l l  v a r y  n o t  on ly  €rom manufacturer  t o  manufacturer  but 
from b a t c h  t o  ba tch .  This  i s  p a r t i c u l a r l y  1-rue of t r a c e  e lements .  



t o  t h e  d e c a l i b r a t i o n  f o r  two r easons :  a s h e a t h  is  a source  of i m p u r i t i e s  

which contaminate  t h e  thermoelements,  and i t  limits the supply  of oxygen 

needed t o  p a s s i v a t e  t h e  s u r f a c e  of t h e  thermoelement wlres. 

One f e a t u r e  of a Chromel-Alumel thermocouple which has l e a d  t o  :i.ts 

wide use is  i t s  e x c e l l e n t  resistance t o  o x i d a t i o n  a t  higEi tempera tures  i n  

a i r ,  (Table 5 l ists  t h e  nominal composi t ion of Alumel and Chromel.) The 

r e s i . s t ance  of Chromel t o  o x i d a t i o n  i s  due t o  t h e  format ion  of an  imper- 

v i o u s ,  passive 1.aye.r of chromic oxide  on t h e  s u r f a c e  of the w i r e .  Burley 

has  postulated2- '  that t h e  o x i d a t i o n  r e s i s t a n c e  of Aluiiiel. i s  due t o  the 

formation of a p r o t e c t i v e  ( p a s s i v a t i n g )  layer of s i l i c a  (SiO2) o r  a 

s i l i c a t e  a t  t h e  metal-oxide in t - e r f ace ,  I n  a shea thed ,  small diameter  

thermocouple (0.5 mm d iameter )  w i t h  a compaction d e n s i t y  of t h e  i n s u l a t i o n  

of 75% (25% of t h e  i n s u l a t i o n  volume i s  af-r), an es t ima ted  0.3% of t:he 

chromium con ten t  of t h e  Chromel w i r e  p e r  u n i t  l e n g t h  could be ox id ized  

t o  Cr2O-j by t h e  oxygen contai.Iied w i t h i n  the insulation. T h i s  e s t i m a t e  

assume.s t h a t  t h e r e  are no competing r e a c t i o n s .  This  assumptrim i s  n o t  

v a l i d ,  because t h e  i n s i d e  s u r f a c e  of t h e  s h e a t h  and the Aluiiiel ~ 7 i r e  b o t h  

compete f o r  t h e  oxygen. A s  a r e s u l t ,  t h e  p a r t i a l  p r e s s u r e  of oxygen 

i n s i d e  t h e  s e a l e d  s h e a t h  i s  reduced s u b s t a n t i a l l y  when t h e  wires t tnd 

s h e a t h  are ox id ized  a t  h igh  tempera tures .  Consequently,  a p r o t e c t i v e  

f i l m  of ox ides  cannot  form on t h e  s u r f a c e s  of t h e  thermocouple w i . r e s ,  

and d e c a l i b r a t i o n  proceeds  r a p i d l y ,  p a r t i c u l a r l y  f o r  s m a l l  d iameter  

w i r e s .  

The hygroscopic  p r o p e r t y  of MgO has  been d i scussed  previous ly .  

L o ~ e I l . ~ . ~  h a s  shown t h a t  t h e  presence  of w a t e r  vapor  accelerates the 

o x i d a t i o n  of N i - C r  al.loys by a c t i v a t i n g  the vapor  phase  t r a n s f e r  of 

Cr203, which d e s t r o y s  t h e  p r o t e c t i v e  ox ide  layer on t h e  a l1 .o~ .  

Samples w e r e  c u t  from f o u r  l o c a t i o n s  on t h e  type K thermocoupl.es 

t h a t  had been s u b j e c t e d  t o  d i f f e r e n t  maximum tempera ture  exposures  i n  

t h e  50-hr d r i f t  tes t  a t  1.1.50"C. The composi t iona l  changes i n  these 

s a m p l e s  w e r e  s t u d i e d  w i t h  t h e  i o n  microprobe m a s s  ana lyze r  (IMMA) t o  

de t e rmine  t h e  re la t ive  changes i n  major c o n s t i t u e n t s  and i m p u r i t i e s  i n  

t h e  thermoelements r e s u l t i n g  from h igh  tempera ture  e-xposure. The changes 

i n d i c a t e d  i n  t h e  p re l imina ry  r e s u l t s  l i s t e d  i n  Table  6 are re la t ive t o  

1MM.A s ,mples  o f  bare-wire  Alumel and. Chromel t aken  from Metrology 
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Table  6. R e s u l t s  of i o n  microprobe m a s s  anaJ-ysis 
of t y p e  K thermocouple samples a f t e r  50 h r  a t  1150°C 

Dis t ance  from Change i n  Content of 
---_- hot  end 

Sample Label (4 C r  Fe  Mn Co A 1  Si b 
.......... . ...I.-_- 

Alumel i n  A 1 + +  - 0 0 0 
Lnconel shea th  D 14 0 - (-) 0 0 (-1 

Alumel i n  
s t a i n l e s s  A 1 . 5  4 - 4 -  0 0 4- - 

.- - s t e e l  s h e a t h  E 13 4- (-1 0 0 

Chromel i n  A 1 0 o -I-  0 + 0 
Zticonel s h e a t h  D 14 0 0 (+> (+I - 0 

Chromel i n  
slrairlless A 1 .5  0 0  + 0 I - 
s t ee l  shea th  E 13 0 0  -I- 0 (+> 4- 

a 

b 

A + or - symbol. i n  pa ren theses  i n d i c a t e s  a s l i g h t  change. 

A ,  sampled nea r  measuring junction; D and E ,  samplci!cl f r o m  p a r t  of t h e  
thermocouple o u t s i d e  t h e  furnace .  
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Labora tory  s tock .  A sample des igna ted  "A" w a s  t aken  n e a r  tr11.e measurin.g 

j u n c t i o n  of t h e  thermocouple. Samples marked "D" o r  "E" t aken  from a 

p a r t  of t h e  thermocouple 1.ocated o u t s i d e  t h e  furnace,  r e p r e s e n t  t h e  s t a t e  

of t h e  as - rece ived  materials and w e r e  i nc luded  f o r  ~ o ~ n p ; % t r : i ~ o ~ i .  wi.th the 

h e a t  t r e a t e d  samples. 

In  g e n e r a l  ~ t h e  composition changes i n  samples shea thed  L n  s t a i n l e s s  

s teel  were g r e a t e r  than t h o s e  shea thed  i n  laconel-. In p a r t i c u l a r ,  t h e  

A1ume.l element i n  t h e  s t a i n l e s s  s t e e l  shea thed  tliermocoup3.t~ sRowed an 

i n c r e a s e  of C r ,  bu t  a 1.0s~ of A l .  I n  the p a r t s  of the thermocouple 

between t h e  A and T I  s e c t i o n s  t h a t  w e r e  h e a t e d ,  d:ifEerences i n  composi- 

t i o n s  o f  t h e  Chrome1 and Alume.1 wires Ln t h e  I n c o n e l  and st;i:i.nI.ess s tee l  

sheath.ed thermocouples w e r e  measured. These samples  showed an i n c r e a s e  

i n  C r  and Fey b u t  t h e  Alumel i n  s t a i n l e s s  steel showed a p p r e c i a b l y  more 

C r  pickup than  d i d  t h e  Alumel i n  Inconel .  The former a l s o  showed a 

substantial l o s s  of A l ,  bu t  t h e  S i  c o n t e n t  i nc reased .  The emf d a t a  

t aken  du r ing  t h e  d r i f t  test showed c l e a r l y  t h a t  changes in t h e  A.lume.1. 

i n  t h e  s t a i n l e s s  steel shea thed  thermocouple contribut:ecl the major f r a c -  

t i o n  of t h e  change i n  t h e  thermocouple emf. An estimate of t h e  C r  con- 

t e n t  o f  t h e  Alumel based on the. .IMMA measurements is about 1 . 3 %  C r .  

During t h e  manufacture of t h e s e  shea thed  materials t h e  materials 

are annealed f o r  a few minutes  a t  il-'lOOO°C, followed by r a p i d  coo l ing  t o  

room tempera ture ,  as t h e  d iameter  is reduced i n  stages t o  0.5 mm. Pro- 

d u c t i o n  of 0.5-m-diameter thermocouple materials r e q u i r e s  many r e d u c t i o n  

and annea l ing  s t e p s .  Data t aken  du r ing  t h e  i n i t i a l  h e a t i n g  of t h e s e  

thermocouples i n  bo th  t h e  1100 and Ll .5O0C,  50-hr tests showed t h a t  a t  

600°C t h e r e  w a s  a d i f f e rence .  of ~2.5'C i n  the c a l i b r a t i o n s  between t h e  

Incone l  shea thed  and t h e  s t a i n l e s s  steel  shea thed  thermocouples because 

t h e  E s e c t i o n  of t h e  Alumel i n  s t a i n l e s s  steel showed more C r  ptckup 

than d i d  t h e  D sect:i.on of t h e  Alumel i n  Inconel-600. 

The e f f e c t  at 260°C of t h e  concentrat i -on of vari-ous e lements  on t h e  

t h e r m o e l e c t r i c  power (Seebeck c o e f f i c i e n t )  of N i  i s  shown i n  Fig ,  4 5 ,  

which w a s  adapted  from Wang, S t .a r r ,  and F igures  46 and 47 show 

t h e  e f f e c t s  on t h e  emf o f  Ni a t  s e v e r a l  temperatures v e r s u s  k h e  concen- 

t r a t i o n s  of C r  and Fe,  r e s p e c t i v e l y .  Adding C r  t o  Ni dec reases  t h e  

Seebeck c o e f f i c i e n t  more o r  less r e g u l a r l y  w i t h  i n c r e a s i n g  temperature .  
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'I'be ef Eect on t h e  Seebeck coef f ic i . en t  o f  increas ing  t h e  cctnceni: r a t i o n  of 

Fe, on l:lie other hand, changes s i g n  w i . t h  i n c r e a s i n g  teiiiperatur<: (I Since 

hlumel is , ~ ) 9 4 %  N:i~, i t :  rni.ght be e x p e c t e d  that: 1:11e ef fec ts  of impurities 

in Alume.1  would be si.mi.l.ar t o  the. e f f e c t s  o f  1 m p u r i t : i e s  i n  piire Ni ,  

T h e  anorrialous e f f ec t s  of impur i t i . es  such as Fe (or  Cn) demonst ra te  

tha t  deed i b r a t i o n s  mnc:a:;urecl ac one temperature  cannot  b e  used t o  esti- 

mate the. effects o f  t l e c n l i b r a t i o n s  a t  other temperat i i res .  

Two of each of the nob Le-metal thermocouple-sli~atb corriT~-i-nat ions  

I .Lsted i n  Tab1.e 3 w e r e  ca1ibrat:ed to 1.370"C. 

i n  S e c t .  5 .2  under "Decalibration of Sheathed Noble-Metal Ttierniocouples. '' 
O n e  thermocouple of each type FTi3s cut a t  p o s i t i o n s  s e l e c t e d  t u  yield 

samples that had recei.ved d i f f e r e n t ,  iiiaximum t:empe.rature e x p o s u r e s  T h e  

samples were mounted and prepared  f o r  II"L4 by the Metallogra p11.y S e c t i o n  

at ORNL. 

The results w e r e  present.ed 
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Al.though IbPM y ie lded  a h o s t  of d a t a  which have n o t  been analyzed 

completely,  several f a c t s  are obvious.  For  example, noble-metal  thermo- 

couples  and base-meta l  shea ths  are incompat ib le .  A s  w i t h  t h e  type  K 

materjhls,  t h e  as-received m a t e r k l s  showed containinat ion from the 

s h e a t h  r e s u l t i n g  from t h e  manufacturi-ng process .  The e lements  A l ,  Mg, 

C r ,  Ni, bfn ,  and Fe were found i.n s i n a l 1  q u a n t i t i e s  i n  t h e  s e c t i o n  t h a t  

had not  been hea ted  i n  t h e  tal-ibration exper iments ,  The r e s u l t s  w e r e ,  

i n  g e n e r a l ,  s i m i l a r  t o  t h o s e  h i c h  have been r e p o r t e d  f o r  a l a r g e r -  

d i ame te r ,  Inconel-sheathed,  t y p e  S thermocouple. 2 3  

A s  seen  i n  F ig .  32 ,  the d e c a l i b r a t i o n  of 90%Pt-l0%Rh shea thed ,  

t y p e  S thermocouples was s u b s t a n t i a l l y  less than  t h a t  of  any o t h e r  

thermocouple-sheath combinat ion,  and t h e  d r i f t  ra te  a t  1305 “ C  w a s  

Ql tnK/uiin. I n  a d d i t i o n ,  du r ing  t h e  i n i t i a l .  c a l i b r a t i o n  of these t h e r -  

mocouples, t h e  d e v i a t i o n s  from t h e  NRS r e f e r e n c e  t a b l e s  f o r  t ype  S 

thermocouples were e s s e n t i a l l y  of t h e  same magri :i.tude as t h o s e  of h igh  

q u a l i t y  , “nominal I‘ bare-wire ,  t ype  S s t anda rds .  

5 . 4  Why Recal i b r a t i o n  W i l l  Not 
%nip 1: ove Temper a t  u re Measurement Accuracy 

I t  has  been sugges ted  t h a t  t h e  fuel-rod s imula to r  couples  could 

be r e c a l i b r a t e d  i n  s i t u  when I.11.e 1 . 0 0 ~  is  he ld  a t  s t e a d y  s t a t e ,  the reby  

enab l ing  c o r r e c t i o n  of t h e  o r i g i n a l  c a l i b r a t i o n s .  I n  t h e  preceding  

s e c t i o n s  w e  have shown t h a t  d e c a l i b r a t i o n  w i l l  a f f e c t  t y p e  K thermoelec- 

t r i c  materials t o  a g r e a t e r  o r  lesser e x t e n t  a t  all- tempera tures  a t  

d a i c h  they  v c L l l  be  used i n  t h e  CFTL. I n  t h e  fol-lowing disct1ssi .m we 

wi.11 e x p l a i n  why such r e c a l i b r a t i o n  could n o t  apprec i ab ly  reduce  t e m -  

p e r a t u r e  measure ment e r r o r s ;  i -nstead such r e c a l i b r a t i o n  would obscure  

real atid s e r i o u s  changes i n  t h e  temperature-emf r e l a t i o n s h i p  of t h e  

f tie ].-rod s imula t  o r t hermo coup I.c. s 

The reason  f o r  t h i s  i n a b i l i t y  t o  redince tempera ture  measurement 

e r r o r s  through i n  s i  t u  ca l ibra l :  i.on is t h a t  t h e  tempera ture  grad . ien ts  

i m p o s d  on t h e  fue l - rod  s imula to r  therinocouples under  s t e a d y  s t a t e  cmi- 

d i t i o n s  w.il .1 be d i f f e r e n t  from t h o s e  imposed du r ing  an  experiment.  I n  
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f a c t ,  d i f f e r e n t  tempera ture  g r a d i e n t s  will occur  under  d i . f fe rer i t  con.di.- 

t i o n s  of power and f low,  even at s t e a d y  state,  In a d d i t i o n ,  decal . ibra-  

t i o n  e.trfects are tempera ture  dependent.  

One could surmise t h a t  i E these thermocouples were ini.t i.allg 

homoget~.ecius and remained s o  i n  use ,  o r  if a d e c a l i b r a t i o n  occurred  

uni formly  over  t h e  e n t i r e  l eng th  of t h e  thermocouple the thermocouple 

would remai-n homogeneous and i t  could be  r e c a l i b r a t e d .  T h i s  is n o t  so. 

The Cliromel. i n  a Chrome1 v e r s u s  Alumel thermocoup1.e be.comes apprecinb1.y 

inhoiiiogetieous w i t h i n  a f e w  minutes  in s e c t i o n s  of t h e  thermocouple 

hea ted  between %350 and 600°C. More inhoraogenei t ies  wi.l.1. f o r m  due t:o 

composi t iona l  changes i n  both t h e  Chrome1 and Alumel a t  tempera tures  

above 600°C. The e f f e c t  on the measured tempera ture  of changes i n  t h e  

tempera ture  g r a d i e n t s  imposed on a d e c a l i b r a t e d  thermocouple w e r e  shown 

i n  F ig .  4 3  f o r  t h e  order -d isorder  d e c a l i b r a t i o n  o f  a type K thermocouple 

and in  Figs. 29 and 38 f o r  t h e  composi t iona l  d e c a l i b r a t i o n  of types K 

and S thermocouplxs,  r e s p e c t i v e l y .  

5.4.1 Appl i ca t ion  t o  .__ CFTT, Thermocouples 

The l o c a t i o n s  of the fuel-rod s i m u l a t o r  thermocouples i-n a p a r t i c -  

u l a r  test w i l l  be  determined a f t e r  e v a l u a t i o n  01 t w o  c o n s i d e r a t i o n s :  

(1) a s u f f i c i e n t  iiumber of thermocouples  must be  i n s t a l l e d  t o  e v a l u a t e  

the hea t  t r a n s f e r  and thermohydraul-ic per iormance of the v a r i o u s  bundlr. 

c o n f i g u r a t i o n s ,  and (2) t h e  tempera tures  a t  c e r t a i n  c r i t i c a l  l o c a t i o n s  

must be measured so  t h a t  damage of t h e  bundle  w i l l  be  avoided. 

has proposed such a d i s t r i b u t i o n ,  and w e  w i l l  u se  t h i s  t e n t a t i v e  scheme 

t o  e v a l u a t e  t h e  probable  e r r o r s  which can arise because of d e c a l i b r a t i o n  

of t h e  thermocouples i n  t h e s e  1-ocations.  A diagram f o r  t h e  placement of 

these thermocouples  i s  shown a t  the t o p  i n  Fig.  48. C a l c u l a t i o n s  of t h e  

c l a d  tempera ture  p r o f i l e s  f o r  a 37-rod bundle  i n  a t r a n s i e n t  t es t  have 

been made by t h e  General  Atomics C O . ~ ~  

p r o f i l e s  c a l c u l a t e d  f o r  an average  of 23.7 khJ (curve  A, state 11) and 

2.37 kW per  rod (curve  E ,  s t a t e  T I T ) ,  which are f o r  t h e  s t e a d y  s t a t e  

c o n d i t i o n s  b e f o r e  t h e  power t:ransi.ent and ~ , 2  min a f t e r  the power tran- 

s i e n t ,  r e s p e c t i v e l y .  Curves A’ and E ”  d i r e c t l y  below r e p r e s e n t  the 

Sa~nders’~ 

Figure  48 s h o w s  two tempera ture  
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F i g .  48.  The e f f e c t s  of t h e  formatLon and d i k r u p t i o n  of s h o r t  range 
o rde r ing  f o r  t y p e  K thermocouples a s  i n s t a l ~ l - e d  i.n suggested. iocat i .ons i n  
t h e  CFTT, bundles.  ‘[‘he t empera ture  pi-of i l  es correnpoondi.rrg t o  three s ta tes  
are shown in the middle.  Cu-rve I is  at. shendy s t a t e  a t  350°C wich no 
power a p p l i e d  t o  i~he h e a t e r s .  Curve h i s  wi.th 23.7 kW of p s w e r  a p p l i e d  
t o  each r o d ,  and ciwve K i s  w i t h  2 , 3 7  kW a p p l i e d  t o  each  r o d .  Below t h e  
t e n p e r s t u r e  p r o E i l e s  are lilre c a l c u l a t e d  temperature g r a d i e n t s  A’ and B’ 
dT/dx p l o t t e d  i h  a r b i t r a r y  u n i t s .  A t  t h e  bottom arc t h r e e  h y p o t h e t i c a l  
inhomogeneit:y scans  which might r e s u l t  in ench of t h e  t h r e e  s ta tes  I, 
IT, and 111. 

I 

2 0 2  

0.1 

200 400 6 00 
! iCAT TREATMENT TEMPERATURE ( “ C )  

Fig .  4 9 .  Change in Seebeck c o e f f i c i e r i t  of C h r o m e 1  as a f u n c t i o n  
of time a t  temperature .  (Adapted f r o m  ref. 20 . )  
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cor responding  tempera ture  g r a d i e n t s  dT/dx. (No s c a l e  i.s gi.ven f o r  t h e  

Y a x i s ,  as t h e s e  curves  are p l o t t e d  rin a r b i t r a r y  u n i t s . )  The band 

between 300 and 600'C r e p r e s e n t s  t h e  range  of temperatmres in which t h e  

format i o n  of shor t - range  o r d e r i n g  i n  the. Cln romel .  i n t r o d u c e s  inhomogenei- 

t i e s  in t ype  K thermocouples.  P l o t t e d  at t h e  lower p a r t  of t h e  f i g u r e  

and i n d i c a t e d  by I, A.e* ,  and E.", are h y p o t h e t i c a l  inhomogeneity scans 

whi.ct-1 would be  ob ta ined  i f  C h e  fuel--rod s i m u l a t o r  thermocou.ples cou1.d 

b e  scanned i n  any of t hese  t h r e e  states. S t a t e .  I is  t h a t  o f  the 

unpowered bundles  

S t a t e  I, t h e  unheated bundSe. - T h e  program p l a n  f o r  t h e  CFTL speci- 

f i e s  a series of s t u d i e s  of unheated bundles  i n  which various tests will 

be performed w i t h  hel ium gas  c i r c u l a t e d  a t  %.350°C. Some of t h e s e  test.:; 

w5.l.l be e x t e n s i v e ,  r e q u i r i n g  that  t h e  bundle  tempera ture  be. maintatned 

at Q35O"C f o r  hour s  01: days.  Unde.r these cond.iLtions, based on the d a t a  

i n  F i g .  49 ,  t h e  Seebeck coef f ic ien- l :  w i l l  have inc reased  by %1% af te r  7 

hr . T h i s  w i l l  cause. shor t - range  o r d e r i n g  uni formly  a long  ,the e n t i r e  

l e n g t h  of t h e  thermocouples i n  the. tes t  sect ion .  The h y p o t h e t i c a l  inho- 

mogeneity scan f o r  t h i s  c o n d i t i o n  is i -ndica ted  by t h e  dashed l i n e  I of 

F ig .  4 8 .  

- S t a t e  11, bundle  hea ted ,  23.7 kW/rod. - With 23.7 kW/rod, t h e  t e m -  

p e r a t u r e  of two s e c t i o n s  of a typ ica l .  h e a t e r  rod -wLll be g r e a t e r  than 

600°C (Pig.  4 8 ) .  Above GOO"C, t h e  short-range. o r d e r i n g  that  had formed 

when t h e  thermocouples  w e r e  a t  a lower tempera ture  w i l l  become d i s o r d e r e d ,  

and t h e  p o r t i o n s  of t h e  thermocouples i n  tkese r e g i o n s  w i l l  r e t u r n  t o  

the i r  o r i g i n a l  "annealed" state. Thermocouples i n  l o c a t i o n s  I., 2 ,  and 3 

w i l l  n o t  be hea ted  above 600°C and w i l l .  remain i n  2n ordered s t n t e .  

P o r t i o n s  of thermoc.ouples i n  l o c a t i o n s  6 ,  7 ,  8, and 9 wf.1.1. b e  annea led ,  

and t h e  shor t - range  o r d e r i n g  w i l l  be  des t royed .  TILE. deg ree  of o rde r ing  

i n  p o r t i o n s  of the l e n g t h s  of thc!rmocoupl.cs i n  l o c a t i o n s  4 ,  5,  and 10  

w i l l  i n c r e a s e  and dec rease .  T h i s ,  a f t e r  a p p l i c x t i o n  o f  power t o  the 

h e a t e r  r o d s ,  thermocouples i n  l o c a t i o n s  4 th rough 10 w i l l  no longe r  be 

homogeneous over t h e i r  l e n g t h s  t h a ~  are w i t h i n  t h e  test S u n d l e ,  and t h e  

Seebeck c o e f f i c i e n t  w i l l  become a f u n c t i o n  of t h e  l o c a t i o n ,  x. 

Curve A" r e p r e s e n t s  an inhomogeneity scan f o r  thi-s  s i t u a t i o n .  The 

tempera ture  g r a d i e n t s ,  dT/dx, g iven  by cu rve  A', are a l s o  a f u n c t i o n  of 
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x. The emf output  g iven  by Eq.  (I) i.s t h u s  a func11i.m of t h e  r e l a t i v e  

l o c a t i o n s  of the inhomogenei t ies  and t h e  tempera ture  gradient:  A s  shown 

by K o l l i e  e t  a1.20 t h i s  can cause  an  u n c e r t a i n t y  i n  t h e  tempera ture  

measurement of as much as 1.1%. 

--.- S t a t e  111, bundle  ..I.-.I- heated ,  2.37 kW/rod. .-. When t h e  power t o  t h e  

bundle i s  reduced LO 2 . 3 7  kW/rod, a new tempera ture  p r o f i l e  I!, and a new 

tempera ture  g r a d i e n t  B' w i l l  be  produced. Thermocouples i n  p o s i t i o n s  4 

through 8 w i l l  be r e t u r n e d  t o  the reg ion  of tempera tures  i n  which order -  

ing  occurs .  Thus, 1:liese thermocouples wL1-J- t end  t o  r e o r d e r  a t  ;I r a t e  

which is  bo th  temperature-  ~ n t l  time-dependent . Thermocouples i n  lot-ations 

9 and 10  ~dll r e t a i n  t h e i r  d i so rde red  s t a t e  i n  those  p o r t i o n s  above 600°C; 

however , t h e  p o r t  i.ons below 600°C w i J . 1  r e o r d e r .  Because t h e  l o c a t  i on  of 

t he  di .sordered portions of thermocouples 9 and 1 0  w i l l  change wjth respect 

t o  tlhe l o c a l i o n  of t h e  new tempera ture  g r a d i e n t  , the2.r temperature-emf 

r e l a t i o n s h i p  w i l l  a l s o  be u n c e r t a i n .  Curve i l l u s t r a t e s  t h e  inhomoge- 

n e i t i e s  i n  t h i s  s i t u a t i o n .  

5 .4 .2  E f f e c t  of Order-Disorder on R e c a l i b r a t i o n  

A s  expla ined  i n  the  preceding  d i s c u s s i o n ,  thermocoupI.es i n  d i f f e r e n t  

l o c a t i o n s  w i l l  behave d i f f e r e n t  I.y, depeilding on the state  of t h e  l o o p .  

A t  t h i s  p o i n t ,  a questi-ori t o  be cons idered  i s :  What w i l l  be  the e f f e c t  

on tempera ture  measurement accuracy  i f  any one of t h e s e  states is  chosen 

tor  "s teady  state" r e c a l i b r a t i o n ?  

R e c a l i b r a t i o n  i n  s t a t e  I,  t h e  unheated bunc1l.e. ..._ _. . .._ .̂ .- .- - I f  t h e  fuel-rod 

s imula to r  thermocouples  are t o  be r e c a l i b r a t e d  a t  a s t e a d y  s t a t e  w i t h  

t h e  bundle  unheated a f t e r  a series of tests has  been completed i n  which 

t h e  bundle  w a s  heRted, what i s  I:O be  expec ted?  F i r s % ,  the loop  woiuld 

probably have t o  remain a t  t h i s  c o n d i t i o n  f o r  s e v e r a l  hours  - perhaps 

overn ight  -- b e f o r e  i t  would become equilibrated I Consequently,  a uni-  

form t i m p e r a t u r e  would he e s t a b l i s h e d  a c r o s s  the bundle; t h a t  i s ,  d'L'/dx, 

t h e  tempera ture  g r a d i e n t ,  would be z e r o  w i t h i n  t h e  t es t  s e c t i o n .  The 

s t a t e  of o r d e r  o r  d i s o r d e r  of potrti.ons of the therrnocouples i n s i d e  the 

bundle would be i r r e l e v a n t ,  L E  t h i s  w e r e  t h e  case, t h e  emf of i:he the r -  

mocouples  would be determined ent i r e l y  by the porfr:i-on of t h e  thermocouple 
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i n  t h e  tempera ture  g r a d i e n t  a t  t h e  e n t r a n c e  t o  t h e  test bundle .  [ luring 

powered tests, however, i t  would be p r e c i s e l y  these d e c a l i b r a t e d  p o r t i o n s  

of t h e  thermocouples  i n s i d e  t h e  tes t  bundle  t h a t  w i l l  c ause  tempera ture  

measurement e r r o r s  which would n o t  be  r evea led  by s t e a d y  state recali'Dra- 

t i o n s .  Under steady state condiLions,  t h e  p r e c i s i o n  of measurement of 

tempera.ture w i t h  t y p e  K thermocouples  has  been shown t o  3e 'LO. 2°C. 2 o  

It would be wrong t o  assume, however, that  t h e  measurement accu racy  

of a s t -andard ized  procedure  which reproduces  the o r ig ina l .  s t e a d y  s ta te  

c a l i b r a t i o n  would also r e p r e s e n t  t empera tu re  me.asurement accuracy.  Repro- 

d u c i b i l i t y ,  o r  p r e c i s i o n ,  is a n e c e s s a r y  condit:ioa f o r  measurement accu- 

r a c y ,  bu t  i t  i s  n o t  s u f f i c i e n t .  Te-mperature measurement accuracy  must 

r e f e r  t o  t h e  agreement between exper imenta l  thermocouples and a n  accepted  

scale of tempera ture ,  1PTS-68. 

Reca l ib - r a t ion  i n  s t a t e  11, 23.7 kW/rod. - Heat ing  t h e  bundle  w i l l .  

t end  t o  d e s t r o y  t h e  shor t - range  o r d e r i n g  i-n portrions of thermocouples i n  

c e r t a i n  l o c a t i o n s ,  as d i scussed  p rev ious ly .  Doubt as t o  the e x t e n t  of 

t h e  remaitxing o r d e r ,  t h e  rate a t  which o r d e r i n g  occur s ,  and the l o c a t i o n  

of t h e  order -d isorder  induced inhomogeneity w i t h  r e s p e c t  t o  the tempe.ra- 

t u r e  g r a d i e n t  w i l l  r e s u l t  i n  tempera ture  measurement u n c e r t a i n t y .  

However, there is  ano the r  c o n s i d e r a t i o n .  A l l  thermocouples  w l i t h  t h e i r  

measuring . junc t ions  l o c a t e d  a t  a g iven  level  will t end  to agree  s i n c e  

they  wi.11 a l l  pas s  through sirni.lar tempera ture  g r a d i e n t s .  Again, the 

p r e c i s i o n  of t h e  i n d i c a t e d  t empera tu res  a t  a p a r t i c u l a r  level. does  n o t  

r e p r e s e n t  tempera ture  measurement accuracy.  

R e c a l i b r a t i o n  i n  state 111, 2.37 kW/rod. - The tempera ture  p r o f i l e  

K i n  Fig.  48 is  t h a t  p r e d i c t e d  less than  2 min a f t e r  t h e  power t r a n s i e n t .  

Es tab l i shment  of a s t e a d y  s ta te  presumably would t a k e  cons ide rab ly  longe r  

so t h a t  t h e  p r e d i c t e d  temperature.  g r a d i e n t s  i n  F ig .  48 would be  cons ider -  

ab ly  d i f f e r e n t  at  s t e a d y  state.  I f  the r e c a l i b r a t i o n  d a t a  w e r e  t o  be 

recorded  after t h e  maximum tempera ture  i n  t h e  bundle  a t  l o c a t i o n  9 had 

reached ,  s ay ,  500°C,  the e n t i r e  l e n g t h  of t h e  thermocouples  would he  i n  

a r eg ion  of tempera ture  conducive t o  t h e  format ion  of short-range o rde r .  

This  r e c a l i b r a t i o n  would t end  t o  a g r e e  w i t h  t h e  s t e a d y  s ta te  c a l i b r a t i o n  

i n  s ta te  I,  bu t  i t  would n o t  r e f l e c t  t h e  t r u e  u n c e r t a i n t y  i n  tempera ture  

measurement immediately a f t e r  the power t r a n s i e n t .  



Other f a r - to r s .  - A s i n g l e  case  w a s  taken f o r  s impl . ic i ty  i n  t h e  p r e -  

ceding examples. 

i n  power leve ls ,  but  t h e  helium f low r a t e  w i l l  be  changed and the power 

app l i ed  t o  t h e  bundle  w i l l  be  skewed a c r o s s  t h e  buntll.e. 

changes w i l l  i.nt:eract t o  r e a r r a n g e  t h e  tempera ture  grad ien- t s  i n  t h e  

buadl  e, 

In t h e  CFTL experinieii ts ,  t h e r e  w i l l  b e  changes n o t  on ly  

A l l  o f  these 

5 .I 4 . 3  Recal.j.bration -. . . . .. 

A l l  of the preceding  arguments a g a i n s t  r e c a l i b r a t i o n  were d i r e c t e d  

toward t h e  order -d isorder  d e c a l i b r a t i o n  e€Eect  i n  type  K thermocouples.  

W e  b e l i e v e  t h a t   his e f f e c t  will be a iiiajor cause  of u n c e r t a i n t i e s  i n  

t h e  fuel-rod s imula to r  tempera ture  measurements, and, Eurthermore,  t-hese 

u n c p r t a i n t i e s  w j l l  occur  i n  a tempera ture  r eg ion  i n  which most  of t h e  

exper imenta l  work w i l l  be  concent ra ted .  

sheaihed wi th  90ZPt--lO%Kh, w i l l  avoid t h e  e r r o r s  due t o  short-range 

o r d e r i n g  i II 1 ype K thermocouples e Type S thermocoupl es , however w i l l  

be  s u b j e c t  t o  d e c a l i b r a t i o n  caused by composi t ional  changes a t  h igh  t e m -  

p e r a t u r e s ;  bui. 

w i l l  be conducted a t  t h e  end of the test series, t h e  composi t iona l  d e c a l i -  

b r a t i o n  of t ype  S thermocouples w i l l  n o t  a f f e c t  the ba lance  oE t h e  mcas- 

urements takpn p r i o r  t o  t h e  h igh  tempera ture  runs .  TJnder t h e s e  c o n d i t i o n s ,  

t h e  tempera ture  measurement unce r t a in i  ies us ing  t y p p  S thermocouples w i l l  

remain w i t h i n  I-he CFTL l i m i t s  of error over  most of t h e  tempera ture  range. 

'The u s e  oE type S thermocouples ,  

s i n c e  t h e  h igh  tempera ture  experiments  oil each bundl e 

6. OVEKALL TElZPEKATURE MXASLJKEMENT UNCERTAINTIES 

A f t e r  t h e  sou rces  of tempera ture  measurement e r r o r s  l i s t e d  i n  

Table  1 are cons ide red ,  i:he cumulat ive e f f e c t s  of t h e s e  e r r o r s  on ther- 

mocouple t:iiei.mometry i n  t h e  CFTT, f u e l  rod s i m u l a t o r s  can be  esi:imated. 

In the CFTL program plan' t h e  d e s i r e d  tempera ture  measurement unce r t a in -  

t i es  f o r  t h e  CFTL experiments  are s p e c i f i e d  as + 8 " C  below and + - 1 5 " C  f o r  

tempera tures  above 800°C. Because t h e  .magnitudes of many of t h e  e r r o r s  

are tempera ture  dependent ,  t hey  cannot  be p re sen ted  e a s i l y  i n  tabul-ar 

form, bu t  a r e  b e s t  v i s u a l i z e d  g r a p h i c a l l y .  



The cumula t ive  u n c e r t a i n t y  due t o  the e x t e n s i o n  l ead  wires, tlie 

r e f e r e n c e  zone box, and the c a l i b r a t i o n  of a s i n g l e ,  type K, Inconel-  

shea thed  thermocouple is shown as +2"C i n  t h e  midd1.e o f  Fig.  50. 'To 

t h i s  unce r t a . i n ty  i s  added the u n c e r t a i n t i e s  a t t r i b u t e d  t o  t h e  emf m e a s -  

ur:i.ng sys  tem irldiCi3ted by t h e  c u ~ v e - s  inarked CDAS and -:[)AS : the thermo- 

s t a t e d  act ive f i l t e r s  of t h e  measuring system in t roduce  an e s t ima ted  

u n c e r t a i n t y  of - t l ° C ;  and t h e  fu l l - scxxle  u n c e r t a i n t y  o f  0.25% i.n t : h  

ana log - to -d i -g i t~~ l  c o n v e r t e r  c o n t r i b u t e s  t h e  s t e p  changes i n  the uncer- 

t a i n t y  because of range  changes a t  20 ( 2 7 O o C ) ,  40 ( 4 8 S " C ) ,  and 80 mV 

( 9 6 7 ' C ) .  

Shown i n  Fig. 5 1  i s  A s i m i l a r  p l o t  of cumula t ive  uncertainties f o r  

a type  S thermocouple.  The u n c e r t a i n t i e s  due t o  t h e  e x t e n s i o n  k a d  w i r e s  

( c a l i b r a t e d )  r e f e r e n c e  box, inicl caln'.brat:ion t o t a l .  t1..6"C , t o  1.00O"C; this 

total. i n c r e a s e s  t o  k2'C between 1.000 and l 4 O O " C  owing t o  an inc reased  

u n c e r t a i n t y  of t h e  c a l i b r a t i o n  d a t a .  Because of the lo.wer output o f  a 

t y p e  S thermocniiple, t h e  ana log - to -d ig i t a l  conve r t e r  w i l l  con t inue  t o  

o p e r a t e  i t s  most s e n s i t i v e  range t o  ~1 .035"G;  c:onseq[sentl.y, t h e  r e s u l t a n t  

iincerL:ainty i s  k 2 . 4 " C  between 350 and 1.035"C. We b e l i e v e  t h a t  even w i t h  

t h e  lower ou tpu t  of t l ie t y p e  S thermocouple the a d d i  ti .onal u n c e r t a i n t y  

i n  t h e  d a t a  a c q u i s i t i o n  system due. t.o c1ri .f t  i n  t h e  a c t i v e  f i1 . t e r  ampl i -  

f:i.ers need n o t  exceed t l . 'C .  The g r e a t e r  u n c e r t a i n t y  b e l o w  ~ 3 0 0 ° C  i n  

Fi.g. 5 1  is caused by t h e  d e c r e a s e  i n  s e n s i t i v i t y  of the. t y p e  S thermo- 

couple  from 300 t o  0 ° C .  (S:i.nce thi .s  t empera ture  r e g i o n  is  below t h e  

range  of tempera tures  c.ontemplated i n  t h e  CFTL exper iments ,  d i s c u s s i o n  

of e r r o r s  w i th in  t h e  r e g i o n  is  i r r e l e v a n t  t o  t h i s  r e p o r t . )  

W e  reemphasize the fo l lowing  inipo-rtant p o i n t :  one cannot: conc.l.ude 

t h a t  because the ou tpu t  of a t y p e  K thermocouple i s  h ighe r  t han  t h a t  of 

a t y p e  S thermocouple,  the t empera tu re  measurement accuracy  i n  a r e g i o n  

o f  major j lnportance t o  t h e  CFTL, namely 485 t o  800"C, w i l l  be  improved. 

b s t e a d ,  one can expec t  t h e  h i g h e r  ou tpu t  of t h e  type K thermocouple i n  

t h i s  r eg ion  t o  be o f f s e t  by t h e  g r e a t e r  u n c e r t a i n t y  i n  t h e  analog-to- 

d i g i t a l  c o n v e r t e r  when i t  is switched au t .omat ica l ly  from t h e  20-mV range  

t o  the 40-mV range.  

U n c e r t a i n t i e s  due t o  d e c a l i b r a t i o n  w i l l  add t o  the u n c e r t a i n t i e s  

due t o  t h e  measuring system. With t y p e  K thermocouples  there i s  an  even 
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1 OPS 

F i g .  50. Cumulative u n c e r t a i n t k s  f o r  a t y p e  K therniocoI1pI.e 
sheath.ed 5.n. Lnconel-600 as a f u n c t i o n  of temperature .  
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Fig. 51. Cumulative u n c e r t a i n t i e s  f o r  a type S thermocouple 
sheathed i n  90%Pt-lO%Rh a s  a f u n c t i o n  of temperature .  



7 1  

greater u n c e r t a i n t y  due t o  t h e  o rde r -d i so rde r  t r a n s f o r m a t i o n  ( l i n e  Ko-d 

i n  F ig .  50).  With t h e  i n c l u s i o n  of u n c e r t a i n t i e s  due t o  t h e  order -  

d i s o r d e r  t r a n s f o r m a t i o n ,  t h e  o v e r a l l  u n c e r t a i n t y  of a fuel-rod s imula to r  

tempera ture  measurement would exceed t h e  t o l e r a n c e  limits i n  t h e  r e g i o n  

of major importance t o  t h e  CFTL exper iments ,  namely 400 t o  800°C. S ince  

t h e  e r r o r  due t o  o rde r -d i so rde r  t r a n s f o r m a t i o n  is always p o s i t i v e ,  t h e  

Ko-d l i n e  occur s  on ly  i n  t h e  upper h a l f  of the p l o t  of cumula t ive  uncer- 

t a i n t i e s .  The composi t iona l  d e c a l i b r a t i o n  e r r o r s  of t h e  f i rs t  and second 

k inds  are i n d i c a t e d  by KI and KII ,  r e s p e c t i v e l y .  S ince  t h e  composi t iona l  

changes w i l l  a f f e c t  t h e  thermocouples on ly  a f t e r  exposures  t o  tempera tures  

above 0~800"C,  u n c e r t a i n t i e s  t o  t h e  e x t e n t  i n d i c a t e d  by RII w i l l  occur o n l y  

a f t e r  n ~ 5 0  h r  a t  1lOO"C. Al so ,  s i n c e  t h e  thermocouples w i l l  b e  exposed to 

h igh  t empera tu res  only a t  t h e  end of each test, u n c e r t a i n t i e s  of t h i s  

magnitude w i l l  no t  occur du r ing  t h e  major p o r t i o n  of t h e  tests. Tn t h i s  

c a s e ,  t h e  e r r o r  l i m i t  i n  t h e  lower h a l f  of t h e  p l o t  is bounded by t h e  

"-DhS" curve.. 

For t y p e  S thermocouples,  t h e r e  i s  no a p p r e c i a b l e  order -d isorder  

t r ans fo rma t ion  i n  e i t h e r  P t  o r  90%Pt-l0%Rh a l l o y s ;  t h u s  there is  no addi- 

t i o n a l  u n c e r t a i n t y  over  t h a t  of t h e  "+DAS" curve  i n  t h e  upper h a l f  OF 

Fig.  51. In  t h e  lower h a l f  of F ig ,  51, d e c a l i b r a t i o n  e r r o r s  of t h e  

second k ind  i n d i c a t e d  by cu rve  SII exceed t h e  CE"ITJ t o l e r a n c e  limits 

between %400 and 800°C. For the s a m e  r easons  g iven  b e f o r e ,  e r r o r s  of 

t h i s  magnitude probably  w i l l  n o t  occur u n l e s s  t h e  test assembly is sub- 

j e c t e d  t o  a d d i t i o n a l  t e s t i n g  i n  th is  t empera tu re  r e g i o n  a f t e r  t e s t i n g  

a t  q ) l l O O ° C  has been completed. 

U n c e r t a i n t i e s  due t o  thermal  shun t ing ,  electrical leakage,  and 

e l e c t r i c a l  shun t ing  are n o t  inc luded  i n  F igs .  50 and 51. Accurate evalu- 

a t i o n  of t h e s e  e r r o r s  w i l l  have t o  a w a i t  t h e  s tar t  up of t h e  loop,  s i n c e  

t h i s  w i l l  r e q u i r e  a knowledge of the a c t u a l  t empera tu re  p r o f i l e s .  

F i g u r e s  50 and 51 i l l u s t r a t e  t empera tu re  measurement u n c e r t a i n t i e s  

w i t h  a s i n g l e  c a l i b r a t e d  thermocouple. I n  p r a c t i c e ,  i t  may be i m p r a c t i c a l  

f o r  t h e  CFTL t o  c a l i b r a t e  each  thermocouple i n s t a l l e d  i n  a fuel-rod s h u -  

l a t o r .  S p e c i f i c a t i o n s  w r i t t e n  f o r  t h e  purchase  of t y p e  K thermocouple 

a s sembl i e s  i n c l u d e  a s p e c i f i c a t i o n  of e i t h e r  "s tandard"  grade  ( 3 / 4 2 )  o r  

" s p e c i a l "  grade  ( 3 / 8 X ) .  More s p e c i f i c a l l y ,  the LSA t o l e r a n c e s  f o r  these 
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grades  are as  follow^:^ 
atid 0.75% of T from 277 t o  1250°C; and (2) f o r  t h e  318% grade ,  +2 .2"C 

from 0 t o  277"C, and 0.4X of  'C from 2 7 7  t o  1250°C. 

r e s u l t  of adding t h e  I S A  t o l e r a n c e s  f o r  s p e c i a l  grade ( 3 / 8 % )  type K 

thermocouple materi.als t o  t h e  cumul-ative e r r o r  p l o t  :i.ncSicated by t h e  

curves 2318%. 

(1) f o r  t h e  314% grade ,  k2.2"C f r o m  0 t o  277"C, 

F igure  52 shows che 

The ISA to l .e rance  i s  cons idered  a "batch" tolerance; t h a t  i s ,  

du r ing  t h e i r  f i r s t  h e a t i n g  cyc le ,  t h e  devia t i .on  of a ba t ch  of thermo- 

couple  materials should be w i t h i n  this t o l e r a n c e  w i t h  reEerence t o  the 

NBS thermocouple r e f e r e n c e  tables. The v a r i a t i o n  among thermocouples 

made from one ba tch  of mater ia l s  might reasonably  be expected t o  be 

cons ide rab ly  sma1.ler. From expe r i ence  i n  t h e  Metrology Research arid 

Devc1.opment Laboratory and in  t h e  f ie1.d s h o p s  of t h e  Ins t rumen ta t ion  

and Con t ro l s  Di.vi.si.on w i t h  c a l i h r a t  i o n s  of l a rge r -d i ame te r ,  t ype  K 

thermocouples (I t o  3 mm d i a m e t e r ) ,  w e  have observed t h a t  t h e  va r i - a t ion  

w i t h i n  a ba tch  of t ype  K thermocouples is u s u a l l y  i5"C o r  J-ess a t  1000°C. 

For r easons  p rev ious ly  c i t e d  concerning t h e  g r e a t e r  v a r i a b i l i - t y  of 

0.5-mm-diameter thernocoup1.e materials, t h e  v a r i a t i o n  observed w i t h i n  

si.zigle ba t ches  of 0..5-mm-diameter thermocouple assemb1.ies i s  much l a r g e r .  

Twelve 0.5-ii~m-di.ameter theriiiocouples s e l e c t e d  randonil-y from a ba tch  of 

240 s t anda rd  grade  (0.75%) , t y p e  E: therrriocouples assemb1i.e:; sheathed i n  

Inconel-600 procured f o r  fuel-roil. s i m u l a t o r s  be ing  developed f o r  the CFTL 

w e r e  c a l i b r a t e d  i n  our l a b o r a t o r y .  One-third of t h e  sarnpl-ed thermocouple 

assembl ies  w e r e  o u t  of t o l e r a n c e  a t  I O O O " C ,  and t h e r e  w a s  a sp read  of 

l 4 O C  a t  t h i s  po in t  between t h e  highest: and lowes t  of t i le 12.  

Random sarnpI.es from two l a r g e  ba t ches  of t y p e  K thermocoupl.es i n  

s t a i n l e s s  s t ee l  shea ths  ordered from t h e  s a m e  manufacturer  showed a marked 

d i f f e r e n c e  i n  t h e  i n i t i a l  d e v i a t i o n s  i:n acceptance  c a l i b r a t i o n s .  S i x  

assembl ies  w e r e  s e l e c t e d  randomly from an o r d e r  of 1-064 assembl ies  and 

c a l i b r a t e d  a t  500°C. The average  devi.at:io.n was 0.12% , ~ ~ 1 - 1 .  wi.thin t h e  

:ISA 3 / 8 %  t o l e r a n c e  l i m i t .  

a ssembl ies  from an o r d e r  of 200 assem'olies showed t h a t  25% exceeded t h e  

3 / 4 %  t o l e r a n c e .  Another 3.ot w a s  purchased Erom a second manufacturer  t o  

metit t h e  3/8% s p e c i f i c a t i o n ,  bu t  56% of t h e  assembl-ies w e r e  o u t s i d e  t h i s  

C a l i b r a t i o n  o f  a second random sampl.ing of 20 
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Fig .  52.  Cumulative u n c e r t a i n t i e s  f o r  Inconel--600 shea thed ,  t ype  IC 
thermocouples  a f t e r  adding the I S A  3 / 8 %  t o l e r a n c e .  
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Fig. 53. Cumulative u n c e r t a i n t i e s  f o r  type  S thermocouples ,  
i n c l u d i n g  t h e  I S A  1/4% t o l e r a n c e .  
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l i m i t .  Thus, t h e  318% tol .erance added t o  t h e  cumulat ive e r r o r  p l o t  i n  

Fig.  52 may be t o o  o p t i m i s t i c .  

The curru.il.ative e r r o r  p l o t  i n  F ig ,  53 shows t h e  r r r su l t s  of adding 

t h e  I S A  t o l e r a n c e  f o r  s t anda rd  grade ,  t ype  S thermocouples (+1.5"C o r  

? O .  25%, whichever i s  g r e a t e r ) .  As mentioned in t h e  preceding  d i s c u s s i o n  

of Fig. 51, t h e  e r r o r s  Iihat exceed t h e  CF'L'L t o l e r a n c e  liiiii-ts i n  t h e  

r eg ion  below 800"C, i n  p r a c t i c e ,  would n o t  be manifested u n t i l  af t tzr  

complet ion of t h e  planned test schedule .  Above ~ ~ 1 1 5 0 ° C ~  t h e  t o l e r a n c e  

l i m i t s  would a l s o  be exceeded; however t h e  tempera ture  measurement 

accuracy  requi rements  could probably be r e l axed  by s l ° C  -€or t h e  s i n g l e  

tests w i t h  each assembly t h a t  w i l l  approach t h e  meI.t:ing p o i n t  of sta-i.n- 

less s tee l  (1370°C). 

Fuel-rod s i m u l a t o r  c l add ing  tempera tures  i n  the CFTL experiments  

w i . 1 1  be determined us ing  0.5 ~ m i i  d iameter  shea thed  thermocouples a t t a c h e d  

t o  t h e  i n n e r  w a l l s  of t h e  s imula to r s .  A d e t a i l e d  a n a l y s i s  of the poten- 

t i a l  sou rces  of e r r o r s  i n  t h e s e  tempera ture  measurements determined t h a t  

i n s u f f i c i e n t  ir iformation e x i s t e d  about the c h a r a c t e r i s t i c s  of t h e s e  m a l l  

diameter  iiliermocouple materials , espec i  i d l y  above 800°C. It w a s  found 

t h a t  performance d a t a  a v a i l a b l e  on l a r g e r  d iameter  thermocoupl.es cannot  

be e x t r a p o l a t e d  t o  p r e d i c t  the behavior  of s m a l l  d iameter  shea thed  t h e r -  

mocouples , nor can t h e  d a t a  a v a i l a b l e  from lower tempera tures  be ex t rapo-  

l a t e d  t o  h ighe r  tempera tures .  Many of the p rocesses  which degrade  t h e  

performance of t h e  thermocoiiples depend e x p o n e n t i a l l y  on temperature .  

The s m a l l  wire s i z e  of t h e  thermoeleniemts i n  t h e s e  s e n s o r s  r e s u l t s  i n  

more r a p i d  and e x t e n s i v e  d e c a l i b r a t i o n  than  i n  l a r g e r  d iameter  thermo- 

couples .  The performance of a variet:y of materials and material combina- 

t i o n s  was measured t o  provide  enough in fo rma t ion  t o  choose a combination 

of thermocouple t y p e  aid s h e a t h  material f o r  optimum behavior .  I n  

a d d i t i o n ,  more r e l i a b l e  es t : imates  can. now be made of the o v e r a l l  tc2111pera- 

t u r e  measurement u n c e r t a i n t i e s  r e s u l t i n g  from t h e  use  of 0.5 m diameter  

she  a t hed t he imo coup 1 e s , 
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An a n a l y s i s  of n i n e  sou rces  of tempera ture  e r r o r s  showed that 

a d d i t i o n a l  i n fo rma t ion  w a s  r e q u i r e d  about e l e c t r i c a l  i.1isula.t i o n  resist- 

ance -- and t h e  r e l a t e d  e f f e c t s  such as e l - e c b r i c a l  shun t ing  and e l e c t r i -  

cal. leakage  -- and d e c a l i b r a t i o n  e f f e c t s ,  p a r t i c u l a r l y  above 900°C (but 

a l s o  between 350 and 600°C). 

Measurements of t h e  e lectr ical  i n s u l a t i o n  r e s i s t a n c e  and i t s  t e m -  

p e r a t u r e  dependence have been rep0rte.d elsewhere. l 3  

w e r e  ob ta ined  on t h e  e f f e c t s  of e l e c t r i c a l .  l eakage  and shun t ing  on t e m -  

p e r a t u r e  measurements , p a r t i c u l a r l y  above 900"C,  These measurements 

w e r e  used t o  deve lop  a mathematical model t o  c o r r e c t  t h e  e r r o r s  a r i s f a g  

from t h e s e  e f f e c t s .  

A d d i t i o n a l  d a t a  

A r e p o r t  of t h i s  work h a s  a l s o  been publ i shed .17  

S t u d i e s  on t h e  d e c a l i b r a t  i on  of 0.5-mm-diame ter shea thed  the.rmocouples 

showed t h a t  t h e  s t a b i l i t y  of t h e s e  materials w a s  s t r o n g l y  in f luenced  by 

t h e  composition of the  shea th .  S u b s t i t u t i o n  of Inconel-600 f o r  type 304 

s t a i n l e s s  steel f o r  t h e  s h e a t h  material. of 0..5-tmn-diameter t y p e  K thermo- 

coup les ,  f o r  i n s t a n c e ,  r e s u l t e d  i n  markedly improved s t a b i l i t y  a t  tempera-  

t u r e s  above %90O0C.  Some small d i ame te r  shea thed  N i c r o s i l  vs N i l s i l  

thermocouples w e r e  t e s t e d  a long  w i t h  t h e  type  K materials from 600 t o  

1.000"C. They d i s p l a y e d  superi-or performance t o  ' ~ 8 0 0 ° C ~  bu t  a t  1000°C 

t h e  r a t e  of d e c a l i b r a t i o n  w a s  2 t o  3 times t h a t  of t y p e  K. It was also 

found t h a t  noble-metal thermocouples ( t y p e  S or  t ype  B) d e c a l i b r a t e d  

s e v e r e l y  a t  1000°C and above when base  metals were used f o r  t h e  s h e a t h  

material. With noble-metal s h e a t h s ,  however the s t a b i l i t y  of the 0.5- 

nun-diameter sh-eathed thermocouples approached t h a t  of s t anda rd  g rade ,  

bare-wire noble-metal thermocouples.  

Ion microprobe i n v e s t i g a t i o n s  of deca l - ib ra t ed ,  t y p e  K and type S ,  

s m a l l  d i m e  t er shea thed  thermocouples d i s c  1 osed t h a t  t. he the.rmoelemen t s 

i n  t h e  bulk  0.5-mm-diameter thermocouple materials as r ece ived  from t h e  

manufac turers  w e r e  contaminated by i m p u r i t i e s  from t h e  s h e a t h  and t h e  

i n s u l a t i o n .  Few samples of 0.5-mm-diameter shea thed  type K m a t e r i a l s  

w e r e  found which had tempera ture  e r r o r s  w i t h i n  t h e  I S A  3 / 8 %  t o l e r a n c e  

E m i t s  over t h e  range  of CFTJ, usage. V a r i a t i o n s  g r e a t e r  t h m  3 / 4 2  w e r e  

observed i n  a random sample of 1 2  assembl ies  from a s i n g l e  b a t c h  of 240 

thermocouple assembl ies .  



The e f f e c t s  of short-range o r d e r i n g  e r r o r s  on t h e  tempera ture  

measurement u n c e r t a i n t i e s  w e r e  analyzed, and i t  was demonstrated that  

r ~ c a 3  : ibrat  ion  of d e c a l i b r a t e d  thermocoupLes could ,  and probably would ~ 

l e a d  t o  e r r o ~ i e o u s  and misleadi.ng r e s u l t s  

F i n a l  l y  , t h e  t ernp era t u r e  measurement uiic::ert a i n  t ies w e r e  comb b e d  

t o  g i v e  an overnl.1. estimate of t h e  e r r o r  bounds f o r  t h e  range of t e m -  

p e r a t u r e s  t o  be encountered i n  .the CFTL experiments .  It w a s  shown t h a t  

the u n c e r t a i n t i e s  w t t h  t ype  K thermocoupJ.es w0uJ.d exceed t h e  accuracy  

requi rements  of t h e  CFTL program p lan ,  b u t  t h a t  type S thermocouples 

w0uJ.d be s a t i s f a c t o r y .  

From t h e  r e s u l t s  of the research and t e s t i n g  on s m a l l  d iameter  

thermocouples f o r  CFTL, we can s t a t e  t h e  f o l l o w i n g :  

1. No s m a l l  diam-eter thermocouples I-lave m e t  t h e  TSA 3/8% t o l e r a n c e  

over  t h e  range of CFTL usage; t h e r e f o r e ,  each thermocoup1.e assembly 

procured should be c a l i b r a t e d  t:o provide  c o r r e c t  ions .  

2 .  The d e c a l i h r a t i o n  of t ype  K thermocouples is due t o  e f f e c t s  i n  

bo th  t h e  Chrornel. and Alumel el-ements. These e f f e c t s  tend to  c a n c e l  a t  

some tempera tures  but  t o  add a t  o t h e r  temperat i i res  i n  a f i x e d  teuperature 

g r a d i e n t .  A change of the t empera ture  gradi-ents ,  which can be  expected 

t o  happen du r ing  CFTL t r a n s i e n t  exper iments  and t o  a lesser e x t e n t  du r ing  

changes i n  power o r  flow, w i l l  produce e r r o r s  t h a t  w i l l  exceed CFTL uncer- 

t a i n t y  l i m i t s  i n  t h e  r eg ion  of greatest i n t e r e s t ,  narnel.y, from 400 t o  

800°C. 
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