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METHOD AND APPARATUS FOR ACCURATE MEASUREMENT 

OF TEMPERATURE OF A HOT PLATE BY A 

COMPENSATION THERMOSENSOR 

V .  P a k  a n d  P .  S .  G l a z y r i n  UDC 536.532 

A method is desc r ibed  for  accura te  t e m p e r a t u r e  m e a s u r e m e n t  by a contact  t h e r m o s e n s o r ,  
based  on e l iminat ing heat  loss  through the senso r  during m e a s u r e m e n t .  The e r r o r  in m e a s u r e -  
ment  of the t e m p e r a t u r e  of heated t h e r m a l l y  "thin" pla tes  c o m p r i s e s  1.6~ 

The technique of t he rm ophys i ca l  exper imen ta t ion  is s implif ied s ignif icant ly when the spec imen  to be in- 
vest igated is chosen  in the f o r m  of t h e r m a l l y  "thin" plates  or cy l inders .  However ,  as a ru le ,  accu ra t e  m e a -  
s u r e m e n t s  of t e m p e r a t u r e  then  p resen t  g r ea t  diff iculty.  In a number  of cases  accura t e  t e m p e r a t u r e  m e a s u r e -  
ments  on thin plates may be p e r f o r m e d  by rad ia t ion  p y r o m e t r y  methods which do not r equ i r e  a knowledge of 
the m a t e r i a l ' s  emis s iv i ty  [1, 2]. However ,  the a r e a  in which such techniques may be employed is l imited to 
optically opaque bodies and r equ i r e s  spec ia l  expe r imen ta l  condit ions.  

Contact methods of m e a s u r e m e n t  provide highly accura t e  informat ion  if  spec ia l  m e a s u r e s  a r e  taken  to  
e l iminate  the d is turbing influence of the t h e r m o p r o b e  on the r ibbon t e m p e r a t u r e  field.  

The appropr i a t e  co r rec t ions  may be calculated,  for example ,  with the fo rmula  p resen ted  in [3]. 

Fo r  the case  where  the t h e r m o p r o b e  can be approximated  by a bar ,  the fo rmula  re la t ing  the actual  t e m -  
p e r a t u r e  of the r ibbon t o before  contact  of the t h e r m o p r o b e  with that a f te r  contact  te ,  as measu red  by the t h e r -  
moprobe ,  is wr i t t en  in the f o r m  

where  K0(v) and IQ (v) a r e  modified B e s s e l  functions of the second kind of ze ro  and f i r s t  o r d e r s .  

The p a r a m e t e r  

v~= 2~0 R~; (2) 
ho~o 
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Fig.  2. Schematic  d i a g r a m  of expe r imen ta l  ap -  
para tus  for accura te  t e m p e r a t u r e  m e a s u r e m e n t s  
on heated p la tes :  1) obiect to  be measu red ;  2) 
chamber ;  3) cur ren t  leads;  4) the rmocouple ;  5) 
object ive;  6) scanning m i r r o r ;  7) s l i t ;  8) photo- 
de tec tor ;  9) p r eampl i f i e r ;  10) phase - sens i t i ve  
ampl i f i e r ;  11) s lave mechan i sm;  12) gene ra to r ;  
13) power ampl i f i e r ;  14) matching t r a n s f o r m e r ;  
15) blocking capac i tor ;  16) dc potent iometer ;  17) 
low-f requency  f i l te r .  

h 0 and ;, a r e  the rmal -conduc t iv i ty  coefficients  of the r ibbon of th ickness  h 0 and t he rmoprobe  of radius  R.  

Equation (1) is valid under the condition of equality of the coefficient  s 0 on both r ibbon su r faces  
heated by the cur ren t ,  and the hea t -exchange  coefficient  ~ is t aken  constant  over  the ent i re  extent of the 
t h e r m o p r o b e .  Also, Eq. (1) does not consider  t h e r m a l  r e s i s t a n c e  in the t h e r m o p r o b e  - -  r ibbon contact 
a r e a  of radius  R.  

Thus,  the r e a l  model  of the t e m p e r a t u r e  exper iment  only re f lec t s  the theore t i ca l  model  to a ce r t a in  
approximat ion ,  and in es t imat ing  n e c e s s a r y  co r r ec t ions  significant  methodic e r r o r  can develop, depending 
on the degree  of this noncor respondenee .  

Calculat ions with Eq. (1) r evea l  that  the e r r o r  due to t e m p e r a t u r e  dis tor t ion,  for example ,  with a 
p la t inum r ibbon  50 ~ thick and a p l a t i num- -  rhodium the rmoprobe  0.2 m m  in d i ame te r ,  r eaches  10% and 
m o r e  of the measured  t e m p e r a t u r e .  

Since the re  appear  in the fo rmula  together  with the physical  cha r ac t e r i s t i c s  of the t he rmoprobe  and 
spec imen ,  the heat exchange coefficients  s 0 and ~,  which a re  not always poss ib le  to measu re  to an accu-  
r a c y  of even 20%, a t tempts  to  i nc rea se  the ac cu racy  of t e m p e r a t u r e  m e a s u r e m e n t s  on thin r ibbons and 
wi re s  by introducing co r rec t ions  for  heat lost to  the t he rmoprobe  a r e ,  as a ru le ,  ineffect ive,  even if the 
t heo re t i c a l  hea t -exchange  model of the s p e c i m e n - - t h e r m o p r o b e -  surrounding medium s y s t e m  is made 
more  detai led.  

At tempts  to  i nc rea se  a c c u r a c y  by dec reas ing  heat loss through use, for  example ,  of m i c r o t h e r m o -  
couples with t he rmoe l ec t rode  d i am e t e r  of 0.05 m m  and less ,  as is often done by expe r imen t e r s ,  is s t i l l  
quest ionable,  because  of the s ignif icant  t h e r m o e l e c t r i c  inhomogeneity of t h i n t h e r m o e l e c t r o d e s .  More-  
over ,  diff icult ies  develop in ca l ibra t ing such the rmocouples  under conditions approximat ing the i r  intended 
u s e .  

Thus ,  those methods a r e  useful  in which the e r r o r  can be de te rmined  exper imenta l ly ,  for example ,  
by measur ing  the t e m p e r a t u r e  with two t h e r m o p r o b e s  differ ing in cons t ruc t ion  and physical  p roper t i e s  [3]. 

However ,  a shor tcoming  of such methods of increas ing  accu racy  is that  they do not e l iminate  d i s tu r -  
bance  of the init ial  t e m p e r a t u r e  field, which is undesi rable  in the rmophys iea l  expe r imen t s .  
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Thus ,  methods in which the d is tor t ing influence of the t h e r m o p r o b e  is e l iminated by supp lementa ry  
heating of the la t ter  [4-6] a r e  deserv ing  of at tention.  

We desc r ibe  below the use of a contact  t h e r m o s e n s o r ,  for  example ,  a the rmocouple ,  with compensa -  
t ion for heat  loss by d i rec t  heating by an  ac cu r ren t ,  for  m e a s u r e m e n t  of the t e m p e r a t u r e  of a thin metal l ic  
r ibbon 1 (Fig. 1) 50 ~ in th ickness  , heated by an e lec t r i c  cu r ren t  in e i ther  a gas  a t m o s p h e r e  or under 
vacuum conditions in cham be r  2. The cu r r en t  leads 3 consis t  of m a s s i v e  copper  e lec t rodes  which slide 
against  copper  tubes cooled by wa te r .  Such cons t ruc t ion  pe rmi t s  u s e  of spec imens  of differ ing l e ~ h s ,  
and s ince the lower la rge  e lec t rode  can  sl ide f r ee ly  along the cur ren t  supply tube, the r ibbon spec imen  
will be in a constant  s ta te  of tens ion  during the exper imen t .  

Such a s y s t e m  with a thin plate or cyl inder  with its t h e r m a l  r e g i m e  de te rmined  by a cu r ren t  is widely 
used in t he rmo phys i ca l  expe r imen t s .  

The actual  s pec i m en  t e m p e r a t u r e  is measu red  by thermoeoupIe  4, for  example ,  type PR-30,/6. 

To  e l iminate  d is tor t ions  of the r ibbon t e m p e r a t u r e  field by the the rmoeouple  due to heat loss to  the 
t h e r m o e l e c t r o d e s ,  the following s y s t e m  of compensa t ion  by d i rec t  the rmocouple  heating by ac cur:cent is 
employed .  The control  s ignal  for  the compensa t ion  heating signal  can be fo rmed  by the d is tor ted  t e m p e r a -  
tu re  field on the r ibbon  sur face  near  the contact  point [7]. 

In fact ,  a s suming  that  for  a suff icient ly long tMn r ibbon  in the middle r eg ion  t he r e  will be a zone 
with homogeneous t e m p e r a t u r e  to, then  upon contact with this zone of a cyl indr ica l  t he rmoprobe ,  heat loss 
to  the surrounding medium will d is rupt  the homogenei ty of the r ibbon t e m p e r a t u r e  field.  The rad ia l  t e m -  
p e r a t u r e  d is t r ibut ion  f r o m  the point of contact  will be descr ibed  by the equation [8] 

t (r) = t o + Qo Ko (vo~) (3) 
2n~ohoVo/~ /<1 (VoR) ' 

where  Q0 is the quantity of heat r emoved  f r o m  the r ibbon by the t h e r m o e l e c t r o d e s ;  K0(v0r) and Ki (vo8) a re  
modified Bes s e l  functions of the second kind of zero  and f i r s t  o r d e r s .  

The p a r a m e t e r  

v~-- %Po , 
Xo% 

where  P0 and ~r 0 a r e  the p e r i m e t e r  and c r o s s  sec t ion  of the r ibbon.  This p a r a m e t e r ,  defined as the ra t io  
of su r face  conductivity to in ternal  conductivity for  a r ibbon width l 0 >> h0, is equal to  

%2 2~o (ho + lo) 2% v ~ = _~ _~ (4) 
~oholo ~oho R 2 

Taking t(1R) = te ,  f r o m  Eqo (3) we obtain an  e x p r e s s i o n  for  evaluating the d is tor t ing influence of the 
cy l indr ica l  t h e r m o p r o b e  on the r ibbon  t e m p e r a t u r e  field: 

t (r)--t~ K~ (% -~)  (5) 

t~--  t o Ko (%) 

The m a x i m u m  dis tor t ion  at the contact  point (t e --  to) for  a given cyl indr ica l  t h e r m o p r o b e  radius de -  
pends on the heat loss and will obviously i nc r ea se  with dec r ea se  in h 0 and A 0 of the plate and, converse ly ,  
with i nc rea se  in 1~ and ;~ of the t h e r m o p r o b e .  

Using Eq. (5), we choose points r 1 and r 2 (r 1 < r 2) along a radius  near  the contact point such that  by 
reduct ion  of the t e m p e r a t u r e  d i f ference  

t (r~) - -  t (r~) = (t~-- to) Ko (Vo) 

to  ze ro  by heating the t h e r m o s e n s o r ,  the s enso r  t e m p e r a t u r e  t e approaches  the actual  t e m p e r a t u r e  t o 
which the r ibbon had before  in t rus ion  of the t h e r m o p r o b e .  

Thus ,  for  example ,  in measu r ing  the t e m p e r a t u r e  of a nickel  r ibbon 50 p th ick with a plat inum 
- - r h o d i u m / p l a t i n u m - - r h o d i u m  1 ~ - 3 0 / 6  the rmocouple  with t h e r m o e l e c t r o d e  d i a m e t e r  of 0.5 m m  with a 
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scanning s tep Ar = (r 2 - -  r~) = 1 m m  near  the contact point 

re--t~ - ' ~ ' 2 .  
t (tO - -  t ( r l )  

Thus,  if we have a t e m p e r a t u r e  d i f ference  m e a s u r e m e n t  s y s t e m  with a reso lv ing  power of 0.1~ at Ar = 1 
ram, the methodic e r r o r  due to heat  loss ,  reaching  tens of deg rees ,  will be reduced to  0.2~ a f te r  compen-  
sa t ion  by additional t h e r m o p r o b e  heating.  

In the method desc r ibed  he re  for accura te  m e a s u r e m e n t  of heated r ibbon t e m p e r a t u r e s  by a t h e r m o -  
s enso r ,  for example ,  a the rmocoup le ,  the control  s ignal  for au tomat ic  hea t - l o s s  compensa t ion  is genera ted  
by per iodic  m e a s u r e m e n t  of the t e m p e r a t u r e  gradient  near  the contact  point using the di f ference in luminos -  
ity of points r 1 and r 2 in the following manner .  

An image of a por t ion  of the r ibbon is projected by object ive  5 and movable m i r r o r  6 onto the plane of 
sl i t  7, behind which photodetector  8, for  example ,  an FD-3,  is located.  The m i r r o r  is mounted to  the a r -  
mature  of a type R P - 5  polar  r e l ay  so that  the a r m a t u r e  axis of ro ta t ion  pas ses  through the center  of the 
m i r r o r  and osc i l la tes  at a f requency of ~50 Hz. Thus,  operat ing at the modulation frequency the photo- 
de tec to r  s u c c e s s i v e l y  "looks at" different  points along a radius  f r o m  the point of t he rmoprobe  contact with 
the su r face .  The s ignal  f r o m  the photodetector ,  p ropor t iona l  to  grad  t ,  is amplif ied by p reampl i f i e r  9. 
That  s tage a l so  matches  the photodiode p a r a m e t e r s  to  the input impedance of phase - sens i t i ve  ampl i f i e r  10. 
The output of the la t ter  is connected to  s lave  mechan i sm 11, which va r i e s  the voltage f r o m  the output of 
audio f requency genera to r  12 applied to the input of power  ampl i f i e r  13, whose load is the thermocouple  4, 
connected through matching t r a n s f o r m e r  14 and blocking capac i tor  15, to avoid shunting the thermocouple  
by  the matching t r a n s f o r m e r  for  dc.  Complete  hea t - lo s s  compensa t ion  (grad t = 0) cor responds  to  ze ro  
control  s ignal  and under this condition the t rue  r ibbon t e m p e r a t u r e  is measured  by  the the rmocouple .  
Since the thermocouple  heating cu r ren t  is at a f requency of 20 kHz, the the rmocouple  t h e r m o - e m f  is 
sepa ra ted  by RC f i l te r  17 with t i m e  constant  0.001 sec  and measured  by poter~iometer  16. 

As was noted above, the dis tor t ing influence of heat loss to  the t h e r m o s e n s o r  on the r ibbon t e m p e r a -  
t u r e  field d e c r e a s e s  rapidly  with r e m o v a l  f r o m  the contact s p o t ,  and so compensa t ion  is pe r fo rmed  by 
measur ing  grad  t near  the contact .  In p rac t i ce ,  appropr ia te  points a r e  chosen as follows. With the aid of 
a spec ia l  e l ec t romagne t  m e c h a n i s m  the the rmocouple  sens i t ive  e lement  can be touched to  or r emoved  f rom 
the su r face .  

In the contact  posi t ion in the p re sence  of heat loss a da rk  spot is observable  f r o m  the opposite side 
of the r ibbon.  A lamp with ground glass  is instal led in place of the photodetector  linking the r ibbon to the 
control  s y s t e m  and sli t  7 is focussed on the da rk  spot .  Then with the scanning s y s t e m  operat ing the s y s t e m  
is adjusted for m a x i m u m  ac output s ignal  at  the m i r r o r  osci l la t ion f requency to se lec t  the segment  with 
m a x i m u m  grad  t .  The dis tance between the points chosen is de te rmined  by the m i r r o r  osci l lat ion amp l i -  
tude.  The ampli tude and polar i ty  of the control  s ignal  depend on the amount of under -  or ove rcompen sa -  
l ion  of heat loss .  By measur ing  s ta t ionary  t e m p e r a t u r e s ,  hea t - loss  compensa t ion  can be de te rmined  with 
an  osc i l loscope .  

If for any number  of r e a s ons  (varying th ickness ,  s ta te  of the sur face ,  e t c . ) t h e r e  exis ts  an init ial  
g rad  t with the the rmoeouple  absent ,  it can be allowed for by co r r ec t i on  of the control  signal .  

In p rac t i ce ,  the following sources  of s y s t emic  e r r o r  r e m a i n  in rea l i za t ion  of this sy s t em.  

As for normal  t h e r m o e l e c t r i c  methods ,  t he r e  is a ca l ibra t ion  e r r o r  of 0.2~ and the rmos ta t i c  
maintenance of the thermocouple  f ree  ends to  0.05~ Moreover ,  we have e r r o r  due to inaccura te  heat -  
loss  compensa t ion  (0.2~ nonconstant heating cur rer~  (0.1 - -  0.2~ uncer ta inty as to  t e m p e r a t u r e  drop  
in the contact  zone (0.5~ and a l so  due to  incomplete  e l iminat ion of thermocouple  shunting by the power 
ampl i f i e r  for  dc, uncer ta in ty  in cons idera t ion  of t h e r m a l  flux sc reen ing  by the sens i t ive  e lement ,  and a 
number  of other e r r o r  s ou rce s ,  not exceeding 0.1~ 

Random e r r o r s  a r e  de te rmined  mainly  by inconstancy of r ibbon t e m p e r a t u r e  and heat -exchange con- 
dit ions both in the contact zone and in the en t i re  s y s t e m  of r i b b o n - - t h e r m o c o u p l e -  surrounding medium.  

An e s t ima te  of the total  e r r o r  in m e a s u r e m e n t  of an actual  r ibbon t e m p e r a t u r e  by a compensat ion  
the rmocouple  with the appara tus  descr ibed  above can be made using the a s sumpt ion  that  the l imiting values 
of the uneliminated sys t emic  e r r o r s  have an equal probabi l i ty  dis t r ibut ion,  and that  r andom e r r o r s  have 
an  asympto t ic  normal  dis t r ibut ion,  with subsequent  quadrat ic  summat ion  [9]. 
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Then the re l iab i l i ty  (P = 0.95) of measurement  of a r ibbon t em p e ra tu r e  of 1000-1500~ by the compen-  
sat ion thermocouple  will be 

A= Q + ~ ' s r  W s~ , S 2 SQ+Sz Q~- }- TM 1,6K, 

Sx- = 

where 

, 

The quantile of the res idual  sys temic  e r r o r  dis t r ibut ion Q] at a re l iabi l i ty  of P = 0~ weakly depen- 
dent on the  number of t e r m s  m, is equal to k = 1.1. The quantile r~ = 4 . 3 i s  de termined using the Student 
dis t r ibut ion as a function of number of measurments  n = 3 and P = 0.95; t is the mean of the measured 
t e m p e r a t u r e s  t i .  

The validity of the r ibbon t e m p e r a t u r e  measuremen t s  pe r fo rmed  with the compensat ion thermoeouple  
were  ver i f ied exper imenta l ly  with the use of a method differing in pr inciple ,  based on determining the mo- 
ment of hea t - loss  compensat ion by measur ing the brightness t em p e ra tu r e  at the cor~act point with a type 
IKlX-57 spe c t r ome te r  [10]. Bothmethods  agreed,  not exceeding the above e r r o r  es t imate  of 1.6~ 

The method and apparatus descr ibed  can be used not only for t empera tu re  measurements  on t he r -  
mally "thin" plates ,  but a lso for any heated body su r faces .  

N O T A T I O N  

to, te ,  t empe ra tu r e s  of r ibbon and thermoprobe ;  h0, /,, coefficients of the rma l  conductivity of 
r ibbon and thermoeouple ;  R ,  thermoeouple  radius;  h0, 10, thickness and width of ribbon; n 0, ~, heat-  
exchange coefficients  for  r ibbon and the rmoprobe .  
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