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The poss ibi l i ty  of compensat ing for heat  flows along cur ren t  leads by se lec t ion of the geom- 
etry,  ma te r i a l ,  and operat ing mode of the conductors  is considered.  

The p rob lem of compensat ing for t h e r m a l  losses  along c u r r e n t - c a r r y i n g  conductors a r i s e s  in the de-  
sign of m e a s u r e m e n t  and moni tor ing c i rcui t s  using s enso r s  operat ing in the t h e r m o a n e m o m e t e r  mode (hot- 
wi re  a n e m o m e t e r s ,  vacuum gauges ,  conduetometr ic  gas ana lyze r s ,  etc.) .  A s i m i l a r  p rob lem occurs  in 
radio  e lec t ron ics  when hea t - s ens i t i ve  components  mus t  be t he rma l ly  insulated f rom hot ter  or  cooler  s t r u c -  
tura l  e lements ;  it is a lso impor tan t  in cryogenics  in the design of economical  cur ren t  leads.  Special heat-  
compensat ion a r r a n g e m e n t s  a r e  s o m e t i m e s  used under  such conditions [1]. 

Here  we p ropose  a method of compensat ing for  the heat  flow over  c u r r e n t - c a r r y i n g  leads;  it is based 
on se lec t ion of geomet ry ,  ma te r i a l ,  and operat ing r e g i m e  for  such leads.  The different ia l  equation cha r -  
ac te r iz ing  the s t eady - s t a t e  dis t r ibut ion of heat  flux in a conductor  with cur ren t  has the fo rm 

Xs dg~-ff - - a F ~ - ~  Hp(t~) = 0 .  (1) 
dx ~ s 

The p(~) re la t ionship  is taken to be l inear ,  

PO) = Po( I "- [~t~). (2) 

The t he rma l  conductivity h of the given conductor,  whose ends a r e  at t e m p e r a t u r e s  ~0 and ~l, is a s -  
sumed to be constant:  

[7, 

1 j' L (~) d~. (3) 
0a 

When we allow for (2) and (3) and the boundary conditions ~(0) = ~0 and ~(1) = ~i, Eq. (1) has a solu- 
tion in three forms: 

( ~ o +  - ; - - ) s i n k ( l - - x ) +  (ag~ + @--2 ) sinkx 
, C 

(x) = , sin kl k ~ , (4A) 

where  

and c is defined above, k 2 = o tFs- - I2f l  

0 

where  c has been defined above, I = x/ 

c =  129~ k2 : l Z ~ 9 o - - ~ F s  I >  l f _ _ ; a F s  

~s ~ ' )~s ~ ' V ~Oo 

~-~- sh k ( l - -  ~) + % - -  - F  ) sh k~ 

o (x) = ' sh kl 

a0/ks 2, I < q ((z F s / f l  P0'); 

(x) = % + (% - -  %) __x  4- c s  (l - -  x), 
l ' 2 

(a Fs / f l  P0i, k = 0. 

(4B) 

(4c) 
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Case  "A" m a y  be c h a r a c t e r i z e d  as the mode  in which t h e r e  is i n t e nse  hea t ing  of the conduc tor  by 

e l e c t r i c  c u r r e n t ,  and the add i t iona l  JouIe  l o s s e s  owing to the v a r i a t i o n  of conduc to r  r e s i s t a n c e  with t e rn -  

p e r a t u r e  exceed the heat  t r a n s f e r  be tween  the s u r f a c e  of the conduc tor  and the e n v i r o n m e n t .  In case  "B" 

hea t  t r a n s f e r  f r o m  the s u r f a c e  exceeds  the add i t iona l  Jou le  l o s s e s .  Case  "C" m a y  be t r e a t e d  as  a t h e r m a l  

c o m p e n s a t i o n  r e g i m e  in which the add i t iona l  JouIe l o s se s  a r e  ba l anced  by heat  t r a n s f e r  be tween  the s u r -  
face and the e n v i r o n m e n t .  The conduc tor  is cooled,  as it were ,  so l e ly  by heat  conduct ion  through its m a -  
t e r i a l  with cons t an t  r e l e a s e  of heat  due to hea t ing  by the c u r r e n t .  

The  h e a t - f l u x  e x p r e s s i o n s  c o r r e s p o n d i n g  to each of the c a se s  above a r e  
s 

�84  )cos x 
q (x) -- ),.sk sin l e t  ' (5A) 

0 c - -  (% ~ 7 . ,  

q (x) - ;~s/e s h / e l  ' ( 5 B )  

( 5 c )  

Sett ing 
poin ts  x = 0 and x = ! f r o m  the se  equa t ions .  

Equa t ion  (5A) has  the fol lowing so lu t ions :  

' i )) q (x)  = 2~s "~0 - -  % )  - : - "  - -  c .v . 
, [ 2 : 

q(0) and q( / )  to zero ,  we can obta in  the condi t ions  for  c o m p e n s a t i o n  of the heat  flux at 

t7 
~ ) .  - - - -  

1 k s 
for .v=0 I . . . .  arccos , 0:.-:~6'~, (6A) 

k ~ o  c_ 

C 
t e , .  . . . .  ks 

for x .... [ ! =  )e arccos . . . . . . . . . .  c , 9,, ,~5> (7A) 

/e: 

F r o m  (6A) and (7A) we can find the r e l a t i o n s h i p s  be tween  k and i that  wil l  e n s u r e  a b s e n c e  of heat  in 
flux a long a conduc tor  to points  x = 0 or x = l ; the s a m e  equa t ions  a l so  show that  for  a conductor  ope ra t i ng  
in  mode  "A" the hea t  flux can only be compe nsa t e d  at  the ho t te r  end. By analogy,  for  a conduc tor  o p e r a -  
t ing  in mode "B" 

C 

k~ (6B) for x -- 0 [ .... -k~Arch 
- C 

l ~ 0 - - -  - -  

C 
! 60 - -kT 

for x - - !  l =: -7-  Arch c (7B) 
q, U i - - - - .  

le s 

The  A r c h  x funct ion  is mean ingfu l  for  a r g u m e n t s  exceeding  uni ty ;  it t h e r e f o r e  follows f r o m  (6B) and 
(7B) that  for a conductor  opera t ing  in mode  "B" the heat  f lux can only be compensa t ed  for the fol lowing con-  
duc to r  r e g i m e s  : 

for x : 0 '~), .':. {.'L i C Oj .~.: 50~<~ C 
k; k ~ 

C C 

When the n u m e r o u s  r e s t r i c t i o n s  imposed  p r e v e n t  c o m p e n s a t i o n  of the heat  flux in  a conductor  we can 
u se  (5A) and (5C) to compute  the inf luxes  of heat .  

s ] / /  2~.(%--01) (6C) for x = 0  [ :=--]-- ,~ , 

for . v = [  [ := - ] - !  P0 " 

For  a conduc tor  in  mode  "C," 
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a0 \ 

\ 
: o,~ o,8 L/t opt 

F ig .  1. T e m p e r a t u r e  
d i s t r i b u t i o n  o v e r  length  of 
l e a d .  

The  e x p r e s s i o n  (6C) is  m e a n i n g f u l  when ~0 > all, and (7C) is  m e a n i n g f u l  when ~I > d0 (i. e . ,  in th i s  
m o d e  i t  is  p o s s i b l e  to  c o m p e n s a t e  the  hea t  f lux at  the  h o t t e r  end of the  conduc to r ) .  

We note  tha t  (6C) and (7C) s a t i s f y  M c F e e ' s  c o n d i t i o n s  for  o p t i m i z a t i o n  of c r y o g e n i c  c u r r e n t  inputs  
[2]. 

Thus  we m a y  u s e  (6), (7), which  r e l a t e  the  c o n d u c t o r  g e o m e t r y  (s, l ,  F) to  the  c o n d u c t o r  m a t e r i a l  
(P0, X, ~) and to  t he  o p e r a t i n g  r e g i m e  (~0, ~l, I, ~)  in o r d e r  to ob t a in  c o m p e n s a t i o n  of the  hea t  flow a long  
c u r r e n t -  c a r r y i n g  l e a d s .  

Le t  us e x a m i n e  a s a m p l e  c a l c u l a t i o n  and an  e x p e r i m e n t a l  check  of our  p r o p o s e d  r e l a t i o n s h i p s .  We 
c o n s i d e r  a k a t h a r o m e t e r  ce l l  f o r  i n v e s t i g a t i o n  of gas  t h e r m a l  c o n d u c t i v i t y  a t  low t e m p e r a t u r e s ;  it  is  a 
c y l i n d e r  8 m m  in d i a m e t e r  f i l l ed  wi th  g a s e o u s  n i t r o g e n ;  A type  D9D s e m i c o n d u c t o r  d iode  is u sed  a s  the  
s e n s o r .  Both c a l c u l a t i o n  and e x p e r i m e n t  s h o w e d  a c o m m e r c i a l l y  p r o d u c e d  s e n s o r  wi th  0 . 5 - m m  d i a m e t e r  
p l a t i n u m - w i r e  l e a d s  to be u n s u i t a b l e ,  s i n c e  m o s t  of the  h e a t  f lux a p p l i e d  to  the  s e n s o r  is  d i s s i p a t e d  not  
f r o m  the s e n s o r  s u r f a c e  but  by conduc t ion  a long  the  l e a d s .  A n a l y z i n g  s e v e r a l  a r r a n g e m e n t s  with l e a d s  of 
d i f f e r e n t  m a t e r i a l s  and v a r i o u s  g e o m e t r i e s ,  we c h o s e  one:  the  l e a d s  to the  s e n s o r  w e r e  m a d e  of 0.5 m m  
d i a m e t e r  n i c k e l  w i r e .  The  fo l lowing  v a l u e s  w e r e  u s e d  in c a l c u l a t i o n s  fo r  t h e s e  l e a d s :  ce l l  wa l l  t e m p e r a -  
t u r e  Tw = 90~ s e n s o r  s u r f a c e  t e m p e r a t u r e  120~ ~0 = 30~ ~1 = 0; fl = 5 �9 1 0  -2  1 / d e g ;  P0 = 1.02 �9 10 -8 
g ~ . m ;  X = 1 1 2 W / m ' d e g ;  F = 1 . 5 7 " 1 0  -4 m; s = 1 . 9 6 " 1 0  - ~ m 2 ;  I =  0 .2A;  c~ = 1 0 0 W / m . d e g .  

Le t  us d e t e r m i n e  the  m o d e  in which  the  l e a d s  to  a s e n s o r  hav ing  the  a b o v e  p a r a m e t e r s  o p e r a t e :  

/- ~zFs _~/ 100.1,57.10 -4- 1,96.10-:' 
/ /  I~Po --  5.10 -2. 1,02. !0 -s = 0,247A. 

Since  I < ~/ (aFs/ f lO0) ,  the  l e a d s  o p e r a t e  in m o d e  "B." We f ind c /k2:  

a F  

Z,s 

130o 
C - -  - -  

~S 2 

12P~ [3-- 

~,s 2 
k2 

Since  c / k  2 > ~0 > all, the  h e a t  inf lux  can  be  c o m p e n s a t e d  a t  the  po in t  l = 0. 
l e ad  is  

0,04.1,02.10 -s 
-- ~ 9,8.105 (deg/m2) ,  

112.3,82.10 -18 

100.1,57. l0 -4 
9,8-105. 5.10-2=2,35 �9 10-4(1/.~t~), 

1 1 2 . 1 , 9 6 . 1 0  -9 

k ~ 1,53. l02 (l/m), 

c 9,8.105 
- ~ 42 (deg). 

U 2,35.104 

The  o p t i m a l  l ength  of the  

q(o) I0 ~ 

F ig .  2. Hea t  inf lux (q, W) a t  
co ld  and hot  ends  of the  l ead  
a s  a funct ion  of the  length  
c h o s e n  fo r  i t .  
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C 

1"~1 k2 1 0 - -  42  
I = - - 1  Arch = - -  A r c h - - ~ _ 1 2 , 6 . 1 0  -3 (m). 

k c 1,53.10'- 30.42 
k2 

Thus when the commerc ia l -mode l  leads a re  replaced by 12.6-mm long nickel leads we create the 
conditions for compensation of the heat influx from the sensor  to the wails of the ka tharometer  cell. Tests 
of a sensor  with such leads confirmed that it is capable of good operation. In pract ice  the heat flowing in 
along the leads did not exceed 5% of the total power dissipated from the sensor  surface.  

The tempera tu re  distribution along the length of the lead (Fig. 1) and the dependence of the heat in- 
fluxes along the lead on its length (Fig. 2) are  given for the example considered.  

I 
O~ 

X 

l ,  s, and F 
k 

Po 

~o and d t 

N O T A T I O N  

is the electric current; 
is the heat transfer coefficient between the conductor surface and the ambient medium; 
is the coordinate for the running length of the conductor; 
are the length, cross-section area, and perimeter of the conductor; 
fs the thermal conductivity of the conductor material; 

is the electrical resistivity of the conductor at the ambient temperature Tw; 
is the relative temperature coefficient of resistance; 
are the temperatures of the conductor ends with respect to the ambient temperature Tw. 

1 .  

2. 
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