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Resu l t s  a r e g i v e n  for  an exper imenta l  study of the heat  t r a n s f e r  f rom e lec t r i ca l ly -hea ted ,  thin, 
ve r t i ca l  r e s i s t i v e  e lements  in a coaxial r e s i s t a n c e  s tandard (KRMS) in t r a n s f o r m e r  oil under  
f r e e  convection.  

Coaxial r e s i s t a n c e  s tandards  of the KRMS type with s tandard f requency c h a r a c t e r i s t i c s  (1, 10, 102, 
103 ~2) a r e  intended for  p r e c i s e  m e a s u r e m e n t s  of the f requency c h a r a c t e r i s t i c s  of s tandard r e s i s t o r s  ove r  
a f requency range  up to  20 kHz [1]. In th is  range  the magni tude of the m e a s u r e d  f requency co r rec t ion  of 
ac  r e s i s t a n c e  s tandards  does not exceed 5 .10  -6 [2]. El iminat ion of the f requency- independent  sys t ema t i c  
t e m p e r a t u r e  e r r o r  du~ing such m e a s u r e m e n t s  is one of the pr incipal  p r o b l e m s  encountered because  of the 
g rea t  difficulty of d i rec t  m e a s u r e m e n t  of the t e m p e r a t u r e  drop between the r e s i s t i v e  e lement  and the s u r -  
rounding hea t - abso rb ing  med ium during the d iss ipat ion of applied power .  The r e s i s t i v e  e lement  of KRMS 
s tandards  is  a thin uninsulated ve r t i ca l  wi re  made  of the h igh- impedance  p rec i s ion  r e s i s t a n c e  a l loys  
"Marga l in"  or  " T e r m i n a l  N having a t e m p e r a t u r e  coefficient  of r e s i s t a n c e  no g r e a t e r  than ~3 �9 10 -6 ~ [1]. 

To achieve  a m e a s u r e m e n t  e r r o r  of no m o r e  than 1 �9 10 -G, the m a x i m u m  amount  of power  diss ipated 
in a s tandard r e s i s t o r  is  25 �9 10 -3 W [3]. Assuming  this  value of the power  to be a m a x i m u m  a l so  in the 
measu remens  of f requency c h a r a c t e r i s t i c s  of s tandard r e s i s t o r s ,  the need a r i s e s  for  the es tab l i shment  of 
the  h e a t - t r a n s f e r  coefficient  ~ for  each r e s i s t i v e  e lement  of a KRMS standard in o r d e r  to  de t e rmine  the 
cor responding  t e m p e r a t u r e  drops  or  t e m p e r a t u r e  d i f fe rences  At between i ts  su r face  and the surrounding 
h e a t - a b s o r b i n g  med ium.  Consequently,  the applied power  and the g e o m e t r i c  d imens ions  of the KRMS a re  
the  only given p a r a m e t e r s  in th is  case .  

The analyt ic  solution of the p rob l em is  based on the de terminat ion  of the h e a t - t r a n s f e r  conditions in 
a s t eady- s t a t e  opera t ing  mode between a ve r t i ca l  wi re  and a l a rge  volume of hea t - abso rb ing  medium (the 
r a t io  between the d i a m e t e r s  of the l a rge s t  r e s i s t i v e  e lement  and the r e tu rn  wi re  of a K:RMS is  1 �9 10 -2 [1]). 
Since t he r e  is  no forced  motion of the hea t - abso rb ing  medium in the KRMS design,  heat  t r a n s f e r  will have 
the c h a r a c t e r  of f r e e  convect ion.  A photograph of a d i sas sembled  1 ~2 KRMS is  shown in Fig .  1. 

Heat  t r a n s f e r  f r o m  e lec t r i ca l ly  heated ve r t i c a l  w i r e s  under  f r ee  convection in gases  and l iquids has 
been studied theore t i ca l ly  and exper imen ta l ly  [4]. Good conf i rmat ion  was obtained exper imenta l ly  for  the 
following c r i t e r i a l  h e a t - t r a n s f e r  equation for  ve r t i ca l  w i re s  and for  a constant  heat  flow based on the 
theore t i ca l  s tudies [4]: 

Fig .  1. View of d i sa s sembled  1 ~2KRMS (operating posi t ion is 
ve r t i ca l ) .  

T rans l a t ed  f r o m  lnzhenerno-F iz ichesk i [  Zhurnal ,  Vol.  26, No. 2, pp. 233-237, Feb rua ry ,  1974. 
Original  a r t i c l e  submit ted ffuly 25, 1973. 

�9 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $15.00. 

158 



TABLE 

Thin  W i r e s  u n d e r  F r e e  C o n v e c t i o n  
1. Expe r imen ta l  Resu l t s  fo r  Heat  T r a n s f e r  f r o m  Ver t ica l  
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where  Ra  d = G r d P r  is  the Rayleigh num ber .  

However ,  expe r imen ta l  conf i rmat ion  of Eq.  (1) was given [4] only fo r  the range  R a d d / l  _> 10 -3 (for a 
w i r e  with dmt n = 0.5 ram) .  The values  of Radd / l  we have studied a r e  l e s s  than 10 -6, as  is  c l e a r  f r o m  
Tab le  1. The d i a m e t e r s  of the r e s i s t i v e  e lements  in a KRMS a r e  0.366, 0.205, 0.065, and 0.025 m m  [1]. 

Since t he r e  was no expe r imen ta l  ver i f ica t ion  in the l i t e r a t u r e  of the analyt ica l ly  obtained c r i t e r i a l  
r e l a t ion  (1) in the r ange  of i n t e re s t  to us ,  Radd//__< 10 -~, we inves t igated the h e a t - t r a n s f e r  p a r a m e t e r s  fo r  
ve r t i c a l  w i r e s  of two d i a m e t e r s ,  0.07 (platinum) and 0.03 m m  (copper) insta l led in a KRMS s t ruc tu re  in 
p lace  of the usual  r e s i s t i v e  e lement  for  f r ee  convection in t r a n s f o r m e r  oil with t m = 293 and 303 OK. Thus 
we covered  expe r imen ta l ly  the en t i re  range  of Radd / l  c h a r a c t e r i s t i c  of h e a t - t r a n s f e r  opera t ing  conditions 
fo r  the r e s i s t i v e  e l emen t s  of all  nominal  KRMS s tandards  [1]. 

In a s s e m b l e d  f o r m ,  a KRMS standard containing a t e s t  wi re  with high t e m p e r a t u r e  coefficient  of 
r e s i s t a n c e  (copper or  plat inum) was fil led with t r a n s f o r m e r  oil and set  up ve r t i ca l ly  in a he rme t i ca l ly  
sealed b r a s s  cyl inder  which was a l so  filled with t r a n s f o r m e r  oi l .  Fo r  t h e r m o s t a t i c  control  of th is  closed 
vo lume,  a TS-24 t h e r m o s t a t i c  bath (working fluid, water)  was used .  Under the exper imenta l  conditions,  
the t e m p e r a t u r e  of the wa te r  was mainta ined to  the a c c u r a c y  of ~0.05 ~ and the t e m p e r a t u r e  t m of the 
t r a n s f o r m e r  oil in the closed volume away f r o m  the heated t e s t  wi re  was mainta ined to an accu racy  of 
•  OK and was m e a s u r e d  with a c h r o m e l - - a l u m e l  the rmocouple  connected through a compensat ion  c i r -  
cuit to a P-306 po t en t i om e t e r .  

The e x p e r i m e n t s  we re  p e r f o r m e d  using the usual ly  accepted technique [5] in which the t e s t .w i r e ,  
e l ec t r i ca l ly  heated by a de cu r r en t ,  s imul taneous ly  se rved  as a r e s i s t a n c e  t h e r m o m e t e r .  Af te r  c o n s t r u c -  
t ing a ca l ibra t ion  curve  fo r  the t e s t  wi re ,  a s ta t ionary  mode of heat  t r a n s f e r  was es tabl ished in each 
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F i g .  2 .  C o m p a r i s o n  of  e x p e r i m e n t a l  data and c r t t e r i a l  
r e l a t i o n  (1).  E x p e r i m e n t a l  data ( t r a n s f o r m e r  oil);  I) 
0 . 0 3 - m m  w i r e ,  3) 0 . 0 7 - m m  w i r e  for  t m = 293 ~ ;  2) 
0 . 0 3 - m m  w i r e ,  4) 0 . 0 7 - r a m  w i r e  for  tan = 303 ~ I) 
Nu d -- 0 , 9 3  ~ a d d / l ) ~  o~.. 
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exper iment .  In this  case ,  the potential  drop U 0 in the standard r e s i s t ance  R 0 and the potential  drop U n in 
the t es t  wire  were  measu red .  F r o m  the measu red  values of U 0 and Un, values  of R n were  calculated for  
six values  of the power load and the wire  t e m p e r a t u r e  t n fo r  each exper iment  was de termined f rom the 
cal ibrat ion curve .  The specif ic  heat flux q at the surface  of the t es t  wire  was calculated f rom these  same 
values  of U n and R n.  

Resul ts  of the exper imenta l  studies with the two tes t  wi res  a re  given in Table  1. 

A curve  of the dependence of Nu d on Radd/ l  is plotted in Fig.  2 on a logar i thmic  scale  for  the values  
of q and At obtained in each exper iment .  It  is  c lear  f rom the curve that the exper imental  data we obtained 
a g re e s  sa t i s fac tor i ly  with the theore t ica l  curve  based on the c r i t e r i a l  relat ion (1). 

The exper imenta l  r e su l t s  indicate that the c r i t e r i a l  re la t ion  (1) is  valid for  the heat t r a n s f e r  f rom all 
r e s i s t i ve  e lements  of KRMS standards .  Consequently, the hea t - t r ans f e r  coefficients  of the r e s i s t ive  e l e -  
ments  and the values  of the t e m p e r a t u r e  drop At corresponding to  a given operat ing mode can be calculated 
f r om Eq.  (1). 

Since the des i red  quantity At appears  in both the left  and r ight  sides of Eq.  (1) (on the left  side, it is  
in the implici t  fo rm ~ = q/At),  Eq.  (1) should be modified somewhat to obtain an express ion  for  At. After  
s imple t r ans fo rmat ions ,  we obtain the following computational expression:  

At=  q (2) 

Thus we have crea ted  the possibil i ty of establishing by calculation the t e m p e r a t u r e  d i f ference between 
a ver t ica l ly  a r ranged  res i s t ive  element  and the hea t -absorb ing  medium surrounding i t .  Having the values 
of At fo r  all d i amete r s  of r e s i s t ive  e lements  in KRMS standards and knowing the i r  t e m p e r a t u r e  coefficient  
of r e s i s t ance ,  one can then de te rmine  the corresponding values of the sys temat ic  t e m p e r a t u r e  e r r o r s  which 
will occur  during measu remen t s  at a given power dissipat ion.  
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NOTATION 

is  the heat  t r a n s f e r  coefficient;  
is  the t e m p e r a t u r e  drop; 
is  the heat flux density; 
a r e  the Nusselt ,  Grashof,  Rayleigh, and Prandr numbers ;  
is  the wi re  diameter ;  
Is the length of wire;  
ts  the voltage drop in standard r e s i s to r ;  
ts  the same on t es t  wire;  
ts  the r e s i s t ance  of standard r e s i s to r ;  
~s the same for  t e s t  wire;  
ts the t empe ra tu r e  of wire; 
, s  the t r a n s f o r m e r  oil t empera tu re ;  
a r e t h e t h e r m a l  conductivity, volume expansion coefficient,  and kinematic  viscosi ty;  
is  the gravi ty  accelerat ion;  
is  the value of sca t te r ing  power during exper iment .  

1. 

2, 

3. 
4.  
5. 
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