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H O T - W I R E  M E T H O D  IN A N O N S T A T I O N A R Y  V A R I A T I O N  

R .  A.  M u s t a f a e v  UDC 536.23:536.453 

Star t ing f r o m  the solution of the the rmal -conduc t iv i ty  equation,  a nonsta t ionary  va r ia t ion  of the 
"ho t -wi re"  method is developed in the case  of monotonic heat ing of a c a l o r i m e t r i c  s y s t e m  which 
p e r m i t s  de te rmina t ion  of the t e m p e r a t u r e  dependence of the t h e r m a l  conductivity of liquids in a 
b road  t e m p e r a t u r e  range  f r o m  one test .  

The s ta t ionary  "ho t -wi re"  method is ex tens ive ly  used at this t ime  to invest igate  the coefficient  of t h e rma l  
conductivity of gases  and l iquids [1]. This  method,  as all  s ta t ionary  methods (plane l a y e r ,  coaxial  cyl inders) ,  
is  d is t inct ive  in the long durat ion of the t e s t ,  r e q u i r e s  a complex  appa ra tu s ,  and does not p e r m i t  de te rmina t ion  
of the t e m p e r a t u r e  dependence of the coeff icient  of t h e r m a l  conductivity f r o m  one test .  Using this method,  the 
e x p e r i m e n t e r  should expect  the buildup of a s ta t ionary  s tate  in a c a l o r i m e t r i c  sy s t em eve ry  t ime  when m e a -  
sur ing the coeff icient  of t h e r m a l  conductivity.  Consequently,  the de te rmina t ion  of the coefficient  of t h e r m a l  
conductivity of one liquid in a b road  t e m p e r a t u r e  range  takes  s eve ra l  days  at  a min imum.  Hence, s eve ra l ,  p r i n -  
cipal ly fo re ign ,  pape r s  devoted to a nons ta t ionary  va r i a t ion  of the "ho t -wi re"  method have recent ly  appeared  
[2-15]. The theory  of the method in applicat ion to r a r e f i e d  gases  is e lucidated in espec ia l  detail  in [16]. The 
"hot -wi re"  method d i f fe rs  f r o m  all  o ther  nons ta t ionary  methods in that  the coeff icient  of t he rma l  conductivity 
is de te rmined  d i rec t ly  by this  method,  and not the coeff icient  of t h e r m a l  dfffusivity. However ,  it is not ve ry  
exac t  because  of the difficulty of r eco rd ing  exact ly  the rapidly  va ry ing  w i r e  t e m p e r a t u r e  during the m e a s u r e -  
ment .  In this r e s p e c t ,  the method ment ioned in the re la t ive  var ia t ion  in which the r eco rd ing  device acts  as a 
ze ro  indicator  [17] is of definite in te res t .  

An a t tempt  is made  be lowto  extend the Nhot-wire" method t o t h e  ca se  of a monotonic change in the t e m -  
p e r a t u r e  of a c a l o r i m e t r i c  sys t em.  

The design scheme  of the method under  cons idera t ion  r educes  to the following. A fine meta l  wi re  of 
rad ius  R i (Fig. 1) is s t r e t ched  coaxial ly in a bulky meta l  tube 1 of rad ius  Rothrough  a sea led  e l ec t r i ca l  insula t -  
ing plug 2. The liquid being inves t igated f i l ls  the gap between the wi re  3 and the tube 1. A cons tan t -power  
e l ec t r i ca l  cu r r en t  p a s s e s  through the wi re  during the en t i re  test .  In the s ta t ionary  va r ia t ion  of the method,  the 
whole s y s t e m  (module) is s t r i c t ly  t he rmos ta t ed .  

Let  us a s s u m e  that  the whole s y s t e m  is  sur rounded by a hea t - insu la t ing  shell  which r i s e s  smoothly in 
t e m p e r a t u r e  under  the e f fec t  of the ex te rna l  hea t e r  4 in such a way that  the t e m p e r a t u r e  of the shell  approx i -  
ma te ly  equals  the t e m p e r a t u r e  of the module.  In this  case  the hea t  flux of the inner hea te r  3 is expended c o m -  
pletely in a slow r i s e  in the t e m p e r a t u r e  of the module and the liquid. The power  W(T) of the L e n z - J o u l e  hea t  
developed by the w i r e ,  the t e m p e r a t u r e  drop  ~(T) in the l aye r  under invest igat ion,  and the r a t e  of t e m p e r a t u r e  
r i s e  b(T) of the s y s t e m  a re  m e a s u r e d  in the tes t .  
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I" 

Fig. 1. Ca lo r ime te r  d iagram,  
in pr inciple ,  and t e m p e r a -  
ture  distr ibution therein:  1) 
meta l  tube; 2) plug; 3) p la t i -  
num wire;  4) heater .  

The geomet r ic  p a r a m e t e r s  of the ca lo r ime t r i c  sys tem are  assumed known and the t empera tu re  drop 
~(~) is small .  

The theory  of such a sys tem reduces  to the following. The t empera tu re  f ield of a cyl indr ica l  l aye r  is 
descr ibed  by the thermal -conduct iv i ty  equation 

02t 1 Ot 1 Ot 

Or 2 r Or a OT 

If the t empera tu re  drop ~(r,  T) = t ( r ,  T ) - t (Ro ,  T) is introduced,  then in place of (1) we have 

O~ 1 0 ~  b 

O? r Or a 

Let  us r e p r e s e n t  (2) in the fo rm 

(i) 

(2) 

0 (r  r. (3) 
Or \, a 

Integrat ing (3), we obtain 

a}(r, "c)= b-----r2 + A l n r  4- B, 
4a 

where  A and B are  constants of integrat ion de te rmined  f rom the following boundary conditions: 

0 (r, ~') I,=R o ~- 0, 

0 (r, ~) {r=~ i = O i - o ,  

). 00(r, ~) ;F _ 

Or ',r=R i Fi 

(4) 

(5) 

F r o m  conditions (5) we obtain 

B = - -  4~ R~ o, (6) 

Oi_ o= A In Ri b o 2 (R~ - -  R~. ) ,  (7) 
Ro 4a 

A -  ~ b R]. (8) 
2~l)~ 2a 

After  substi tuting (8) into (7), we will have 

I~' In Ro b [ R o - - R ' ~ ( l + 2 l n  R o ) ] .  
Oi- o= 2nl}~ R~i -- 4--a-" Ri (9) 

The first member in the right side of this last equation determines the stationary component and the second 
member, the nonstationary component, of the drop ~i-o- It is hence important that the second member in the 
right side of (9) be small compared to the first in the test. 
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F r o m  (9) we will  have 

W In Ro 1 Vc b 1 [ ( R o ) ]  
2~/~. o Ri 4 ~}-i--~-~ /~ - -  R? 1 + 2 In . 

(10) 

If it is  taken into account  that  p a r t  of the hea t  l ibe ra ted  by the wi re  is absorbed ,  then W = W o - C o b .  

Taking account  of the hea t  absorbed  by the  w i r e ,  the computat ion fo rmula  becomes  

117o In R o  

R~ (1 - -  A%), (t) = 2nl@i. ~ ( I I )  

where  

cb ( l 2R 2 ) Cob 
A~c- 2117o In Rb R~--R[ + ~ . (12) 

Pi 

I t  fol lows f r o m  the computat ion fo rmula  (11) obtained that  to de te rmine  ~,(t) in the method under  considera t ion  it 
is  sufficient  to know the t e m p e r a t u r e  dependences  Wo(t ) and b(t) in the heat ing section.  Measu remen t s  of the 
power  Wo(t ) of the e l ec t r i c a l  sou rce  can be accompl i shed  by the usua! means  - by r eco rd ing  the cu r ren t  I(t) 
and vol tage drop U/(t) on the working  sect ion of the wire .  It  is convenient to r e p r e s e n t  the cor rec t ion  Aac in 
the f o r m  

A a e = ~ .  Z -  ~  # i -  R2--R[ l + 2 1 n  Ro +2CoToR21n Ro . (13) 
Ri c7 , 

Such a f o r m  of the co r r ec t i on  is convenient  for  computat ions  in the design s tage of the exper imen ta l  appara tus .  
To e s t ima t e  the opt imal  heat ing r a t e ,  the dependence 

4i~0i_oA% badm-- (14) 

Ri  

resu l t ing  f r o m  (13) can be used.  As is seen  f r o m  (13), the co r rec t ion  A~c has  a c lear  s t r uc tu r e ,  contains suf -  
f ic ient ly  definite p a r a m e t e r s ,  and admi t s  of an analyt ical  e s t imat ion ,  a l l  the m o r e  since i ts  magnitude does 
not usual ly  exceed  1%. 

It  is expedient  to use  the re la t ionsh ips  (13) and (14) in the design s tage of the exper imen ta l  appara tus  in 
o rde r  to a s s u r e  a reduct ion in the magnitude of the co r rec t ion  zs c to negligibly sma l l  values .  The initial data 
for  the t h e r m a l  computat ion of the c a l o r i m e t r i c  s y s t e m  in the design s tage a r e  the expected values  of the t h e r -  
ma l  conductivity of the subs tances  to be inves t igated,  the admiss ib le  t e m p e r a t u r e  drop  in the l aye r  0 i -o ,  and 
the geome t r i c  p a r a m e t e r s  of the s y s t e m  R o, R i. 

Le t  us solve a numer i ca l  example  on the bas i s  of the obtained computat ion formula .  Le t  the c a l o r i m e t r i c  
appara tus  be intended to inves t iga te  the coeff icient  of t h e r m a l  conductivity of nonmetal l ic  liquids with a t h e r m a l  
conductivity of k -< 0.2 W/re.  deg. The geome t r i c  p a r a m e t e r s  of the c a l o r i m e t r i c  s y s t e m  a re  as follows: R i = 
0.05 m m  and Ro = 0.4 m m .  The t e m p e r a t u r e  drop  in the l ayer  is mainta ined at  $ i -o  = 10 deg. 

,Taking cy = 2 .108 J / m  3" deg fo r  organic  f luids ,  CoY o = 2.8- 106 J / m  3 �9 deg for  the plat inum wi r e ,  and s t a r t -  
ing f r o m  (14), for  the admiss ib le  magnitude of the heat ing r a t e  we obtain bad m ~- 25 Ae c. 

The opt imal  va lues  of the heat ing r a t e  o rd ina r i ly  l ie within the l imi t s  b = (0.1-0.3) deg/sec .  Le t  us take 
b = 0.1 d e g / s e c .  In this  ca se  the c o r r e c t i o n  is  A~ c = 0.4 �9 10 -2 = 0.4%. F o r  Acr e = 0.01 the admiss ib le  
heat ing r a t e  is 0.25 deg/sec .  

As is seen f r o m  the computat ion p r e s e n t e d ,  m e a s u r e m e n t s  in the nonsta t ionary  mode a re  complete ly  ad-  
m i s s ib l e  in the ho t -wi re  me thod .  If the cy of the subs tance  grows even 10-fold nea r  the c r i t i ca l  domain,  then 
even in th is  case  a t e s t  in the nons ta t ionary  mode can b e  se t  up and the co r rec t ion  A~ c can be mainta ined negl i -  
gibly smal l .  Hence ,  all  the o rd ina ry  co r r ec t i ons  inherent  in the s ta t ionary  va r ia t ion  of the method (heat efflux 
through the end f a c e s ,  r ead ings  on the t e m p e r a t u r e  s e n s o r s ,  rad ia t ion ,  etc.)  r e m a i n  val id ,  s ince the t e s t  mode 
r e m a i n s  as  be fo re ,  in p rac t i ce .  * Hence ,  i t  can be hoped that  the expe r imen ta l  e r r o r  in me t ro log ica l  r e s p e c t s  
will  be as before  (2-2.5%) without any not iceable  degradat ion  in accuracy .  It  should be noted that  the e l ec t r i ca l  

�9 The method of taking these  c o r r e c t i o n s  into account  is e lucidated in detai l  in [1], for  example .  
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resist ivi ty of the wire will change with the r ise  in temperature ,  which will resul t  in a change in heat liberation 
in the wire during the measurement.  This effect can be computed by the method in [4, 5] and [15]. However, 
the effect mentioned can be cancelled completely by experimental means also for a low heating rate [14]. 

If the test  duration to obtain the temperature  dependence X(t) in a temperature range between room tempera-  
ture and 400~ is a minimum of several  days in the stationary mode, then this dependence can be obtained in 
the s t ream r = ~t lb  = 380/0.1 -~ 63 min in the dynamic mode with a b = 0.1 deg/see heating rate. 

R i and R o 
b = dt/dT 
#(V 
wo') 

C, C O 
~/, c 
~o and c o 
A% 

NOTATION 

are the wire and tube radii ,  respectively; 
is the heating rate of system; 
is the temperature drop; 
is the power; 
are the coefficients of thermal conductivity and thermal diffusivity, respectively; 
are the specific heats of the fluid and wire,  respectively; 
are  the fluid density and specific heat; 
are the density and specific heat of the platinum wire; 
is the correct ion to the specific heat of the layer.  
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