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A method for using a constant-power ring probe to determine thermal conductivity 
coefficients is considered. 

The transient constant-power cylindrical (linear) probe method is often used to deter- 
mine thermophysical characteristics of liquids, gases, solids, and dispersed materials [I, 
2]. The thermal conductivity coefficient I of the material being studied is determined from 
the rate at which the cylindrical probe, used as both a heater and a temperature-sensitive 
element, heats up. At probe heating times longer than the characteristic time, which is 
dependent on heater radius, the probe heating rate, defined as the derivative of probe tem- 
perature with respect to the logarithm of time, will be constant. The thermal conductivity 
coefficient is then calculated from the expression 

= Q , where Y = ~S=,hla In t .  ( l ) 
4n? 

The measurement time is chosen within the limits tmin < t < tma x. The quantity tmin is 
determined by the thermal contact between probe and medium, while tma x is determined by the 
length of the probe or thickness of the specimen studied. 

To perform such measurements, especially for determination of thermophysical character- 
istics of dispersed mediums such as soils, it is convenient to use a constant-power probe of 
annular form [3]. Such a probe configuration allows performing local measurements of thermal 
characteristics and has a number of technical and construction advantages as compared to 
the cylindrical form. 

To justify the validity of use of such a probe we will consider the problem of the tem- 
perature field of a constant-power heat source in the form of a circle of radius R located 
within a homogeneous and isotropic medium with thermal diffusivity a and thermal conductivity 
I. We choose the coordinate system such that the ring axis coincides with the plane XOY. 

Using cylindrical coordinates we may write the temperature of an arbitrary point within 
the medium with an instantaneous source in the form of a circle of radius R, acting in the 
plane z = 0 at time t = 0 in the form [4] 

O (r, z, t ~, = QP' e:.:p [ ' -~ P '2I-  , ; rR \ (2)  
r 4)~t ~ t ; o i 4 a t  _ 

I f  the .  r i n g  p r o b e  i s  u s e d  as  b o t h  h e a t e r  and  t e m p e r a t u r e  s e n s i t i v e  e l e m e n t ,  we w i l l  be 
c o n c e r n e d  w i t h  t h e  c h a n g e  i n  t e m p e r a t u r e  o f  t h e  medium a t  t h e  p r o b e  s u r f a c e  w i t h  h e a t e r  
r a d i u s  r h d u r i n g  h e a t i n g .  D e n o t i n g  r h / R  -- 6 ,  u = l / ( 2 F o ) ,  w i t h  c o n s i d e r a t i o n  o f  t he  f a c t  
t h a t  r = rh  + R and  z = 0 ,  we o b t a i n  

S i n c e  ~ ,(< I ( i n  p r a c t i c e  6 < 10 - a )  we o b t a i n  an  a p p r o x i m a t e  e x p r e s s i o n  f o r  O r ( U ) :  

0 (u) = Q 1,r~u'u e x p ( - - u )  Io(u). (4)  
r 4.n~,! 

I t  c an  e a s i l y  be  shown t h a t  a t  l a r g e  v a l u e s  o f  u ( i . e . ,  s m a l l  t o r  l a r g e  R) Eq. (3)  
tends to 
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Fig.  ! .  Rate o f  medium temperature change at 
surface of constant-power probes : 1) ring 
probe (theory); 2) cylindrical probe (theory); 
experimental curves for ring probes of various 
radii: 3) R = 10 ~n; 4) 8; 5) 4. 

Q [ - t l  
O r (t) = 4zLt 4 a t J '  (5) 

i.e., it coincides with the temperature of the medium at the surface of an instantaneous 
linear source [4]. 

Equation (3) or (4) can be considered (at Q = I) as a Green's function characterizing 
the ring probe located in a medium with known thermophysical characteristics. When a con- 
tinuous ring source is used, an expression for temperature at its surface Or,h (t) can be ob- 
tained in terms of a Duhamel integral, considering the initial temperatures of probe and 
medium identical-'and equal to zero. Then for 8r, h (t) we can write: 

t 

(t) = .I (c) h ( t -  t') et', 
o 

where ~(t') is a function describing the quantity of heat supplied to the probe over time; 
h(t -- t') is a Green's function, the form of which is defined by Eq. (4). 

For a constant-power ring probe, i.e., at ~ (t') = Q = consc, introducing the integration 
variable u' = R2/2a(t -- t'), we obtain 

Q exp(--  u') t r ~ -  du'. 
O, h = 4 ~  u' lo (u') (6) 

I t  

It is interesting to compare the heating rates of ring and cylindrical probes located 
in one and the same medium. For the quantity dOc,h/du we can write 

eo= h q ] 
du 4~,  u 

w h i l e  f o r  d O r , h / d u ,  from Eq. (6) we have 

dot,  h = Q exp ( ~  u) V 2~u I o (u). 
du 4n~, u 

Then fromtheir ratio L(u) = dOr,~dOr h we obtain 

L (u) ~- V2~u  exp ( - -  u) I0 (u). (7) 

The graph o f  L ve r su s  u or  Fo can be d i s p l a y e d  most c o n v e n i e n t l y  in  s e m i l o g a r i t h m i c  co-  
ordinates (Fig. I, curve I). As has already been noted above, the heating rate yofa constant- 
power cylindrical probe is a straight line parallel to the abscissa (curve 2). 

Analysis reveals that the heating rate of a constant-power ring probe at sufficiently 
high u values (or small t) exceeds the cylindrical probe heating rate only insignificantly 
(L~. 1.05 up to Fo <~. 0, 16). After reaching a maximum value the ring probe heating raze 
beg i n s  to  drop q u i t e  r a p i d l y ,  t e n d i n g  to  z e r o .  
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The condition for maximum L(n) can be written in the form 

l 
U= 

Io(u) 
which  c o r r e s p o n d s  to  Fo = 0 . 6 3 3 ,  w i t h  L = 1 .175.  

To v e r i f y  t he  r e s u l t s  o f  t h i s  a n a l y s i s ,  an e x p e r i m e n t  was f o r m u l a t e d  w i t h  r i n g  p r o b e s  
o f  v a r i o u s  d i a m e t e r s  l o c a t e d  i n  p a r a f f i n  (a = 0 . 150"10  - s  m 2 / s e c ,  k = 0 .123  W/ (m-~  F i g u r e  
1 shows n o r m a l i z e d  e x p e r i m e n t a l  h e a t i n g  r a t e  c u r v e s  & O e x  f o r  p r o b e s  o f  v a r i o u s r a d i u s .  The r , h  

e x  A O r ,  h v a l u e s  a r e  d e f i n e d  by t h e  d i f f e r e n c e  be tween  p r o b e  t e m p e r a t u r e s  a t  t i m e s  t2 and t l  

( t 2 / t l  = c o n s t )  i n  a manne r  s i m i l a r t o  t h a t  used  i n  d e t e r m i n i n g  the  h e a t i n g  r a t e  o f  a c y l i n -  
ex  d r i c a l  p r o b e  [ 5 ] .  The q u a n t i t y  A O r ,  h was n o r m a l i z e d  to  i t s  maximum v a l u e ,  which  was t a k e n  

e q u a l  to  1 .175 .  

The s a t i s f a c t o r y  a g r e e m e n t  b e t w e e n  t h e o r e t i c a l  and e x p e r i m e n t a l  d a t a  s h o u l d  be n o t e d ,  
e s p e c i a l l y  f o r  F o ~ 0 . 5 .  D e v i a t i o n  o f  t he  e x p e r i m e n t a l  c u r v e  f rom t h e o r y  a t  s m a l l  Fo v a l u e s  
( t h e  s m a l l e r  the  r i n g  r a d i u s ,  t he  g r e a t e r  the  d e v i a t i o n )  can  be  e x p l a i n e d  by the  f i n i t e  t ime  
r e q u i r e d  f o r  e x i t  o f  t he  t h e r m a l  wave i n t o  t he  medium ( p a r a f f i n ) ,  t h e  v a l u e  o f  which  depends  
on the  r a t i o s  o f  t he  t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  o f  p r o b e  , i n s u l a t i n g  m a t e r i a l ,  and medium 
under  s t u d y ,  as  w e l l  as t he  n o n i d e a l  t h e r m a l  c o n t a c t  be tween  p r o b e  rand medium. I n o u r  c a s e ,  
t h e  r i n g  was a t u n g s t e n  w i r e  ~50 ~m i n  d i a m e t e r ,  s u r r o u n d e d  by an Alundum s l e e v e w i t h  o u t e r  
d i a m e t e r  o f  ~1 mm f o r  e l e c t r i c a l  i n s u l a t i o n .  

To d e t e r m i n e  the  t ime  tmi  n one can  use  e s t i m a t e s  o b t a i n e d  in  [5] f o r  a c y l i n d r i c a l  p r o b e  
w i t h  i n s u l a t i n g  s l e e v e .  A p p r o x i m a t e  c a l c u l a t i o n s  show t h a t  f o r  a r i n g  p r o b e  w i t h  Alundum 
i n s u l a t i o n  (k = 2 W/(m. deg  K))  to  an a c c u r a c y  o f  5% tmi  n i s  e q u a l  to  ~20 s e c ,  which  i s  i n  
a g r e e m e n t  w i t h  e x p e r i m e n t a l  v a l u e s .  

Thus ,  t he  a n a l y s i s  p e r f o r m e d  shows t h a t  a c o n s t a n t - p o w e r  r i n g  p r o b e  can  be  used  to  
d e t e r m i n e  t h e r m a l  c o n d u c t i v i t y  o f  a medium, u s i n g  the  measu remen t  t e c h n i q u e  a p p l i e d  i n  the  
c a s e  o f  a c y l i n d r i c a l  p r o b e  and b a s e d  on Eq. ( 1 ) .  However ,  i n  c o n t r a s t  to  t h e  c y l i n d r i c a l  
p r o b e ,  more s e v e r e  r e s t r i c t i o n s  must  be  p l a c e d  on the  maximum v a l u e  o f  Fo,  and thus  on l i m i -  
t i n g  m e a s u r e m e n t  t i m e  tmax,  as w e l l  as  on d i m e n s i o n s  o f  t he  r i n g  p r o b e .  The maximum v a l u e  
o f  Fo i s  d e t e r m i n e d  by the  p e r m i s s i b l e  d e v i a t i o n  o f  the  f u n c t i o n  L(u)  f rom u n i t y  and i s  t hus  
d e p e n d e n t  on t h e  t o l e r a b l e  u n c e r t a i n t y  o f  t he  m e a s u r e m e n t .  I n  p r a c t i c e ,  as  was i n d i c a t e d  
a b o v e ,  i f  L ( F o ) ~  1 .05 ,  the  v a l u e  o f  Fo s h o u l d  n o t  e x c e e d  0 . 1 6 .  

NOTATION 

%, thermal conductivity; Q, power emitted into medium per unit probe length during 
heating; O~r, O~r,h 8~, h medium temperature at surface of instantaneous ring source and of ring 
and cylindrical constant-power heaters; t, time-measured from heater turn-on; tmi n, tma x, 
minimum and maximum measurement times defining the measurement time interval over which the 
rate of change of medium temperature can be regarded as linear to a given accuracy; a, ther- 
mal diffuslvlty; R, radius of constant-power ring probe; r, z, coordinates of cylindrical 
coordinate system; rh, heater radius; Fo = at/R 2, Fourier number; u = I/(2Fo); Io, 11, modi- 
fied Bessel functions with imaginary argument; L(u) = dOr,h/dee,h;Aer~Xh difference between probe 
temperatures at times t2, tl. 
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