
The t h e r m a l  conductivity as  a function of t e m p e r a t u r e ,  calculated by the methods  desc r ibed  above,  is  
shown in Fig.  2. The compar i son  of these  t h e r m a l  conductivi t ies  with those  de te rmined  for  the s a m e  m a t e -  
r i a l s  by mouotonie h e ~ i n g  at t e m p e r a t u r e s  below the t h e r m a l  decomposi t ion  region showed a reasolmble  a g r e e -  
ment .  

N O T A T I O N  

r ,  t ime;  x, th ickness  coordinate;  6, s ample  th ickness ;  Xbd, i s o t h e r m a l  coordinate  of the beginning of 
decompos i t ion ,  t(x,  7), calculated t e m p e r a t u r e  field in the" spec imen;  u(x, T), exper imen ta l ly  de te rmined  t e m -  
p e r a t u r e  field in the spec imen;  t0(x), i n i t i a l t e m p e r a t u r e  prof i le  in the spec imen;  X degree  of t h e r m a l  decompo-  
sition; P0, ini t ial  densi ty  of the ma te r i a l ;  /32, instantaneous densi ty  of the solid res idue;  cl( t) ,  specif ic  heat of 
the volat i le  t h e r m a l - d e c o m p o s i t i o n  products ;  c 2 (t) and X(t), spec i f ic  heat and t h e r m a l  conductivity of the m a t e -  
r ia l ;  Kmc ,  m a s s  concentra t ion of the sol id res idue  in the t h e r m a l  decomposi t ion products ;  Q, ca lor i f ic  effect  
of t h e r m a l  decomposi t ion  at  the t e m p e r a t u r e  of decomposi t ion;  At r o o t - m e a n - s q u a r e  e r r o r  of the t e m p e r a t u r e  
m e a s u r e m e n t s ;  f ,  poros i ty  of the coke; 7*, durat ion of the t h e r m a l  t r e a t m e n t .  Indices:  k = 1, 2t �9 . . ,  K is 
number  of the approx imat ion  in te rva l ,  and i = 0, 1, 2, . . . ,  I i s  the number  of the point through the th ickness .  
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A M O D I F I E D  M E T H O D  O F  D E T E R M I N I N G  T H E  

C O N S T A N T S  O F  N O N M E T A L L I C  M A T E R I A L S  

A .  V .  T i t o v  a n d  Y u .  A .  S o l o d y a n n i k o v  

T H E R M A L  

UDC 536.223 

We desc r ibe  a method and the expe r imen ta l  s e t -up  for  a comprehens ive  de te rmina t ion  
of t h e r m a l  constants .  The method is  applied to re inforced  composi te  m a t e r i a l s .  

In the cu r r e n t  technology the re  is some  in t e re s t  in composi te  m a t e r i a l s  re inforced  by meta l l i c  inc!usions 
in the f o r m  of a foil o r  wire .  In some c a s e s ,  a contact  zone is  fo rmed  between the composi te  m a t e r i a l  and the 
inclusion which is different  f r o m  the re inforc ing  m a t e r i a l .  

To find the t h e r m a l  conductivity of such a s y s t e m  it  is  n e c e s s a r y  to know the t h e r m a l  constants  of the 
ini t ial  m a t e r i a l s  and of the contact  zone. The p r o p e r t i e s  of the ini t ial  m a t e r i a l s  a r e  often known fa:irly r e l i -  
ably; to de te rmine  the p r o p e r t i e s  of the contact  zone by the usual  m e t h o d s ,  however ,  is  usual ly difficult be-  
cause  the th ickness  of the zone is  sma l l  and i ts  separa t ion  is  p rac t i ca l ly  imposs ib le .  

P h y s i c a l  B a s i s  o f  t h e  M e t h o d  

In the p re sen t  combined method of de te rmina t ion  of the t h e r m a l  constants  of nonmetal l ic  m a t e r i a l s  we 
used as  a s o u r c e  of heat and as the t e m p e r a t u r e  s e n s o r  a sma l l  s t r i p  of meta l l i c  foil or  a s m a l l - d i a m e t e r  wire  
f r o m  a luminum,  copper ,  o r  s i lve r .  F o r  the above-ment ioned  composi te  m a t e r i a l s  this e lement  can be the 
me ta l  inclusion.  

The method is  ba sed  on the combinat ion of the method of r egu l a r  t h e r m a l  r eg ime  of the third tdnd [1] and 
of the ey l ind r i ea l -p robeme thod  [2]. This  makes  it  poss ib le  to de t e rmine  in one exper iment  the coefficients  of 
t h e r m a l  ac t iv i ty ,  t h e r m a l  diffusivi ty,  and t h e r m a l  conductivity.  T h e  exper imen t  is in te rna l ly  cons is tent  since 
f r o m  any two of the coeff icients  it  is poss ib le  to find the th i rd .  

Sc i en t i f i c -Resea rch  Inst i tute  of Engineer ing P r o b l e m s  at the N. l~. Bauman Technica l  Insti tute of Higher  
Learn ing ,  Moscow. Trans la t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol.  33, No. 6, pp. 1052-1057, D e c e m -  
be r ,  1977. Original  a r t i c l e  submit ted April  5, 1977. 
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Fig. 1. Block d iagram of the experimental  set-up:  SG, acous t ic -  
frequency signal genera tor ;  RA, resonance amplif ier;  PA, power 
amplif ier ;  CS, dc source;  OSC, oscil loscope;  ~DV and =DV, ac 
and de d ig i t a l  vol tmeters ;  RP,  recording  potentiometer .  Switch 
positions: 1, regula r  t he rma l - r eg ime  method; 2, cyl indr ical-probe 
method. 

The method of the regula r  thermal  regime of the third kind is based on the measurement  of the t emper -  
a ture  fluctuation of a t empera tu re  sensor  with smal l  iner t ia  when it is heated by alternating current  [1]. The 
fluctuation amplitude, other  conditions being equal, depends on the coefficient of thermal  activity of the me-  
dium surrounding the sensor .  The thickness of the investigated layer  is equal to the thermal  wavelen~h 

A = l / ~ f .  (1) 

By changing the frequency of the input voltage we can therefore  change the thickness of the investigated layer  
of the medium near  the sensor .  For  the re inforced composite mater ia l  this method makes it possible to mea-  

s u r e  the thermal  activity of the contact zone and to find the boundaries of the zone. 

The cy l indr ica l -probe  method is based on the analytical descript ion of the tempera ture  field around an 
infinitely long l inear  heat source  in an infinite medium [2}. The heating of the probe above the initial t e m p e r -  
ature depends on the thermophys ica l  proper t ies  of the surrounding medium and on the contact thermal  r e s i s -  
tanee between the probe and medium. If we assume that the probe has an ideal thermal  contact with the s u r -  
rounding medium, we can find the coefficients of the rmal  conductivity and the rmald i f fus iv i tyof the  ma te r i a lby  
this method. If  we know the the rmal  constants of the mater ia l  we can determine the contact thermal  r e s i s -  
taaee between the probe and the mate r i a l ,  and in combination with the previous method we can determine the 
the rmal  constants of the contact zone near  the probe.  

' E x p e r i m e n t a l  M e t h o d  

The block diagram of the experimental  se t -up is shown in Fig. 1. The sensor  is included in one branch 
of the ac bridge.  

When the se t -up  works in the regular  thermal  regime of the third kind the measur ing bridge receives  
al ternating voltage f rom the signal genera to r  SG via the power ampli f ier  PA. Because of the t empera tu re  f luc- 
tuations,  the sensor  res i s tance  changes and voltage appears  ac ros s  the bridge. This voltage is proport ional  
to the magnitude of the t empera tu re  fluctuation [1]: 

1 ER~r~ I~I [cos (r - -  ~) T COS (30~ - -  r (2) 
2 ( R I +  r) 2" 

The voltage ac ros s  the bridge contains a signal of the fundamental f requency and a signal with three t imes 
this f requency.  The t reb le - f requency  signal is separated and amplified by the resonance ampli f ier  RA and 
is measured  by the ac digital vol tmeter  ~DV. 

The coefficient of the rmal  activity of the surrounding medium is determined f rom an equation containing 
the t empera tu re  fluctuation I ~ I [1 ]: 
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w h e r e  

T A B L E  1. R e s u l t s  of the  Con t ro l  E x p e r i m e n t s  with G l y c e r i n e  

[, HZ W" secl/Z/ oh- ~:t:to b- X'7 W/re. :~ f•163 -%h (Fcr) 0,95 
m2. deg deg 

20.0 
40,7 
73,5 

990,9 
988,0 
998,0 

3,0 
4,5 

13,5 

I 
984--998 i 0,289 
977--991 0,285 
963-- 025 0,292 

0,285--0,292 
0,281--0,289 
0,274--0,310 

2b z + 2bd + d z = = , 

1,24 3,72 

- -  . . R 0 2 ! tocsin k = ~kRAR1 ( .2/R2 + 1) 
S ' 4 S c V ' ~ v  ' Y - -  E s kik2; 

k~= (R~ + r P  ; k 2 _  S r o 

}2 Sc  (ro)c 

(3) 

The c o e f f i c i e n t s  d and k in  Eq .  (3) c a n  b e  c a l c u l a t e d  f r o m  the  e x p r e s s i o n s  g i v e n  above ,  but  i t  i s  
b e t t e r  to  d e t e r m i n e  t h e m  by a c a l i b r a t i o n  e x p e r i m e n t  with two c a l i b r a t e d  m a t e r i a l s  whose  t h e r m o p h y s i c a l  p r o p -  
e r t i e s  a r e  known.  In  t h i s  e x p e r i m e n t ,  a c a l i b r a t e d  s e n s o r  should  be used  s i n c e  the  l eng th  of the  work ing  
s e n s o r s  can  be d i f f e r e n t .  The  d i f f e r e n c e  be tween  the l eng ths  of the  c a l i b r a t e d  and w ork ing  s e n s o r s  i s  t a k e n  
in to  accoun t  by inc lud ing  the coe f f i c i en t  k 2. 

In the  c y l i n d r i c a l - p r o b e  r e g i m e ,  two input  s o u r c e s  a r e  u sed .  Th i s  i s  b e c a u s e  h e r e  the  p r o b e  p e r f o r m s  
a l l  the  r e q u i r e d  func t i ons ,  in c o n t r a s t  with the  u s u a l  p r o b e  c o n s t r u c t i o n  which c o n s i s t s  of t h r e e  e l e m e n t s  
(namely  the  p r o b e ,  h e a t e r ,  and the  t e m p e r a t u r e  s e n s o r ) .  The  hea t ing  is  done by the dc c u r r e n t  and the m a g -  
n i tude  of the  e x c e s s  p r o b e  t e m p e r a t u r e  i s  m e a s u r e d  by the  s m a l l  v a r i a b l e  vo l t a ge  a p p e a r i n g  at  the  b r i d g e .  
S ince  the  p r o b e  r e s i s t a n c e  c h a n g e s  wi th  h e a t i n g ,  a s i g n a l  a p p e a r s  due to  the  b r i d g e  be ing  off b a l a n c e .  Th i s  
s i g n a l  i s  p r o p o r t i o n a l  to  the  e x c e s s  t e m p e r a t u r e  of the  p r o b e  and i s  a m p l i f i e d  by the  r e s o n a n c e  a m p l i f i e r  RA,  
r e c t i f i e d  and r e c o r d e d  by the  p o t e n t i o m e t e r  RP .  Us ing  th i s  r e c o r d i n g  we can d e t e r m i n e  the  e x c e s s  t e m p e r a t u r e  
of the  p r o b e  a t  two i n s t a n c e s  T 1 and r 2 in  the  q u a s i s t a t i o n a r y  t h e r m a l  r e g i m e .  The  t h e r m a l  c o n s t a n t s  of the  
m a t e r i a l  a r e  d e t e r m i n e d  f r o m  the  e x p r e s s i o n s  

i -- k3k4 In (N), (4) 
(g-, - -  g0  

a = - - e x p  - -  ln(N)--ke~.  , (5) 
"tl Y2 - -  Yl 

w h e r e  

W 
k 3 -- 

4~L 

N = ~2,'z,, Yl = k40 (z,),  Y2 = k,0 (Tz), 

_ - - ;  k 4 _  R,ro~kLr ; k s _  D exp(~), k6 4 
(R, + ro) 2 16 aD 

R e s u l t s  o f  C o n t r o l  E x p e r i m e n t s  

To find the  a c c u r a c y  of the e x p e r i m e n t a l  s e t - u p  we c a r r i e d  out c o n t r o l  e x p e r i m e n t s  with c a l i b r a t e d  
l i qu ids  ( to luene ,  d i s t i l l e d  w a t e r ,  p r o p y l  a l c o h o l ,  and g l y c e r i n e ) .  Two l iqu ids  w e r e  used  to c a l i b r a t e  the  s e t - u p ,  
and the o t h e r  two were  used  to  f ind the  a c c u r a c y  of the  e x p e r i m e n t .  F o r  the  s e n s o r  we used  a s i l v e r  w i r e  of 
d i a m e t e r  0.15 m m  and e l e c t r i c  r e s i s t a n c e  0 .1 -0 .2  I2. 

Some  r e s u l t  of the  e x p e r i m e n t  for  g l y c e r i n e ,  s t a t i s t i c a l l y  p r o c e s s e d ,  a r e  shown in T a b l e  1. S e v e r a l  m e a -  
s u r e m e n t s  w e r e  m a d e  fo r  e a c h  of the  t h r e e  f r e q u e n c i e s  of the  input  vo l t age .  The  a v e r a g e  va lue  of a quan t i ty  b,  
fo r  e x a m p l e ,  was  d e t e r m i n e d  f r o m  the e x p r e s s i o n  

= 1 X b .  (6) 
n 
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TABLE 2. Results  of the Exper iments  with Samples f rom Rein-  
forced Composite Material  

bcz, W-secgZ~ 
m z. deg 

Xcz, w/m. deg 

f. Hz 

20,0 
40.7 

20.0 
40,7 

839 
916 

0,362 
0,432 

875 
909 

0,394 
0,425 

Sample number 

3 4 

901 878 
913 947 

0,418 0,395 
0,429 0,402 

941 
976 

0,459 
0.490 

932 
983 

0.445 
0,497 

T h e  r o o t - m e a n - s q u a r e  deviation of b i f rom the average  t) was found f rom 

,/ n 

a;.~ n(n--  I) :=1 
(7) 

The confidence interval  of the average  values was determined f rom 

P(b - - to6-~  b .<~ b q- ta E) =: Pcp' (8) 

w h e r e  Pcp is the confidence probabil i ty and  t is a pa rame te r  found from the tables of the Student distribution 
[31. 

To determine the effect of frequency on the experimental  resul ts  we performed a dispersion analysis fol- 
lowing the method descr ibed in [4]. Using the F isher - -Snedecor  F test  [3] we compared the factor  and residual  
d ispers ion.  If Fch > Fc r  for  the experimentaUy determined quantities,  where Fc r  i s  the cr i t ical  value of the 
F tes t  found from tables of the F distribution [3], the effect of frequency on the experimental  results  is s igni-  
ficant.  

The control  exper iments  make it possible to make the following conclusions:  

1) The experimental  se t .up  is reasonably accura te  even for the very  small  res is tance  of the sensor  
{0.1 - -  0.2 ~).  

2) The the rma l  constants are  independent of frequency (Feh < F c r )  as expected since the proper t ies  of 
homogeneous liquids a re  independent of the depth of the layer  under investigation. Large sys temat ic  
e r r o r s  are  therefore  unlikely. 

R e s u l t s  o f  t h e  E x p e r i m e n t  w i t h  t h e  C o m p o s i t e  M a t e r i a l  

On the descr ibed exper imental  se t -up  we conducted a se r ies  of experiments  to determine the thermal  
constants of the contact zone in samples  f rom the composi te  mater ia l  re inforced by a s i lver  wire of d iameter  

0 .15  mm.  Some resul ts  of the exper iment  a re  shown in Table 2. It is seen that there  a re  differences in the 
the rmal  constants for each of the samples  at different f requencies ,  and between samples  at one frequency of 
the input voltage.  The dispers ion analysis  shows that both the frequency and sample factors  are  significant.  
F rom the resul t  of the experiment  we can make the follo~4ng conclusions:  

1) The the rmal  constants of the contact zone a re  different f rom those of the composite mater ia l  with 
= 0.33 W.m  -1 deg -1 and b = 800 W-secl /2 .  m -2 .deg -1. Wt thdecreas ing  thickness of the layer  the 

quantities Xcz and bcz dec rease .  

2) The the rma l  constants are  different even for  samples f rom the same batch. It is seen,  the re fo re ,  
that the p roper t i es  of the contact zone are  influenced by technological  fac tors  which a re  not controlled 
by the conditions of manufacture of the re inforced products .  

N O T A T I O N  

k and a ,  thermal  conductivity and the rmal  diffusivity; b, thermal  activity; c,  specific heat; e ,  bridge of f -  
balance voltage; E and f ,  the voltage and frequency of the al ternating current  supplied to the bridge; ~0, angular 
frequency; ~0, off-balance signal phase shift relat ive to the input voltage; T, t ime;  r ,  S, and m, e lec t r ic  r e s i s -  
tance, eon tac t su r face  a rea  and mass  of the probe; P, e lec t r ic  res is tance  at the mean heating t empera tu re  ~;  
/3, t empera tu re  res i s tance  coefficient; W, e lec t r ic  power; I Ol, probe t empera tu re  fluctuation relat ive to the 
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mean  T; | (r) = T - - T  0, exces s  t e m p e r a t u r e  of the probe  re la t ive  to the ini t ial  t e m p e r a t u r e  To; kRA , ampl i f i -  
cat ion coeff icient  of RA; R 1, s t a n d a r d  r e s i s t a n c e  in the br idge;  R 2 and R20, r e s i s t a n c e s  of the potent ial  d iv ider  
at the RA input; V, voltage at the output of RA; D and L,  d i a m e t e r  and length of the probe;  I/a, t h e r m a l  r e s i s  2 
tanee;  7 =0.577215, E u l e r ' s  constant;  and ~ = 3.1415926. Indices:  0, at the ini t ia l  t e m p e r a t u r e  To; s ,  r e f e r r i n g  
to the sensor ;  c ,  to the ca l ibra ted  senso r ;  and cz,  to the contact  zone.  
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N U M E R I C A L  S O L U T I O N  O F  T H E  I N V E R S E  H E A T -  

C O N D U C T I O N  P R O B L E M  F O R  D E T E R M I N I N G  

T H E R M A L  C O N S T A N T S  

N.  I .  N i k i t e n k o  a n d  Y u .  M.  K o l o d n y i  UDC 536.24.01 

We inves t iga te  the solution of the i nve r se  heat -conduct ion p rob lem for  a cy l inder ,  based 
on a s e r i e s  expansion of a t h e r m a l  constant  in powers  of t e m p e r a t u r e ,  and the d e t e r m i n a -  
tion of the s e r i e s  coeff icients  by a d i r e c t - s e a r c h  method.  

The ma jo r i t y  of expe r imen ta l  methods of de te rmina t ion  of the t h e r m a l  constants  of solid m a t e r i a l s  is  
based  on the solution of the l inear  or  nonl inear  heat equation with some  specif ic  boundary conditions [1]. The 
use of these  methods is  brought about by the necess i ty  of ensur ing  a s t a t ionary  t h e r m a l  r e g i m e ,  and mono-  
tonic or  ins tantaneous  heating to the requ i red  t e m p e r a t u r e  which p resen t s  apprec iab le  diff icul t ies .  In recent  
y e a r s  it has been p r e f e r r e d  to de t e rmine  the t h e r m a l  constants  by the numer i ca l  solution of the i nve r se  heat -  
conduction p rob l e m  [2-7]. These  methods do not as a ru le ,  impose  any r e s t r i c t i on  on the change of the bound- 
a ry  condit ions.  The physica l  p a r a m e t e r  which appea r s  in the heat equation is found in this  case  f rom the known 
boundary conditions and f rom the t e m p e r a t u r e  at  in te r io r  points .  

In the p r e s e n t  work we inves t iga te  a numer i ca l  solution of the inve r se  heat-conduct ion p rob lem which can 
be immedia t e ly  used for  the expe r imen ta l  de te rmina t ion  of the t h e r m a l  conductivity or  some  other  constant 
which appea r s  in the heat equation. The solution is  based on a s e r i e s  expansion of the requi red  t h e r m a l  con -  
s t a n t i n a s e r i e s i n  powers  of t e m p e r a t u r e  and on the de te rmina t ion  of the s e r i e s  coeff icients  by a specia i ly  
der ived method of d i r ec t  s ea r ch .  We note that  this method can be used for  the solution of any one-d imens iona l  
heat -conduct ion p rob lem with coeff ic ients  of i n t e r e s t ,  with any boundary conditions.  

The p rob lem of de te rmina t ion  of a t h e r m a l  constant  f r o m  the exper imenta l ly  m e a s u r e d  values  of t e m p e r -  
a ture  at two points of a suff icient ly long, hollow, or  dense  cyl inder  can be r e p r e s e n t e d  by the following equa-  
t ions:  

cp~Ot _ -rl OrO (r~rOt ), roareR, 0 < ~  F, (1) 

t (r, O) = qD (r), (2) 

t (/?, "0 = * (% (3) 

Ot(ro, T )  O. (4) 
Or 
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