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A method is proposed for  determining the thermal  diffusivity of mater ia ls  by recording the 
amplitude variat ion of resonance vibrations of a disk-shaped specimen of the investigated 
mater ia l  subjected to heat flux. 

We have previously [1, 2] d iscussed a method for determining the thermal  diffusivity of mater ia ls  by 
means of ultrasound. Ultrasonic vibrat ions are  excited in a specimen in the shape of a thin c i rcu la r  plate at 
a frequency close to flexural resonance~ Then one of the flat sur faces  of the specimen is subjected to a heat 
pulse f rom a pulsed gas -d i scharge  tube. The var iat ion of the tempera ture  field in the specimen and the con- 
comitant  variat ion of the elast ic  modulus cause a shift of the specimen resonance frequency, changing the am-  
plitude of its vibrat ions.  The thermal  diffusivity of the specimen mater ia l  is calculated from the r ise  t ime of 
the new amplitude value, and its heat capacity is determined f rom the amplitude increment.  The main ad- 
vantages of the method are  speed, the use of small  specimens,  and the possibil i ty of determining s imulta-  
neously a whole set of thermophysical  and physicomechanical  proper t ies ,  including the thermal  diffusivity, 
heat capacity, e~astic modulus, Poisson ratio, and internal friction. 

The given method is marked by inherent res t r ic t ions  associated with the need to record  ve ry  fast pro-  
cesses  attributable t o t empera tu re  equalization in the thickness of the specimen. It has been shown [1] that the 
t ime constant charac te r iz ing  the amplitude variat ion is ~T =h2/4rr2a. For  a specimen having thickness of 1 or  
2 mm and made f rom a mater ia l  with a high thermal  conductivity the value of ~T ranges f rom fract ions of a 
mil l isecond to a few mill iseconds,  creat ing experimental  difficulties in connection with the generation of high- 
intensity pulsed heat fluxes. 

Accordingly,  we have developed a vers ion  of the ultrasonic method for determining the thermal  diffusiv- 
ity of thin disks whereby it is possible ' ~ucrease the t ime constant of the temperature-equal iza t ion process  
in the specimen through the use of rad iosymmetr ica l  heating by a heat flux that var ies  in the radial  direction. 
Due to the large thermal-equi l ibra t ion  t ime in this case ~t is possible to use ordinary  res is tance  heaters ,  which 
have a comparat ively  slow response.  

We investigate the var ia t ion of the resonance frequency of a disk specimen subjected to the action of a 
rad iosymmet r ica l  thermal  perturbation (Fig. 1). The frequency shift in the given case is caused by two pro-  
cesses :  

1) variat ion of the elastic modulus of the tested mater ia l  with increasing tempera ture ;  

2) inception of the rmal  s t r e s se s  in the sample due to heating nonuniformity. 

If the heat flux is constant on the heating surface and its t ime variat ion is descr ibed by the step function 
q(r, t) =q01(t) l (b-r)  (Fig. 1), then with neglect of heat t r ans fe r  away from the specimen surface the t empera -  
ture  field in the specimen is descr ibed by the expression [3] 
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Ak=h for k=0  and Ak=h /2  for  k r  0; J0 i s the  Bessel  function of o rde r  zero;  v n is the root of the equation 
J'0(Vn) = 0; and Cp is the specific heat of the specimen mater ia l .  The prime on the summation sign over k and n 
signifies that the te rm with k = n = 0  is to be omitted. 

The influence of the thermal  s t r e s se s  ar is ing lnthe s p e c i m e n f o r t h e t e m p e r a t u r e  dis tr ibut ion(I)  is es t i -  
mated as follows. Inasmuch as the specimen surface is f ree  of s t r e s se s  and the specimen has a small  thick- 
ness,  the components a z z ,  a r z ,  a~o z of the s t r e s s  tensor  are  small  and can be neglected. In other words,  a 
plane s t r e s sed  state exists in the specimen.  The other components of the s t r e s s  t ensor  are  descr ibed by the 
expressions [4]: 
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in which E 0 is the Young's modulus at the test  t empera ture .  

The equation for  the free vibrat ions of the specimen with additional s t r e s ses  present  in it has the fol-  
lowing fqrm in cyl indrical  coordinates [5]: 

( O~ I a ~ O~ , ;~ Ow 0~  Ow )=phco'a), (3) 
DA*w--~r~ ~ - - - - ~ 2 - - 0 - ~ - 7  r Or e Or Or , 

where w is the t r ansver se  displacement; w is the cyclic frequency of the vibrations;  A is the Laplace operator;  
+ M 2  

f E z2dz. The and D is the flexural stiffness of the plate, calculated according to the formula  D = .. I ~ U  quan- 

--h/2 

t i t ies ~ r r  and ~pq~ are interpreted as the s t r e s s  tensor  components integrated with respect  to the z coordinate.  

The equation for  the free vibrat ions of a plate Specimen pr ior  to the action of heat flux has the form 

DoA~W(~ == phco0w(~ (4) 

Here the index 0 re fers  to the values of the part icle  displacements w, natural frequencies w, and stiffness D 
before thermal  perturbation.  The solutions of Eq. (4) are  well known [5, 6]. 
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Fig. 1. Diagram of thermal  
t rea tment  of specimen.  
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Fig .  2. Var i a t ion  of the  s p e c i m e n  v ib ra t ion  p a r a m e t e r s  
due to t h e r m a l  pe r t u rba t i on  of the spec imen .  1) 6 IA = 
B2exp[-t/~-R]; a) va r i a t ion  of  r e s o n a n c e  curve ;  b) amp l i -  
tude v a r i a t i o n  5 A, a r b i t r a r y  uni ts .  
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F ig .  3. Block  d i a g r a m  of i n s t r u m e n t a t i o n  used to m e a s u r e  
the  t h e r m a l  di f fus ivi ty  of m a t e r i a l s  by means  of u l t r a -  
sound~ 

T A B L E  1. Resu l t s  of Cont ro l  M e a s u r e m e n t s  of T h e r m a l  Dif fus iv i ty  
by the Ul t r a son ic  (US) Method 

Material 

Armco iron 
Steel Kh18NgT 
Bismuth (99.995% 

pure) 

Aluminum (99.99% 
pure) 

Titanium alloy 
VT-8 

Specimen 
dimen., mm 

29,0 
19,9 

' 23,4 

i 35,2 
20,1 

I 20, 1 

5,3 
2,9 

4,0 

4,0 
2,4 
3,6 

r 

"C R , 
~.O s e c  

O 

47,4 
61,2 

20,2 1,43:6,52 ! , 8,4 
: ! 

28,4 0,2t51 97,6 I 3,8 
49,6 i 2,31 2,98 '~ 6,8 
59,1 i2,37 i 2,92 i 3,5 

J 
measured by 
US method 

I - - -  

0,636122,5 i 8,2 
2,12 3,21 8,5 

Thermal diffusivity 

o 
o o 

. . o ~  O 

21,9 [91 
3,64 [91 

6,42 [9] 

88,5 [i0] 
3,16110] 
3,26110] 

;2, 
o 

e~ 

--2,7 
--11,8 

-i-1,6 

-'10,3 
.-5,7 
--7,6 

We wr i t e  Eqs .  (3) and (4) in the  o p e r a t o r  f o r m  

7~.w + ~ w  ~ z~, (3a) 

~ow(o) = ~ (o)w(o)" (4a) 

Here  I'0 =A2, and X(~ = p hw2/D o is the e igenvalue  of the unpe r tu rbed  equat ion.  The pe r tu rba t i on  o p e r a t o r  
L1, as  impl ied  by (3) and (4), is wr i t t en  in the f o r m  

be_(~2) (jz2@(r'z@h/2't)dz)5~--l(-Do- -0~-02 ~;~F2- --~2-02 0 O~rr O) 
' r O r  ~ Or Or ' D0(1 -h/2 
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where b E = d E / d ~  is the t empera tu re  coefficient of the elast ic modulus. 

Numer ica l  es t imates  for the charac te r i s t i c  quantities E, ~, (~T, h, and r 0 show that the second t e rm in 
the equation is much smal le r  than the f i rs t ,  i.e., I, lw/I ,  ow<<l. Consequently, the thermal  perturbat ion may be 
regarded  as small .  Now, assuming that the solutions of Eq. (4) are  known, we invoke l inear perturbat ion meth-  
ods to solve Eq. (3). In accordance  with the general  postulates of l inear per turbat ion theory  [7] the var ia t ion 
of the eigenvalue due to the perturbat ion has the fo rm 

where V is the volume of the sys tem.  

6;r ! wC~176 / !" [w(Oq~ dV, 

Then for  the shift of the m- th  natural f lexural  f requency of  the sample, 
where m = 0,1 . . . . .  we obtain the express ion 
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The quantities Amn and Mmn do not depend on the t ime.  

The f i r s t  sum in expression (5) descr ibes  the contribution of thermal  s t r e s s e s  to the var ia t ion of the 
specimen natural frequencies,  and the second sum descr ibes  the contribution of the change in flexural st iffness 
of the disk. It is evident f rom (5) that for  a radial ly nonuniform heat flux the t ime variat ion of the resonance 
frequency can be represented  by a sum of exponentials with different t ime constants.  Some of the time con- 
stants charac te r ize  the equalization of the tempera ture  field in the specimen thickness,  while others descr ibe 
its radial equalization. The largest  "thickness" t ime constant is v T =h2/4~r2a, and the larges t  "radial" t ime 
constant is "rR=r~/v~a ,where  vl =3.83 is the f i rs t  root of the equation Jl(vl) =0. The ratio TR/I" T =(1.64 
r J h )  2 >>1. 

It is evident f rom Eq. (5) that the summed t e rms  decay rapidly with increasing indices k and n, hence the 
equation can be l imited to the f i rs t  few t e rms  of the sums.  Retaining t e rms  with n = l  and k = 0  in (5), we obtain 

the relat ion 

- ) f ~  = gt - -  c(1 - -  exp {-- t/xR}), (5a) 

in which g and c a re  constants .  

The perturbat ion-induced var iat ion of the natural frequency can be recorded  on the basis of the amplitude 
var iat ion of the specimen vibrat ions near  the given frequency (Fig. 2a). If curve 1 is the resonance variat ion 
before thermal  perturbat ion and fr~ is the corresponding resonance frequency, then at a driving frequency fk 
the vibrat ion amplitude is equal to A 1. When the resonance curve changes to the form of curve 2 under the in- 
fluence of thermal  perturbation,  the vibrat ion amplitude assumes  the value A 2, When the amplitude var ia t ions  
take place on the l inear par t  of the slope of the resonance curve, we have 
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A 2 - -  A1 = 5A = (AA/A[r ) 5fr . 

Therefore ,  

6A := B~t + B2 (I - -  exp {-- i/T~}), (6) 

where B 1 and B 2 are  t ime-independent  mul t ip l iers .  Now the t ime var iat ion of the amplitude has the form shown 
in Fig.  2b. It follows f rom Eq. (6) and Fig.  2b that the difference between the experimental  curve (solid) and 
its asymptotic  representa t ion extended to zero  (dashed) is descr ibed by the exponential function 

~,A = B~ exp {-- t/~R}, 

f rom which, taking the logari thm, we can determine the t ime constant T R and the thermal  diffusivity of the ma-  
ter ia l  according to the slope of the result ing straight  line. 

A block diagram of the instrumentat ion used to implement the method is given in F ig .  3. The h igh- f re -  
quency osci l la tor  1 drives the piezoelectr ic  emit ter  2, which is attached to the rod- type acoustic line 3. The 
ul t rasonic  vibrat ions generated by the piezoelectr ic  emi t te r  propagate along the acoustic line and excite v ib ra -  
tions in the sample 4, which are  recorded  through the acoustic line 8 by the piezoelectr ic  receiving t ransducer  
9. The signals f rom the lat ter  a re  amplified by the amplif ier  10, and after  detection by the detector  11 the envelope of 
the high-frequency signal is recorded  on the screen  of the electronic osci l loscope with m e m o r y  12. The thermal  pe r -  
turbation is c rea ted  by the motion picture pro jec tor  lamp 5 through the ir is  7, and a s tep-change of the heat 
flux is real ized by means of the shutter  6. A high-frequency osci l la tor  of the type GZ-7A and an amplif ier  of 
the type USh-10 are  used. The t r ansducers  a re  TsTS-19 lead z i r cona t e - t i t ana t e  piezoelectr ic  ce ramics  with 
a d iameter  of 6 mm and thickness of 3 mm. The device used to attach the specimen to the acoustic lines and 
t r ansducers  has a const ruct ion identical to that descr ibed in [8]. The projector  lamp has a power rating of 
500 W. 

The resul ts  of control measurements  per formed at room tempera tu re  are  summar ized  in Table 1. The 
table indicates agreement  of our resul ts  with handbook data, allowing for measurement  e r r o r s .  The rms Scat- 
t e r  of the resul ts  of individual measurements  is 4 to 8%. We note that the measurement  resul ts  are  not affected 
by the uniformity of the heat flux, because the lat ter  determines  only the values of the individual components 
in express ion (6). 

Thus, the given method can be used to measure  the thermal  diffusivity of mater ia l s .  The possibil i ty of 
determining, in addition to the thermal  diffusivity, the values of the elastic constants by application of the pro-  
cedure descr ibed  in [8] puts the given method in the c lass  of fast  and efficient techniques for assess ing  the 
proper t ies  of new mate r ia l s .  The asset  that the ul trasonic t ransducers  and thermal  perturbat ion source  can 
be placed at a good distance f rom the measured  object ensures  the capability of conducting measurements  in 
radioact ive radiation fields at high t empera tu res .  Calculations show that hea t - t r ans fe r  cor rec t ions  can be 
d is regarded up to values of the Blot number Bi -~ 0.5, which corresponds  to tempera tures  up to 2000-2500~ 
for specimens 10 to 15 mm in d iameter .  

NOTATION 

~'R, ~-T, t ime constants charac te r iz ing  the t empera tu re  var ia t ion in the specimen; a, thermal  diffusivity; 
h, r0, thickness and radius of specimen; r, z, instantaneous coordinates;  t, t ime; q, heat flux; b/2,  radius of 
heated section of specimen surface;  | t empera tu re  var ia t ion of specimen due to heat flux; p, density of speci-  
men; ~, Poisson  ratio; E, Young's modulus; ~ r r ,  ~ r~,  ~(p(p, components of thermal  s t r e ss  tensor  in specimen; 
ST, thermal  coefficient of l inear expansion; D, f lexural  stiffness; w~ vibrational displacement; bE, t empera -  
ture  coefficient of elastic modulus; w (~ =2~f(~ natural cyclic frequency of specimen vibrations;  5 A, recorded  
var iat ion of vibration amplitude; Bi, Biot number.  

1. 

2. 

3. 
4. 
5. 

6. 
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E X P E R I M E N T A L  S T U D Y  O F T H E  T H E R M A L  

C O N D U C T I V I T Y  O F  W E A K L Y  A B S O R B I N G  

IN L A Y E R S  T R A N S P A R E N T  T O  I N F R A R E D  

B .  I .  I I ' i n ,  V .  F .  S a l o k h i n ,  
a n d  G .  G .  S p i r i n  

L I Q U I D S  

R A D I A T I O N  

UDC 536.22 

The t h e r m a l  conductivi t ies  of a n u m b e r  of organic  liquids a re  de te rmined  by a t r ans ien t  method 
under  i r r e g u l a r  t h e r m a l  condit ions.  

A grea t  deal of expe r imen ta l  work  has  been Carr ied  out in the last  few y e a r s  in connection with the in- 
fluence of radia t ion on the rma l -conduc t iv i ty  m e a s u r e m e n t s  in s e m i t r a n s p a r e n t  media ,  a ca tegory  including 
the m a j o r i t y  of l iquids.  M e a s u r e m e n t s  have mos t  f requent ly  been based  on the mos t  widely accepted  s t eady-  
s ta te  methods (plane l aye r s ,  coaxial  cyl inders ,  heated f i l aments ) .  Theore t i ca l  ana lys is  [1-5] and a cons ide r -  
able number  of expe r imen ta l  invest igat ions [3, 5-8] show that the influence of radiat ion e x p r e s s e s  i t se l f  as a 
dependence of the t h e r m a l  conductivity on the t h i c k n e s s  of the l ayer  used fo r  the m e a s u r e m e n t s .  The molecu-  
la r  t h e r m a l  conductivity is approx ima te ly  obtained on extrapolat ing this re la t ionship  to ze ro  l ayer  th ickness .  

The re  a re  ce r ta in  poss ib le  ways of e l iminat ing the effect of radia t ion on the r e su l t s  of t h e r m a l - c o n d u c -  
t iv i ty  m e a s u r e m e n t s ;  these  include the s o ' c a l l e d  t rans ien t  methods,  e spec ia l ly  those involving i r r e g u l a r  t h e r -  
m a l  condit ions.  These  methods a r e  mos t  f requent ly  rea l i zed  by the t rans ien t  heating of a me ta l  f i lament  im-  
m e r s e d  in the liquid, with s imul taneous  record ing  of i ts  t e m p e r a t u r e .  The use  of v e r y  thin f i laments  with a 
low intr insic  heat  capaci ty  enables  the t h e r m a l  conductivi t ies  to be m e a s u r e d  quite rapidly,  so that the region 
(layer) over  which the m e a s u r e m e n t  is c a r r i e d  out m a y  be re la t ive ly  smal l .  Fo r  a broad  c lass  of weakly ab-  
sorb ing  liquids, the th ickness  of this l ayer  m a y  be s m a l l e r  than the mean  f r ee  path of the photons c h a r a c t e r -  
izing in f r a red  radiat ion.  The radia t ive  mechan i sm of heat t r a n s f e r  may  then be a lmos t  en t i re ly  neglected,  and 
the value of the t h e r m a l  conductivity obtained under these  specif ic  conditions m a y  be identified with the molecu-  
l a r  t h e r m a l  conductivity.  T h e  influence of radia t ive  heat t r a n s f e r  then only appea r s  as a loss  of some  of the 
heat  f r o m t h e  su r face  of the hea te r  and f r o m  the in te r io r  of the layer  into which the t rans ien t  t e m p e r a t u r e  field 
pene t r a t e s .  The  total  extent of these  lo s ses  is smal l  in the case  of b r i e f  m e a s u r e m e n t s  and need not be taken 
into account.  

The c r i t e r ion  of " t r anspa rency"  as r ega rd s  t h e r m a l  radia t ion may  be wr i t t en  in the fo rm 

l >  I*, (1) 

where  

l = ~  1 Ou dv /~ au l* 
" ,, a , , ,  = 

In o rde r  to e s t ima te  l" it is sufficient  to l imit  cons idera t ion  to monochromat ic  radiat ion of f requency v 0 
cor responding  to the m a x i m u m  of the Planek dis t r ibut ion function at the pa r t i cu l a r  t e m p e r a t u r e .  In this case  
l = l /kv0,  and inequality (1) may  be e x p r e s s e d  in the f o r m  
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