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An approximate solution is presented for the temperature  field of a spherical  thermoacoust ic  
rece iver  with internal heat sources .  For certain dimensions of the thermal  sensor ,  the heat-  
ing due to the absorption of the field of waves diffracted at the sensor must be taken into ac-  
count when calculating the freauency dependence of the sensitivity of the spherical  rece iver .  

Thermoacoust ic  r ece ive r s  used for measuring the strength of sound vibrations operate on the pr in-  
ciple of converting acoust ic  energy into thermal  [1, 2]. 

Let us consider a spherical  thermoacoust ic  rece iver  comprising a tempera ture-sens i t ive  element 
(thermocouple, semiconducting thermores is tance ,  etc.) covered with a sound-absorbing material .  In order  
to be specific, we may take a thermal  element of the differential type (containing two sensors)  as an ex- 
ample of a t empera tu re -measur ing  device (Fig. 1). 

A block diagram represent ing the measurement  of acoustic intensity in a liquid bath 1 is shown in 
Fig. 2. At a certain distance from the source of the acoustic vibrations 3, lying outside the zone of the 
thermal  boundary layer ,  is the hot sensor  2 of the differential thermoacoust ic  receiver ;  the cold sensor 4 
is placed outside the zone of acoust ic  action, so that its temperature  is equal to that of the surrounding 
medium. The voltage at the output of the thermoacoust ic  rece iver  is recorded  by the indicator 5. 

We shall charac ter ize  the thermoacoust tc  rece iver  by a sensitivity 

U 
7 -- (1) 

I 

The voltage U is related to the temperature difference TI -T  0 between the hot and cold sensors by the rela- 
tion 

U = ~l (T1-- To). (2) 

The quantity ~/ character iz ing the proper t ies  of the bimetal connection may be found f rom the equation 

(~ n 1 a q = - -  In 
e n z 

Thus the calculation of sensitivity amounts to a determination of the t empera tu re  difference T 1-  T O 
= ( T i - T s u r )  + (Tsur-T0)  between the hot and cold sensors ,  for which purpose we require  to find the t em-  
perature  field both within the hot sensor  of the thermoacoust ic  rece iver  (T 1-  Tsur) and also outside it 

( T s u r -  To). 

Let the hot sensor  of the spherical  thermoacoust ic  rece iver  consist  of a thermocouple with radius a 
and a spherical  rubber layer of thickness R - a .  

Let us neglect the losses of acoust ic  energy in the metal thermocouple by comparison with the losses  
in the sound-absorbing rubber layer.  Then in the thermal  respec t  the hot sensor  of the thermoacoust ic  
rece iver  may be considered as comprising two concentric spheres ,  of which the inner one contains no heat 
sources  while the outer one is filled with heat sources having an output rate Q(r, 0, r  We shall calculate 
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Fig. 1. Spherical  the rmoacous t i c  
r e c e i v e r :  1) thermocouple  of the 
hot sensor ;  2) sound-absorbing  
layer ;  3 ) r u b b e r  tube for taking 
out the supply cables; 4) t h e r m o -  
couple of cold sensor ;  5) cable 
feeding the t he rma l  r ece ive r .  

2 
f 

Fig. 2. Block d iag ram of the 
measur ing  sys tem.  

the t e m p e r a t u r e  field in a spher ica l  coordinate sys t em r ,  0, fz with its 
origin in the center  of the hot sensor .  

In o rde r  to de te rmine  the t empe ra tu r e  different ia l  t = T 1-  Tsur ,  
we make use of the different ial  equation of heat  conduction under s teady 
t he rm a l  conditions, allowing for the internal heat  sources  [3]. Limiting 
considerat ion to the s p h e r i c a l l y - s y m m e t r i c a l  case  of heat  t r a n s f e r ,  in 
which the t e m p e r a t u r e  is independent of fp and 6, and a lso  to convective 
heat  t r an s f e r  without forced circulat ion (which is valid for  operat ion in 
l imited baths),  the heat-conduct ion equation may be wri t ten in the fol-  
lowing fo rm 

02T 2 OT 1 
Or ~ -~ r Or 4- ~ q(r) =0.  (3) 

Making a change of va r i ab les  T = ~-(r)/r we obtain 

a~  r 
Or 2 )~ 

Q(r), (4) 

which on integrat ion yields  

r "~ Q (r) rdr ~- C' dr -~ r (5) 

Let us consider  a t he rma l  r e c e i v e r  in the fo rm of a composi te  medium consis t ing of a spher ica l  l ayer  
of sound-absorbing  ma te r i a l  (rubber) and an e las t ic  spher ica l  inclusion ( thermocouple junction). Then the 
absorpt ion  of acoust ic  power in the inside of the the rma l  r e c e i v e r  de te rmined  by the output of the internal  
heat  sources  may  be cha rac t e r i zed  by the absorpt ion of the waves  falling on the the rmoacous t i c  r e c e i v e r  and 
the absorpt ion of the di f f racted sound waves  [4]. In o rde r  to de te rmine  the opt imum radi i  of the t h e r m o -  
couple and sound-absorbing l ayer  corresponding to the max imum sensi t iv i ty  of the the rmoacous t i c  r e c e i v e r ,  
it is convenient to calculate the effects  due to the absorpt ion of these waves  separa te ly .  

The output of the internal  heat  sources  Q (r) is re la ted  to the total acoust ic  power within the t h e r m o -  
acous t ic  r e c e i v e r  by the following equation 

Q(r) = Qinc (r) -~ Qdif (r)= d (W~inc- {- ~/dif ) 
4 ~r2dr (6) 

Neglecting the re f lec t ions  f rom the absorbing  layer / l iqu id  in terface  (in view of the smal l  dif ference 
between the wave impedances of the liquid and the rubber) ,  the sca t te r ing  field assoc ia ted  with the conduits 
leading f rom the thermocouple ,  and a lso  absorpt ion in the thermocouple  i tself ,  we may de te rmine  the total  
flow of energy  in t e r m s  of the d i sp lacements  and mechanical  s t r e s s e s  developing in the sound-absorbing 
l aye r  of the spher ica l  the rmoacous t i c  r e c e i v e r .  
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The solution to a p rob lem of this kind was presented  in [4] for an inclusion in the fo rm of a hollow 
sphere .  Carry ing  out an analogous discussion for an e las t ic  medium,  and allowing for  the numer ica l  r e -  
lat ionships between the p a r a m e t e r s  of rubber - l ike  and meta l l ic  media ,  a f te r  cer ta in  t r ans fo rma t ions  ap-  
p ropr ia te  to the case  of Rayleigh sca t ter ing ,  we obtain the following express ions  for the components Win c 
and Wdi f of the energy  flow averaged  over  the per iod in question 

~ino = _s ~r3~i, (7) 
3 

= - f r o + 2  (s) 

Substituting Eqs. (7) and (8) into Eq. (6) we find 

qinc (r) = 2 I~, (9) 

Qdif (f) = 2  I~e a--~s (10) 
r 4 , 

where  the coefficient 

gj%:- 
The integrat ion constants C' and C" in Eq. (5) a re  de te rmined  f rom the boundary conditions, which 

a s sume  the fo rm 
dT dT 
- - I ~ l = - - B i T I r = l ; - ~ r  7ffi =0,  (11) 

where the Blot c r i te r ion  Bi = a R / h .  

In o rder  to calculate the h e a t - t r a n s f e r  coefficient a we must  de te rmine  the law of heat  t r ans fe r  at the 
outer  surface  of the absorbing medium. This may be done, for  example ,  by using the nomogram for the 
law of motion of a liquid p resen ted  in [3]. 

In o rde r  to calculate the t e m p e r a t u r e  difference Tinc(r),  in Eq. (5) we substi tute the ra te  of output 
of the sources  Qinc(r) given by Eq. (9): 

Tin c (r) = _ Q i n c  r 2 ~_C1 _}_ C2 (12) 
6), r 

Using the boundary conditions (11) we find 

C 1 = - - 2  8a3; C~ = e(1 § 2 a a) + 2 e(1 _ ~ a )  (13) 
Bi ' 

w h e r e  

Qinc R2" (14) e -= - - ~ - -  

Substituting (13) into (12), we obtain the following express ion  for  the heating of any point of the l ayer  
re la t ive  to the liquid: 

3Bi J 

T rans fo rming  Eq. (15) with due allowance for (9) and (14), we find an express ion  for the t e m p e r a t u r e  
differential  c rea ted  by the absorpt ion of the incident waves:  

As Bi ~ ~, corresponding to the m e a s u r e m e n t  of very  low intensit ies (under 3 W/cm2),  and g = 0, we 
obtain the o rd inary  solution for  the heating of a sphere  with a uniform distr ibution of heat  sources  [31 

~ph = ~ ( R2 - -  r2) �9 

304 



In o rde r  to calculate the t e m p e r a t u r e  di f ferent ia l  Tdif( r ) ,we substi tute (10) into (5): 

~f ( O = - T  ~ ~ -F" 
Let us integrate  (17), exp re s s  it in d imens ion less  fo rm,  and de te rmine  the integration constants  f rom 

the boundary conditions 

C3 = 2131 EaaR~ [ 1 1 a - - l ]  2t5I 
L - -2  - -  T q- ~ -  , C, -- ~, Ea'R 4. (18) 

Then 

Tdi f (7)= 15IER~5 ' ( ( 1 - - r ) [ 2 r : a ( 1  +})] _]_ 2(a--l___~)t. ~ (19) 
)~ r ~ Bi  

The t e m p e r a t u r e  of the sensor  T(a-) re la t ive  to the t e m p e r a t u r e  of the liquid is given by the sum of 
two components:  the t e m p e r a t u r e  different ia l  c rea ted  by the absorpt ion of the incident waves  

m c  3LJ ( l+2a ) (1 - -a )~+  1--an 
3 Bi  ' 

and that c rea ted  by the diffracted waves  

~IR' [ 2(a-- l)  ~1  Td~ f (a) = ~ 3ER ~ ~ (1-- @ + B----T--- " 

(20) 

(21) 

For intensi t ies  of the sound signal l ess  than 3 W / c m  2, such as a r e  usual ly  encountered in p rac t i ca l  
acous t ic  m e a s u r e m e n t s  in liquid baths ,  Bi = ~. The computing equations (20) and (21) then simplify.  In 
this case  the function Tdif(~ ) has a max imum for  E = 0.66. Numer ica l  ana lys is  of Eqs.  (20) and (21) shows 
that,  for p rac t i ca l ly  all  s izes  of t he rma l  r e c e i v e r s  usual ly employed (radius R of the o rde r  of a few mm or 
over) ,  in the sonic f requency range 

3ERda ~ _ >> (1 -t- 2a) _ , 
a=0,66 a=0.66 

i . e . ,  

Tdi f (0.66) >> T-mc (0.66). 

Hence the max imum sensor  t e m p e r a t u r e  T(~) is reached  for ~ = 0.66. 

Substituting (20) and (21) into (10) with Bi = ~ and allowing for Eq. (2) and the equation T 1 - T  0 
= Tinc(~  ) + Tdif(~),  we obtained the following re la t ionship  for the sensi t ivi ty  of the spher ica l  t he rma l  r e -  
ce iver :  

7 =r l  ~ -  15(1 - - a )  2 ER~ a +2a____~l . (22) 

The calculated values of the quantit ies Yinc and 7dif, which constitute components  of the sensi t iv i ty  
Y, a re  shown in Fig. 3 as  functions of the d imens ion less  radius .  

We ca r r i ed  out a calculation for  c o p p e r - C o n s t a n t a n  thermocouples  of var ious  radi i  vulcanized in a 
l ayer  of rubber  of the IRP-1075 type. The continuous curves  l ,  2, 3 were  calculated for a f requency co 
and the broken  curves  4, 5, 6 for a f requency 0.260. We see f rom Fig. 3 that the heating of the sensor  due 
to the absorpt ion  of the diffracted waves  may,  for  cer ta in  d imensions  of the sca t te r ing  object ,  exceed the 
heating due to the absorpt ion  of the incident wave by a fac tor  of seve ra l  t imes .  

Figure 3 a lso  shows the exper imen ta l  curve 7, a f te r  normal iz ing  its maximum to the max imum of the 
calculated curve 3. The compara t ive  calculated and exper imenta l  data p resen ted  in Fig. 3 a r e  in excel lent  
a g r e e m e n t  and justify the proposed  method of calculating the sensi t iv i ty  of spher ica l  the rmoacous t i c  r e -  
ce ive r s .  

The analyt ical  expres s ions  given for de termining  the sensi t iv i ty  of the rma l  r e c e i v e r s  containing 
thermocouples  as t e m p e r a t u r e - s e n s i t i v e  e lements  may be used for  any type of sensi t ive  spher ica l  e lement  
(including semiconduct ing types) and any sound-absorbing mate r i a l .  
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Fig. 3. Relation between the 
sensi t ivi ty  of the t h e r m o -  
acoust ic  r e c e i v e r  and the di -  
mens ionless  radius  of the 
thermocouple  (R = 0.3 cm): 
1, 4) ~inc; 2, 5) 7dif; 3, 6) y; 
7)experiment; ~, dimension- 
less; Y in mV-cm2/W. 

Thus our the rmal  calculat ions and exper imenta l  verif icat ion have shown that, in calculating the sen-  
si t ivi ty of the rmoacous t ic  r e c e i v e r s  in which the d imensionless  radius  of the thermocouple  E equals 0.3 or  
over ,  allowance should be made for  the additional heating due to the absorpt ion of waves  diffracted at the 
thermocouple  in the inside of the the rmoacous t i c  r ece ive r .  The frequency cha rac t e r i s t i c  of the sensi t iv i ty  
may be of a nonlinear nature.  
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N O T A T I O N  

is the output voltage of the the rmoacous t i c  r ece ive r ;  
is the intensity of the acoust ic  waves at  the point of observat ion;  
a re  the ave rage  t empe ra tu r e s  inside the hot and cold s enso r s  of the the rmoacous t i c  
r e c e i v e r ,  respect ive ly ;  
is the t empe ra tu r e  on the surface  of the the rmoacous f ic  r ece ive r ;  
is the Bol tzmann 's  constant; 
is the charge on the e lectron;  
a r e  the number  of e lec t rons  in unit volume of each conductor,  respec t ive ly ;  
is the t he rm a l  conductivity of the ma te r i a l  of the sound absorber ;  
is the t e m p e r a t u r e  different ial  a t  the point of observa t ion  re la t ive  to the sur face  t e m -  
pe ra tu re  of the the rmoacous t i c  r ece ive r ;  
is the cur ren t  t empera tu re ;  
is the output of internal  heat  sources  d is t r ibuted over  the volume of the t h e r m o -  
acoust ic  r ece ive r ;  
a r e  the cu r r en t  coordinates  in the spher ica l  sys tem;  
is the radius  of the hot sensor  of the the rmoacous t i c  r ece ive r ;  
a re  the t i m e - a v e r a g e d  powers  of the internal  heat  sources  due to the absorpt ion of 
the incident and diffracted waves ,  respec t ive ly ;  
is the p r e s s u r e  absorpt ion coefficient  in the sound-absorbing medium; 
a r e  the r ea l  pa r t s  of the wave numbers  of the longitudinal and t r a n s v e r s e  waves  in 
the sound-absorbing ma te r i a l ,  respect ive ly ;  
a r e  the densi t ies  of the sound-absorbing medium and the sensor ,  respec t ive ly ;  
a re  the loss  coefficients  assoc ia ted  with shear  vibrat ions and velocity,  respec t ive ly ;  
a re  the r ea l  pa r t s  of the Lamd constants of the sound-absorbing medium; 
a re  the t e m p e r a t u r e  d i f ferent ia ls  due to the absorpt ion of the incident and diffracted 
waves ,  r e spec t ive ly ,  e x p r e s s e d  as functions of the d imens ion less  radius  of the sen-  
sor;  
is the h e a t - t r a n s f e r  coefficient of the sound-absorbing mate r i a l .  
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