
r 

PRECISION CALIBRATION OF BY THERM0 ELEC TRI C 
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University of I l l i n o i s  

Urbana , I l l i n o i s  

F!?= -- The highly  stable,  small and readily  constructed  ultrasonic probe, 
eve oped and i n  use a t  this   laboratory  for   the  past   f ive  years ,  i s  discussed 

from the  point of view of construction,  calibratiod and operation, ' Tnis 
transient  me, thermoelectric probe yields  information  concerning  the  pressure 
mplitude,   particle  velocity amplitude  and in t ens i ty  of the  ultrasonic f i e l d  i n  
which it is placed. If the   f ie ld   charac te r i s t ics   a re  hown,  the  principle of 
operation of the probe provides a method f o r  determining  the  absorption  coeffi- 
cient of lrdnute quantit ies of material. 

INTRODUCTION 

bowledge of the  follouing sound f ie ld   var iab les  i s  su f f i c i en t  to completely 
specify  the  characterist ics of an a c o u s t i c   f i e l d   a t  a single  posit ion by making 
observations a t  that   posi t ion only: the  particle  velocity  amplitude,  the  direc- 
t ion of the  particle  velocity,  the  pressure  amplitude, and the phase relationship 
between the  pressure and the particle  velocity.  In  general,  ultrasonic  probes 
f o r  use i n   l i q u i d s  respond t o  only a s ingle   f ie ld   character is t ic .  An example of 
th i s  i s  the piezoelectric type probe which responds t o  the  pressure. It would, 
of course, be highly  desirable  to have available a device which woula respond t o  
a suff ic ient  number of f i e ld   cha rac t e r i s t i c s  at a point i n  order t o  completely 
describe  the  f ield at this   point .  At the  present  t ime,  this does not appear 
feasible. 

For some applications  the  thermoelectric  probe  described  in this paper 
has some d i s t i n c t  advantages  over the  piezoelectric probe i n   t h a t  it yields  
directly  values of the  particle  velocity  amplitude and the  pressure  amplitude 
i n  acoustic f ields of any configuration  including both f r ee  and standing wave 
fields.  For the  traveling  plane wave f i e ld ,   t he  probe yields  &%he acoustic 
intensity,  A most important  aspect of t h i s  probe is  the  precision  with which 
resul ts  can be obtained, It i s  possible with t h i s  device to obtain  values f o r  
the pressure  amplitude  and  particle  velocity  amplitude  with an uncertainty of 
not more than 22 per cent.  Indeed, one can study  the  f ine  structure of an 
u l t rasonic   f ie ld   in  a liquid,  with  this  instntlnent i n  the megacycle frequency 
r a g e  . 
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PROBE CONSTRUCTION 

The probe i s  constructed  as A thermocouple junction i s  imbedded 
i n  a l iqu id  sound absorbing medium. The absorbing medium i s  separated from the 
medium i n  which the sound f i e l d  i s  t o  be examined by thin  polyethylene  sheets 
(0.903 inch  thickness). The thermocouple  wire (0.0005 inch  diameter in the 
neighborhood of the  junction and the  polyethylene windows are  supported by a 
stainless-s teel ,   cyl indrical  frame which h a s  an inner diameter ( o r  aperture) 
large enough t o  admit the  passage of  the sound beam through it without  producing 
disturbance  to  the beam (Fig. 1). 

‘OLYETHYLENEl \ THEHMOCC~.JFLE 
DIAPHRAGMS L -- 
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Fig. 1 - Schematic diagram of a thermoelec- 
t r i c  probe. 

The acoustic  absorbing matehal is  chosen to  have a density and acoustic 
velocity which closely match those of  the   l iqu id  i n  which the so.und field is t o  
be examined. For  investigations of u l t r a s o n i c   f i e l d s   i n  water and various salt 
solutions,   castor oil is a sui table  imbedding material since it has the proper 
combination of a relatively  high  acoustic  absorption  coefficient and a density 
and sound velocity which closely match those  of dilute salt solutions. The 
percentage of incident sound energy ref lected at the  interfaces is, therefore, 
negligibly small. In   the neighborhood of the thermocouple junction,  the tnermo- 
couple  wires  are  etched down to O.COO5 inch  diameter ( o r  @,.Cl3 mm). For  a f re-  
J+ 

Design detai ls   in   preparat ion,  F. J. Fry. 
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The output of the probe, i.e., the  thermoelectric emf produced *e tern- 
F r a b e  change a t  the  themcouple  junct ion  resul t ing from exposure to an scow- 
t i c  disturbance, Can be observed by a number of di f fe ren t  methods. Two such 
=.thods are shorn i n  Fig. 2. Figare 2a shows the probe  connected d i rec t ly  to a 
n a p e t i c  oscillograph. The deflection of t he   l i gh t  beam is recorded  photographi- 
r&llp. Figure shows the probe  connected t o  a low noise  amplFfier which is 
b m  connected to a oscilloscope. The deflection of  the  oscilloscope beam i s  

recorded  photographically. 

The thermocouple pmbe  functions in the  following manner. The sound source 
it excited to produce a single,  square-wave acoustic  pulse  of one-second dura- 
tion. Figure 3 i s  a photograpbic  recording  indicated by the  deflection of -&e 
oscil loscope beam (see  Fig. 2a) resul t ing from the thermoelectric emf produced 
by the temperature change experienced by the thermocouple junction due an 
acoustic  pulse of one-second duration. A re lat ively  rapid r i s e  occurs j u s t  
&er i n i t i a t ion  of the  disturbance. This is followed by an “almost l i n e a ”  
rise for the remainder of the pulse. After cessation  of the sound, a rapid fall 

Thermocouple 
Probe 

\ I Magnetic 1 

A 

Thermocouple 
Probe 

B 

Fig. 2 - Block diagram i . l lus t ra t ing two methods of  
observing  the  thermoelectric emf produced 
by the  thermocouple junction. 
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Fig. 3 - A photographic  recordin& of the 
deflection of the  oscilloscope 
beam resul t ing from the thermo- 
e l e c t r i c  emf produced by the ten- 
perature change experienced by 
the thermocouple junction due t o  
an acoustic  pulse. 

i n  temperature  occurs  followed by a slow re turn  of the temperazure to its value 
preceding  the  disturbance. The init ial ,  rapid  increase  in   tenperatwe  resul ts  
from the  conversion of acoustic  energy into heat by the  viscous  forces  acting 
between the  wire and t he   f l u id  medium.l This  phase of the  temperature  events 
approaches  equilibrium  rapidly. The second  phase of the  temperature  sequence, 
the  "l inear" part,  i s  caused by absorption of sound i n  the bo* of the  f luid 
medium.  The closeness  of approach of t h i s  phase to   l i nea r i ty  during irradiat ion '  
i s  dependent  upon the  acoustic  amplitude,  the form of the  variation of  the 
acoustic  absorption  coefficient with temperature, the heat  conductivity  coeffi- 
c ien ts  o f  t h e   f l u i d  and the  wires,  the  duration of the acoustic  disturbance and 
the  acoust ic   f ie ld   dis t r ibut ion.  With a suitably designed probe t h i s  second 
phase enables one t o  compute the  absolute sound i n t e n s i w  for the  plane  traveling 
wave case i f  the absorption  coefficient of the imbedding medium is known. If 
the absolute sound intensitg- is known the  acoustic  absorption  coefficient can be 
calculated. The relatively  rapid  decrease  in  temperature  immediately following 
terciination of the  period of rad ia t ion   resu l t s  from the removal o f  the viscous 
fcrce mechanism  which contributed  a  heat  source  confined to the immediate 
neighborhood of the wire. The subsequent slow phase of the  decline i n  temperature 
i s  a consequence of the cooling of the imbedding medium previously  heated by 
absorption i n   t h e   b o w  of  the medium. 

The temp-erature r i s e  of the thermocouple junction  result ing from absorption 
of  sound i n   t h e  body of the imbedding medium is, of course, independent of the 
direction of the  wire. However, the temperature r i s e   r e su l t i ng  from the  action 
of the  viscous  forces between wire and f lu id  medium is a  function of the angle 
between the  direction of propagation of the sound and the direct ion of the wire. 

I n  designing a probe of the type described  herein, we first note that it is, 
of course,  desirable to choose an absorbing material for   the  imbedding medium 
which closely matches in   ve loc i ty  and density the  corresponding  quantities 
characterizing  the medium in uhich the sound f i e l d  is to be examined. For castor 
oil and water, the densit ies differ by about 3 per  cent and the   veloci t ies  
d i f f e r  1 3 ~  about l? per  cent. The in tens i ty  of a plane u l t rason ic  wave reflected 
2t normal incidence from a water-castor o i l  boundary is thus of the order o f  
0.05 per cent of the incident   intensi ty  i f  the  frequency i s  low enough so  tha t  
V'lscous forces  are  not of primary importance i n  determining  the  reflection 
coefficient. Such i s  the case of a water-castor o i l  boundary a t  a frequency of 
1 mc/sec. 
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From Eq. (1) it is readily  seen that i f  the  acoustic  intensity  absorption 
coefficient of the imbedding medium is known accurately enough, the thermocouple 
probe system consti tutes an absolute measurement method f o r  the  plane  traveling 
wave case. Conversely, i f  the sound in tens i tg  is known a t  a thermocouple  junc- 
tion of suff ic ient ly  small size imbedded i n  an absorbing medium, then  the  acoustic 
intensity  absovtion  coefficient of the material can be calculated. The method 
therefore makes possible  the  determination of absorption  coefficients o f  minute 
quantities of material. 

CALIBFlA!i'ICN OF PROBE 

The probe cannot be used a s  an absclute.measuring device i n  accordance with 
Q. (1) if sufficiently  accurzte dats fo r ,  the  zbsorption  coefficient  of the 
imbedding materiel y e  not 2vaiiable. Uncier such cond i t ions ,  the following radia- 
tion pressure method' i s  adopted for c a b r a t i n g  the probe. The calibration  takes 
place i n  a f ree  plane wave f ie ld .  The radiation  pressure  detector comprises a 

radiation  pressure  deflects  the  steel sphere from i ts  equi l ibr ium  psi t ion.  The 
Waswed  deflection i s  tben used t o  compte  the  acoustic  intensity a t  the ps i -  
t ion  O f  the  sphere, 8s well as  the presuure amFl.ii;ude and par t ic le   veloci ty  
~ P l i t u d e .  This arraryemnt constitutes  an  absolute  determination of the  acoustic 
btenSiQ. The thennocoqle probe i s  then placed i n  the sound f i e ld  and the 

- I  Q e m e l e c t r l c   r e s p n s e  to a one-second pulse i s  observed.  Consider  the probe 
. ' ,  . .. afJPlaY sgstem of Fig. 2a. The deflection  mplitudes of  the initial response, 
"'-:" the h e a r  resFonse end t he   t o t a l  response, as observed by the oscillograph 
.c-  ., ' -era, can now be related to the  previously  determined  values of the  particle 
- .  ' j ?  mlOCi* amplitude,  pressure vnplitude and intensity , respectively. This is  
' '  ecmPlished, f o r  example, f o r  the  intensi ty  by specifying  the  intensity  in  watts 

s t e e l  sphere suspended i n  the stjund f i e ld .  The unidirectional  force due to 

ter correspnding to a specified open circuit   voltage a t  the 

The second phase (or  linear  portion) of the themcouple  prcbe response, 

ence O f  tinemal. conduction. var ia t ion of the absomtion  coefficient of the 
fron l inear i ty  as the  acoustic any i ikde  increases. This is a con- 
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f i e ld   cha rac t e r i s t i c s  of a free  plane wave f i e l d .   a t  a p a r t i c u l a r   p i n t   i n  the 
field.  The sound source i s  an X-cut quartz  plate, and a f i x e d  f rac t ion  of t h e  
voltage  applied  to  the quartz plate  is metered. The thermocouple probe has 
previously  been  calibrated  against  the  radiation  pressure  detector  discussec] 
above. "he Frobe display system is  t h a t  of Fig. 2a. The prcbe  sensit ivity i s  
expressed i n  terms of the magnetic oscil lograph  outpi;  f o r  p rac t ica l  use; e.g., 
12.30 uatts/cm2/cm d-eflection of the  oscil lograph  l ight bean (see Fig .  h ) .  me 

is convenient t o  calibrate  the  over-3U  electro-acoustical system aga ins t  t h e  
thermoelectric probe a t   r e l a t i v e l y  low sound levels  and t hen   ex t r ap la t e  t o  high?, 
sound levels.  This requires that   the  electro-acoustical  system possess a comw- 
nent which indicates   re la t ive sound levels .  This method will be i l l u s t r a t ed  by 
the  following ecample. Consider t h a t  it is  desired  to determine  the  acoustic: 

(VTVM )c x  IO-^ 

Fig. b - A typical acoust ic   f ie ld   cal ibrat ion 
curve . 

voltage  applied to the quartz c rys ta l  i s  successively  set  t o  increasing  values 
and the  deflection of the l i g h t  beam of the magnetic oscillograph i s  observed 
simultaneously  with  the.voltage  indicated on the vacuum tube  voltneter which 
monitors a f r ac t ion  of the  crystal  voltage.  Figure k i s  a typical a m p l e  of the 
resul t ing  cal ibrat ion curve. It i s  seen from this curve that the thermocouple 
probe response is l inear  up to a galvanometer deflection of 0.8 cm and a volt- 
meter, deflection of 56 volts.  It then fo l lows  t h a t  a voltmeter  deflection  of, 
f o r  example, 200 volts  corresponds t o  an acoustic  intensity of 126  watts/cm2, 
assuming that  the  intensi-ty  remains  prcportional  to  the squzre of the quartz 
crystal  voltage. 
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Xr. analysis o f  the  procedure  used t o  determine  the sens i t i v i ty  of the 
thermocouple  probe based on the method of l e a s t  square y ie lds  an uncertain@ of 
+2.5 per cent. A similar analysis of the  calibration of an unknown free plane 
&re sound field (e.g., the data shown i n  Fig. 4) yields an  uncertainty of f l  
per cent. Thus, the  over-all uncertainty in determining t he  acoustic  intensity 
f o r  this f i e l d  is  ~3 .S pr  cent. The above uncertainties  are  the  calculated 
standard deviations  (determined by the method of least  sqttares) of the  observed 
poin ts  from the   s t ra ight  line of  bes t  f i t .  

OONCLUSION 

To conclude, it may be apropos to l is t  advantages  and  disadvantages of the 
thermoelectric  probe. The advantages are: (1) the probe yields   direct ly   values  
of the  particle  velocity  amplitude and the  pressure  amplitude; (2) it is small i n  
size; (3) it is highly  stable;  (h) it is  a primary stanikrd for determining 
absolute sound levels;  ( 5 )  it is insensi t ive t o  stray rf f i e lds ;  and (6) it has a 
low i n p . t ,  d e c t r i c a l  impedance. The disadvantages are: (1) the sens i t i v i ty  i s  
low w h e ~  the temperature  sensitive  element is a thermocouple ccnstructed from 
meLals commercially available i n  wire form; and (2) it cannot  be used for  deter- 
min5.nE: wave shapes 8 
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