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The diffusion to the surface is considered for a flat plate and a cyl indrical  wire in a pulsating flow of 
viscous incompressible  liquid; the square of the modulus has been determined for the frequency response 
of an e lec t r ica l  diffusion t ransducer ,  which relates  the spectra l  density of the velocity fluctuations (or else 
the frict ion fluctuations a t  the wall) to the spect ra l  density of the mass fluctuations at  the t ransducer .  

One can examine the motion of a liquid via the heat t ranspor t  rate ,  as in thermal  anemometry ,  and 
also via the mater ia l  t ranspor t  rate .  

A simple method of measur ing the mass t ranspor t  rate by reference  to a monitor is to measure  the 
limiting diffusion time of an e lec t rochemical  reaction; see [1, 2] for the details of the cell and the principle 
of the method of measuring mean flow charac te r i s t i c s .  One can measure  the frictional force of a flowing 
liquid at the wall of the channel by this method also [3, 4]. One determines  the rate of redox react ion at the 
e lectrode,  which fits flat with the surface,  and to which an appropriate voltage is applied (Fig. 1). To re -  
duce the ion concentration rate,  and to eliminate migration current  t ranspor t ,  one adds to the solution an 
excess  of a second electrolyte whose ions do not participate in the reaction.  If the voltage is high enough, 
the velocity determines  the rate of diffusion t ranspor t  of the monitored ions to the electrode surface.  The 
diffusion cur ren t  is related by the diffusion equation to the velocity and velocity fluctuations in the flowing 
electrolyte .  The diffusion coefficient for the monitor  ions is small ,  so a shor t  electrode means that the 
thickness of the diffusion layer  will be much less than the l inear part  in the velocity distribution for a lam- 
inar  flow, or  else it will be less than the viscous sublayer  in a turbulent boundary layer .  This feature con- 
siderably facilitates solution of the problems and allows one to use e lec t r ica l  diffusion to examine in detail 
the fluctuating flows direct ly near  the wall. 

Here we derive the frequency charac te r i s t i cs  of a planar t ransducer  used to measure  the tangential 
s t r e s s  at  the wall, and also the same for the pulsating flow around a cylindrical  t ransducer  for the velocity.  
The frequency response of the l inear sys tem (a process  at the monitor  electrode is descr ibed by a l inear  
equation) is determined as the response of the sys tem to a harmonic  sys tem A(w) exp (iwt), i .e. ,  

H(o)) = B(o))/A(o)) 
J 

Here  H(w) is the frequency response and B(c0) is the amplitude of the signal at  the output. In this case,  
the input signal is the pulsation amplitude of the velocity o r  fr ict ion at  the wall, while the output signal is 
the mass  flow rate pulsation. 

1 .  F r e q u e n c y  R e s p o n s e  o f  a P l a n a r  T r a n s d u c e r  

f o r  T a n g e n t i a l  S t r e s s  P u l s a t i o n  M e a s u r e m e n t  

To determine the frequency response one needs to solve the transient-state diffusion equation for a 
boundary diffusion layer  at  the e lectrode:  
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Oc oc = D o~C (1.1) 

s u b j e c t  to the b o u n d a r y  cond i t i ons  

c (x, 0, t) = 0, c (0, y, t) = c (x, oo, t) = c~ (1.2) 

H e r e  x and  y a r e  l ong i t ud ina l  and  t r a n s v e r s e  c o o r d i n a t e s ,  t i s  t i m e ,  e i s  c o n c e n t r a t i o n  of  the r e a c t i n g  
i o n s ,  u i s  e l e c t r o l y t e  v e l o c i t y ,  D i s  d i f fu s ion  c o e f f i c i e n t ,  and  coo = c o n s t .  The s p e e d  in the d i f fus ion  l a y e r  
i s  r e p r e s e n t e d  in the f o r m  of  a s u m :  

u = u 0 +  u_ (1.3) 

w h e r e  u 0 i s  the s t e a d y  c o m p o n e n t  of  the v e l o c i t y  and u i s  the p u l s a t i n g  c o m p o n e n t  of  the v e l o c i t y .  We use 
the f ac t  tha t  the d i f fus ion  b o u n d a r y  l a y e r  i s  th in  (Fig .  2), and e m p l o y  the e x p r e s s i o n  of  [5] fo r  the s t e a d y  

c o m p o n e n t  of  the v e l o c i t y :  

u0 = T~-~y (1.4) 

H e r e  7 i s  the t a n g e n t i a l  s t r e s s  a t  the wa l l  and  ~ i s  the d y n a m i c  v i s c o s i t y ;  the  p u l s a t i n g  c o m p o n e n t  of  
the  v e l o c i t y  i s  put  a s  a s i m p l e  h a r m o n i c :  

U_ = eu o exp (io)t) (1.5) 

w h e r e  w i s  the p u l s a t i o n  f r e q u e n c y  and  e = c o n s t  << 1. We i n t r o d u c e  the d i m e n s i o n l e s s  v a r i a b l e s  x * ,  y * ,  t * ,  
U*, C*, CO* via 

x*  = x / L ,  y* = y (~/~tLD)V~, t* = t (z2D/~O'LZ) '/.~ 

u*  = u ( ~ 2 / ~ L D )  I/3, c* = c/c~r o~* = o) ( L ~ t 2 / C ' D )  

w h e r e  L i s  the length  of  the m o n i t o r  e l e c t r o d e ;  (1.1) and  (1.2) t ake  the fo l lowing  f o r m s  in t h e s e  d i m e n s i o n -  

l e s s  v a r i a b l e s :  

Oc* oc* a~c* (1.6) Ot* ~- U* Ox--- T -- Oy*" 

c* ( x * , O ,  t*)  = O, c* (0, y*, t ~) = c* (x*,c~, t*) = t (1.7) 

We s e e k  the s o l u t i o n  to (1 o6)-(1.7) in  the f o r m  of the  s u m  

c* = co* + exp( i~*t*)c*  (1 .s) 

w h e r e  Co* i s  the  s t e a d y - s t a t e  c o m p o n e n t  of the c o n c e n t r a t i o n ,  and  c *  i s  the c o m p l e x  a m p l i t u d e  of the con-  
c e n t r a t i o n  f luc tua t ion .  If the v e l o c i t y  p u l s a t i o n s  a r e  s m a l l ,  the c o n c e n t r a t i o n  p u l s a t i o n s  wi l l  be s m a l l  a l s o ,  
and  then one can  l i n e a r i z e  (1.6) to d e t e r m i n e  the c o n c e n t r a t i o n  d i s t r i b u t i o n  v ia  the fo l lowing  two a p p r o a c h e s .  
F o r  the c o m p o n e n t  Co* we have  the p r o b l e m  

- -  Oy.2 

Co* (x*, O) = O, Co* (0, y*) = Co* (x*, 2 ) = i 

(1.9) 
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which may be solved after  introducing the new independent variable V = y*x*-l/~, which gives 

/i Co,=fexp(_~la/9)d~l exp(_ q3 / 9)d~l (1.10) 
0 

The steady-state mass  flow rate per unit surface a rea  of the t ransducer  is 

L 

D I[Oco~ dx=O.806Dc~(T/gLD)V~ qo = -Z- \'o-b-/y=o 
0 

(1.11) 

The concentrat ion pulsation amplitude is found f rom 

, Oc * ac~* o2c_ * (1.12) 
~co*c_* + y -~-  + ~y* o-~ = oW 

subject  to the uniform boundary conditions 

c_* (x*, 0) = c*  (x*, cr = c_* (0, y*) = 0 (1.13) 

The problem of (1.12) and {1.13) may be solved in sequence for smal l ,  large,  and moderate pulsation 
frequencies .  

Case of Low Pulsation Frequencies (w* << 1). We represen t  c* in the form of  a ser ies  with respec t  
to frequency: 

co 

c_* = ~ (i~o*)~c,- * (1.14) 

We substitute (1.14) into (1.13) and equate equal powers of the frequency to get for c~_ a sys tem of 
r ecur rence  equations 

, O c o *  - -  , Oc~ * O2co_ * (1.15) 

c._* -t- Y* a%5- 0"~%~'- = Oy. 2 

w h e r e  n = O, I ,  2, . . . .  

The solution to the f i rs t  equation is the simple one 

(1.16) 

1 . oc .*  (I .17) co_* = -~  eg- -g~ 

This solution shows that the quasis ta t ionary part  of the complex amplitude co*. undergoes no phase 
shift relative to the superimposed signal,  while the amplitude of c0*_is less  by ~/3 (l~an the mean mass  flow 
rate .  In (1.16) we make the substitution 

c,~_* = ez*~-'v 3 c~+* (~) (1.18) 

which gives us a sys tem of ordinary equations 

where n = 2, 3, . . . .  

d2ct~ * d c l + *  d~o* 
dq~ ~" 1/3 ~1~ dq " - - ~ / 3 C x + * + V l ~ = O  

�9 ~l 2 dCn+* __ 
d' -%+ -}- 113 - -  2~I 3 c ~ + *  - -  c.~_~+ 

d~l 2 d~} 

The initial conditions for the sys tem of (1.15) a re  derived f rom (1.13): 

(1.19) 

cn+* (0) = c;~+* (~)  = 0 (1.20) 

Here  n = 1, 2, 3, . . . .  The problem of (1o19) and (1.20) has been solved by computer  by a finite-dif- 
ference method for n < 4; we have determined the values of the derivatives Cn+*' at  the point ~=0 (ci+*'(0)= 
0.0990, c2+*'(0) = 0.0354, c3+*'(0) = -0.0097),  which are  needed in o rder  to calculate the pulsating mass  
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T A B L E  1. Square  of the Modulus  of  the F r e q u e n c y  C h a r -  
a c t e r i s t i c  fo r  a P l a n a r  T r a n s d u c e r  

* IH *1 ~ ~ * IH *1 ~ ~ * I ~/*1' 

0 ] 0All2 
i 0.1035 
2 0.0852 
3 0.0674 
4 0.0520 

* [H*p 

0.0395 
0.0305 
0.0249 
0.0193 

9 0.0i61 

t0 
t l  
12 
13 
t4 

0.0122 
0.0098 
0.0085 
0.0071 
0.0052 

15 
i6 
i7 
18 
19 

0.0046 
0.0038 
0.0031 
0.0029 
0.0025 

liP~iz.lO z 

Fig .  3 

flow r a t e  to t e r m s  of  o r d e r  0 ( w ' t ) .  The p u l s a t i n g  m a s s  flow 
r a t e  p e r  uni t  s u r f a c e  a r e a  of the t r a n s d u c e r  i s  g iven  by  

L 

. \ O y / u = ~  
O 

+ i (a/l o)*c1+*' (0) ~ 3Is o)*aca+ *' (0)))e exp (io)*t*) Dc~ ('~ I btLD)'l, (1.21) 

We d e t e r m i n e  the d i m e n s i o n l e s s  f r e q u e n c y  r e s p o n s e  of 
the t r a n s d u c e r  a s  a r a t i o  of  the d i m e n s i o n l e s s  p u l s a t i n g  m a s s  
f low r a t e  q * = q_/q0  to the d i m e n s i o n l e s s  t a n g e n t i a l  s t r e s s  p u n  
s a t i o n  ~_* T_/T0 : 

H *  = q _ * l R *  = 113 - -  0.0213 o) *3 + i ( - -  0.092 ~,)* + 0.044 o) *~) (1.22) 

The  d i m e n s i o n a l  e x p r e s s i o n  fo r  the f r e q u e n c y  r e s p o n s e  i s  found f r o m  

H = H* qolzo (1.23) 

A s t a n d a r d  t h e o r e m  [6] r e l a t e s  the  s p e c t r a l  d e n s i t i e s  a t  the input  and  output  of  a l i n e a r  s y s t e m  to the 
s q u a r e  of  the modu lus  of the f r e q u e n c y  c h a r a c t e r i s t i c :  

s~ (~) i ~-<" 0o)1 ~ = s~ (~o~ (1.24) 

H e r e  St i s  the s p e c t r a l  d e n s i t y  a t  the input ,  whi le  82 i s  t ha t  a t  the output ;  in  the p r e s e n t  c a s e ,  the i n -  
put  s i g n a l  i s  the f r i c t i o n  p u l s a t i o n ,  whi le  the  output  s i g n a l  i s  the m a s s  flow r a t e  p u l s a t i o n .  The modu lus  of 
the  f r e q u e n c y  r e s p o n s e  g i v e s  the s e n s i t i v i t y  of  the t r a n s d u c e r  a s  a funct ion  of  f r e q u e n c y  and is  an i m p o r t a n t  
c h a r a c t e r i s t i c  of  an e l e c t r i c a l  d i f fus ion  t r a n s d u c e r .  F o r  low f r e q u e n c i e s  we have  

I H* 12 = (1/3 - -  0.02t3 o)'2) ~ + (--  0.092 ~)* + 0.0~4 0)*3) ̀. (1.25) 

Case  of  High F r e q u e n c i e s  (co* >> 1). In (1.12) we can  o m i t  the t e r m  y * S c * / S x * ;  we use fo r  Co* a 
l i n e a r  a p p r o x i m a t i o n  wi th in  the d i f fus ion  b o u n d a r y  l a y e r :  

�9 co* = g* (Oco* k ( 1 . 2 6 )  
\ Oy /y*=0 

which  g i v e s  fo r  c *  the fo l lowing  equa t ion  in p l ace  of (1.12): 

~ o /bcn*\ O~c_ * 
ion*C_* -~- eg ~ ~ t O-~-)y,= ~ = Oy,2 (1.27) 

The so lu t i on  to th is  equa t ion  tha t  s a t i s f i e s  the b o u n d a r y  cond i t ions  of  (1.13) t a k e s  the f o r m  

2 " (1.28) 

The f r e q u e n c y  c h a r a c t e r i s t i c  i s  g i v e n  by  the fo l lowing  e x p r e s s i o n  up to t e r m s  of O(w*-2): 

H* = 8.68 (t + i) (1.29) 
0)*z 
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The square  of the modulus  is 

I H *  I ~ = 37/o).3 (1.30) 

In t e rmed ia t e  F requenc ie s  [w* = O(1)]. To de t e rmine  the 
squa re  of the modulus  of ttae f r equency  r e s p o n s e ,  we solved (1.12) 
sub jec t  to (1.13) by c o m p u t e r  fitting; the n u m e r i c a l  va lues  a r e  given 
in Table  1. A sui table  app rox ima t ion  for  tH*2I is given by the fol- 
lowing fo rmu la ,  which co inc ides  s a t i s f a c t o r i l y  (Fig. 3) in the high- 
and low-f requency  r eg ions :  

I H* 12 = ((9 q- 0.54 o~*z) z q- (0.27 0~*a)2)-v, (1.31) 

F r o m  this I/-l* 1 z and the o b s e r v e d  S 2 one can g e t  Sl by employing  (1.24). 

We see f r o m  (1.31) tha t  the sens i t iv i ty  of such a t r a n s d u c e r  d e c r e a s e s  exponent ia l ly  as  the f r equency  
r i s e s ,  but  the passband  can be i n c r e a s e d  by r educ ing  the s ize  of the e l ec t rode ,  as  follows f r o m  the f o r m  of 
the d i m e n s i o n l e s s  f r equency .  

2 .  F r e q u e n c y  R e s p o n s e  o f  a C y l i n d r i c a l  T r a n s d u c e r  

f o r  V e l o c i t y  P u l s a t i o n s  

Cons ide r  the diffusion to a thin unbounded cy l inde r  in a pulsat ing flow (Fig. 4); the ve loc i ty  at  in- 
f inity is  n o r m a l  to the g e n e r a t o r  of  the cy l inde r  and takes  the f o r m  

u~ ---- uo (1 -q- e exp ( i o ) t ) )  (2.1) 

where  u0 is  the s t eady-s ta te  componen t  of the ve loc i ty ;  i t  h a s  been  shown [7] that  the c u r r e n t  function in 
this  ca se  is given by  

_~_/ r r r ( r ) - l )  . 
~ =  2_h__ln ~ /r ~_ _ff sm0(/oq_e/xexp(~ot) ) (2.2) 

whe re  r and 0 a r e  po la r  c oo rd i na t e s  with the axis  0 = ~r in the d i r ec t ion  of  the f ree  flow, and R is the rad ius  
of  the cy l inder ;  

( 7.938 ~-i ( ~ )-t u"- 
I o =  ln-Tff~- / , ] 1 =  ln-~-~- , ~=8exp( - -0 .5772)a - ,~ ,3=  t 

a ~ = l q - i ~  Be=RU" ~ 1 ,  ,~o - ~ '  --4-- Re is  Reynolds  n u m b e r  

We a s s u m e  [5] tha t  the ve loc i ty  d i s t r ibu t ion  is l i nea r  in the reg ion  Of the diffusion boundary  l aye r .  
We expand the c u r r e n t  function n e a r  r / R  = 1 and r e t a in  only the  f i r s t  t e r m  in the s e r i e s  to get  

= FoY z sin x (2.3) 
(Fo = uo ()to + el i  ex p  (i(ot)), 

y = r / R - - t ,  x = O )  

We ge t  the longitudinal  and n o r m a l  componen ts  of the ve loc i ty  f r o m  (2.3): 

or oqo --  Foy ~ cos x u = ~ = 2Foy  sin x, v = - -  O--~- = (2.4) 

The equat ion  fo r  diffusion in the b o u n d a r y - l a y e r  a p p r o x i m a t i o n  is as  fol lows,  t oge the r  with the bound-  
a r y  condi t ions  in x,  y c oo rd i na t e s :  

Oc ) D O~e Oc . Fo ~c _ g,z cos ~ -  R2 Oy 2 ~-q- - - f f  2gsinx ~ = (2.5) 

c (x, ~ ,  t) = c~, c (~, y, t ) =  ~ (x, 0, t) = 0 (2.6) 
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T A B L E  2. S q u a r e  of  the  M o d u l u s  o f  the  F r e q u e n c y  C h a r -  

a c t e r i s t i c  f o r  a C y l i n d r i c a l  T r a n s d u c e r  

o~ * IH *1 = o~ * IH "1 = o~ * IH *1 = 

0 
0.2 
0.4 
0.6 
0.8 

l 

0.235 
0.231 
0.22i 
0.206 
0.t87 
0.167 

i.2 0.t46 
1.4 0.126 
i .6 0.109 ~s o.oga 

0.079 
2.2 0.067 

2.4 
2.6 
2~8 

3.2 
3.4 

0.057 
0.049 
0.0/,2 
0.036 
0.031 
0.026 

3 , 6 '  

a~8 

5 

0. 023 
0.020 
0.017 
0.009 
0.006 
0.002 

We s e e k  the  s o l u t i o n  to (2.5)-(2.6) in  the  f o r m  

C = Co + 8-~ffexp (ico*t)c_(o)* = o) v Pr V' Re % = v / D) 
uo~]o% , Pr (2.7) 

P r  i s  the  P r a n d t l  d i f f u s i o n  n u m b e r .  We s u b s t i t u t e  (2.7) in to  (2.5) and  i n t r o d u c e  the  new v a r i a b l e  

to g e t  f o r  c o t he  e q u a t i o n s  

- - (  
q = g I / '2  sin x 3Pr Re f o  2 sin y dg 

0 

02co aCo 
o~--r + ~1 ~ g g  = O, co (0) = O, Co ( ~ )  = c~. (2.8) 

The  s o l u t i o n  i s  g i v e n  by  

c ~  / ,  e x p ( - - x ~ / 3 ) d x  
0 0 

(2.9) 

T h e  s t eady- - s t a t e  m a s s  f low r a t e  p e r  un i t  s u r f a c e  a r e a  a t  the  t r a n s d u c e r  i s  

qo = - 7 -  i \ ~-Iv=o dx = t . t58 Dc~ (Pr Re fo)'l~ 
0 

F o r  e _  we  g e t  by  s u b s t i t u t i o n  in to  (2.5) o f  the  new v a r i a b l e  Yl = Y ( P r R e f 0 ) ~  and  f r o m  (2.7) t h a t  

(2.10) 

Oc_ Oc O~co Oec i~o*c + 2y 1 sin x ~ - -  yl "2 cos x ~ + - (2.11) 
- a y l  Oy l  2 Oyl"  

The  b o u n d a r y  c o n d i t i o n s  f o r  t h i s  e q u a t i o n  a r e  

c_ (x, ~o) = c_(~, vl) = c_ (x, 0) = 0 (2.12) 

We f ind the  s o l u t i o n  to (2.11) and  (2.12) f o r  the  c a s e  of  s m a l l ,  l a r g e ,  and  m o d e r a t e  p u l s a t i o n  f r e q u e n c i e s .  

C a s e  o f  S m a l l  P u l s a t i o n  F r e q u e n c i e s  (w* <<1). We s e e k  the  s o l u t i o n  in  the  f o r m  of  the  s e r i e s  

c_ = ~, (i'o*)~c~_ (2.13) 
' n ~ 0  

F o r  c o _ we  g e t  f r o m  (2.11) an  e q u a t i o n  w h o s e  s o l u t i o n  t a k e s  the  s i m p l e  f o r m  

co_ = 1/3 Yz OCo/OYz (2.14) 

We s u b s t i t u t e  in to  (2.11) a new v a r i a b l e  

x 

y ~ = g l V 2 s i n x ,  x 2 = I V 2 s i n y d g  
0 
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and the s e r i e s  of (2.13) to ge t  a s y s t e m  of r e c u r r e n c e  equat ions  

( 0  
2 sm x~ Y2 ~ Oy2~ c,~_ = c,~_ z_ (2.15) 

where  n = i, 2, 3, .... 

o p e r a t o r  
The G r e e n ' s  function for  the d i f fe ren t ia l  

0 0 ~ 
d y 2  ~ 

has  been  defined [81 and takes  the f o r m  

fy~y)'/2 / Y2 + y (2.16) [,/, ( 2 (u~u)v, ~, 
Fig.  5 G (x 2, y,; x, y) = ~ exp k-- 9 (x~ -- x) ) \ ~ ]  

Here  I~  is a Bes se l  function.  We solve (2.15t via  (2.16) to get  

x 2 oo 

c,~._ = 21 f Gs inxc ' * - z -dxdy  
0 0 

(2.17) 

We define the d imens ion l e s s  f r equency  r e s p o n s e  as  the ra t io  of  the d i m e n s i o n l e s s  m a s s  flow ra te  
pu lsa t ion  q *  = f l q - / q o f o  to the  d imens ion l e s s  ve loc i ty  pulsa t ion u *  = u _ / u  0 

H*---- 1.82 q_*/u_* (2.18) 

The square  of the modulus  of  the f r equency  r e s p o n s e  is given to t e r m s  of  O(w .3) by 

xo Xo xo 

2 o~ (o~2-~ dx2 - -  
If + I o0 

0 0 0 
xa 

\~~y2]v,=o ~J i = 0.23t --  1.81 o~ .2 + 0 (co *s) 
o 

o 

(2.19) 

The Mir-1 c o m p u t e r  was used to ca lcu la te  the in t eg ra l s  in (2.19). 

Case  of  High F requenc i e s  (w*>>l). In (2.11) we re ta in  the second  de r iva t ives  and a t e r m  conta in ing 
the l a rge  p a r a m e t e r  co*; fo r  c w e  get  

i~o*c -~ 02c~ ~ 
- Oy2 Oy~ (2.201 

whose  solut ion that  s a t i s f i e s  (2.12) takes  the f o r m  

C - -  - -  

oo y 

j~ o~co exp(-V~o,*ylay-e:,p(-Vz~,*v) ~ ~176 ~xp(VV~y)ay 
2 Tfi-~ [ J o y :  

o 0 

Y 

+ exp (V-i~)*y) ~ 02c~ ex ( ,) -5~y 2 p x-- ] / - ~ y )  dy} 
co 

(2.21) 

The squa re  of the modulus  of  the f r equency  c h a r a c t e r i s t i c  is 

]H*] ~ = 0.905/~o .3 + 0 (co *-4"5) (2.221 

Case  of Modera te  F requenc ie s  (w* = O(1)/. In this case  the p r o b l e m  of (2.11/ and (2.12) was  solved 
by means  of  Bt~SM-6 compute r ;  Table 2 g ives  the r e s u l t s ,  which fit well  with the values  obtained for  low 
and h igh- f r equency  app rox ima t ions  (Fig. 5). The values  of I H*I 2 may  be app rox ima ted  by 
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]H*] ~ = 0.235 / (i + 0.3i2 co .2 + 0.103 co *d) (2.23) 

The dimensional  exp res s ion  for  the square  of the modulus of the t r a n s f e r  function is obtained f r o m  

[Hi s  : [H*t ~ qo~/Uo ~ (2.24) 

The spec t r a l  densi ty  known f rom expe r imen t  for  the m a s s  fluctuations S2(w) may be used with the 
square  of the modulus for  the f requency response  to de te rmine  $1 (w) f r o m  

S 1 (co) = S 2 (~)/[ H (~)[~ (2.25) 

The r e su l t  of (2.24) shows that the sens i t iv i ty  of the cyl inder  method falls as the f requency r i s e s  at  
the s ame  ra te  as does that of a p lanar  t r ansducer ;  the fo rm of the d imens ion less  f requency shows that the 
f requency passband can be inc reased  by reducing the d i ame te r  of the wire .  
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