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1~. M. L y u b a v i n  UDC 533.6.08 

This study deals with the frequency cha rac te r i s t i c s  of a g lass -covered  the rmis to r  serving as 
t ransducer  in a the rmoanemomete r  and of a cons tan t - res i s t ance  the rmoanemometer  with such 
probes.  

An evaluation of the measur ing per formance  of the rmoanemomete r s  with probes protected against am-  
bient hazards  ranks among the most  important  engineering tasks related to modern methods of fluid flow 
analysis.  In some studies concerning the use of metal and semiconductor- type  the rmis to rs  for measure -  
ments of t ransient  fluid flow no considerat ion was given to the effect of the insulating cover  on the probe 
and the overal l  instrument cha rac t e r i s t i c s  [1, 2]. At the same time, all available test data prove that the 
presence  of glass  in the rmis to r  probes used for semiconductor- type  the rmoanemometers  [3] does appre-  
ciably affect the inst rument  cha rac te r i s t i c s .  

The author has made an attempt to theoret ical ly  evaluate the cha rac te r i s t i c s  of the rmoanemometers  
with probes protected against the moving ambient medium by means of a layer  of special  insulation. In 
the f i rs t  approximation, the physical  pattern of heat t r ans fe r  between fluid and the rmoanemometer  probe 
is descr ibed by a one-dimensional  mathematical  model, with the real  t ransducer  (a bead of t empera tu re -  
sensit ive mater ia l  coated with glass) replaced by an infinitesimally thin hot f i lm between two sheets of in- 
sulating mater ia l  at the ordinate y = 0 (Fig. 1). The thickness of each glass  layer is l; the mass of the 
sensing element can be taken into account in t e rms  of the total heat capaci ty C T determined f rom tests  with 
a real  thermis tor .  

In o rder  to l inear tze the heat t ransfer  equation, all var iables  are separated into average- in - t ime  and 
fluctuation components (they are  denoted by different symbols).  

The equation of s teady-s ta te  heat conduction through a glass  layer  is 

02T.  =0. (1) 
Oy 2 

The boundary conditions for Eq. (1) are  defined on the basis  of the following concepts:  

1. At the location of the hot film (y = 0) the s teady-s ta te  t empera ture  of the glass  T is equal to the 
operat ing t empera tu re  of the film T D and the thermal  flux (heat dissipated per  unit a rea  of the rmis to r  s u r -  
face) is t ransmit ted by conduction through the glass  layers :  

OT 
T=TD; Q=--2~, - - ;  (2) 

0y 

2. At the g l a s s - f l u [ d  boundary (y = l), as a resul t  of the tempera ture  difference between glass  and 
fluid, there occurs  a heat t ransfer  

--2~, c~__T_T = A (T--TT ) (3) 
0y 

(the fac tor  2 in both boundary conditions accounts for  the s y m m e t r y  of heat conduction through the two 
glass  layers) .  
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F i g .  1. M T - 6 4  t h e r m i s t o r  and the m a t h e m a t i c a l  m o d -  
el of hea t  t r a n s f e r  b e t w e e n  it and mov ing  f lu id :  1) g l a s s  
which  i n s u l a t e s  the  t r a n s d u c e r  f r o m  the f luid;  2) b e a d  
of hea t  s e n s i t i v e  s e m i c o n d u c t o r  m a t e r i a l ;  3) t h e r m i s -  
t o r  l eads ;  4) hot  f i l m .  

I n s e r t i n g  the so lu t ion  to Eq. (1) wi th  the b o u n d a r y  c o n d i t i o n s  (3) into the f o r m u l a  fo r  the  s o - c a l l e d  
to ta l  hea t  t r a n s f e r  at  the p r o b e ,  as  if the l a t t e r  w e r e  in d i r e c t  c o n t a c t  wi th  the moving  fluid,  

Q 
Ato t --  TD - T L ' 

we  have  

(4) 

A 
Atot - A 

- - 1 + i  
2~ 

(5) 

The t e m p e r a t u r e  d r o p  a c r o s s  the g I a s s - f l u i d b o u n d a r y  is 

AT=TIu=z __ TL = TD--T~_. 
1 + A l (6) 

The  t h e r m a l  f lux f r o m  an e l e c t r i c a l l y  hea ted  t r a n s d u c e r  e l e m e n t  

PR 
Q = - -  (7) 

S 

can  be  d e t e r m i n e d  e x p e r i m e n t a l l y  and the c o e f f i c i e n t  of s t e a d y - s t a t e  hea t  t r a n s f e r  a t  the p r o b e - f l u i d b o u n d -  
a r y  can  be found f r o m  (4) and (5). 

The equa t ion  of t r a n s i e n t  hea t  t r a n s f e r  th rough  a g l a s s  l a y e r  is ,  in o p e r a t o r  f o r m :  

a =p~. (8) 
Oy ~ 

The  b o u n d a r y  c o n d i t i o n s  fo r  th is  equa t ion  a r e :  

1. At the l o c a t i o n  of the hot  f i l m  (y = 0) the f luc tua t ing  t e m p e r a t u r e s  of the g l a s s  and of the t r a n s -  
d u c e r  (and t h e i r  mode l s )  a r e  equa l :  

r162 (9) 

The  h e a t  f r o m  the f i l m  is  p a r t l y  t r a n s f e r r e d  to the g l a s s  l a y e r s  and p a r t l y  spen t  on i n c r e a s i n g  2 .  

the internal energy of the transducer dement, in transform notation, 

Or 
q=--2)~ @ CTpT. (10) 

dg 

3. At the g [a s s  - f l u i d  b o u n d a r y  (y = l) the i n c o m i n g  f l u c t u a t i n g  t h e r m a l  f lux is  t r a n s f e r r e d  to the 
moving  f lu id .  App ly ing  the L a p l a e e  t r a n s f o r m a t i o n  to cond i t ion  (3) ~ t e r  d i f f e r e n t i a t i o n ,  we obta in  

--2~ O j~ =A'r+a (T--T L). (11) 
Oy 

I n s e r t i n g  the so lu t ion  to Eq. (8) into e x p r e s s i o n  (10) fo r  the t r a n s f o r m  o1~ the f l uc tua t i ng  t h e r m a l  f lux 
y i e l d s  

2)~k [(A ch kt+2)~k sh kt) TD@aAT ] 
q = Ash kl@2Me ch kl @ CTP~ D, (12) 
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with the f r e q u e n c y  parameter 

k= t / pin. (13) 

In this c a s e  of a t h e r m o a n e m o m e t e r  t r a n s d u c e r ,  a Laplace  t r a n s f o r m a t i o n  of Eq. (7) a f te r  d i f f e r en -  
t iat ion y ie lds  

2IRi§ 
q =  (14) 

S 

If one c o n s i d e r s  a l so  that  the fol lowing c h a r a c t e r i s t i c  re la t ion  be tween r e s i s t a n c e  and t e m p e r a t u r e  
f luc tua t ions  appl ies  to a t h e r m i s t o r  

r=%RT D, (15) 

then 

{ @  [2)~k(Achkl+2~,kshkl) ] ~ }  2,Ri 2XkaAT (16) 
r 1_ - A ~ ~  +pC, -- = S -  Ashkl+2~kchkl 

With no g l a s s  (l = 0), we obtain a t r a n s f o r m  of the well  known heat  ba lance  equat ion fo r  a t h e r m o -  
a n e m o m e t e r  t r a n s d u c e r  [4] 

pCT,+A~+aAT_ 2IRi+Pr , ( 1 7 )  
S 

and the f luc tua t ions  of t h e r m i s t o r  r e s i s t a n c e  r a re  r e l a t ed  to the f luc tua t ions  of e l ec t r i c  c u r r e n t  t and to 
the f luc tua t ions  of heat  t r a n s f e r  c~ by  the fol lowing equation in o p e r a t o r  f o r m  

2IR ATS i 

A P = A P 

which r e p r e s e n t s  a f i r s t - o r d e r  t r a n s f e r  funct ion.  

one:  

o r  

(~8) 

With thin insula t ing l a y e r s  and at low f r equenc i e s  (k/ << 1) e x p r e s s i o n  (16) r e d u c e s  to an analogous  

r lq-p 2)~ = 2~ 12 
O~pI~ " 

%lR a JR S 

At kl > 1 re la t ion  (16) is a c c u r a t e l y  enough app rox ima ted  by  the re la t ion  

( 1 +  @ ~ k  ) exp (kl) 

2IRi 
S 

(m) 

(20) 

r __ ~IVT c~ i 
2R ~ -  - - W ,  - - ' I  (21) 

whe re  
1 1 

t + pM' 1 + exp (kl) 
(22) 

and 
N ' = (  2~, ]~ 1 . M ' - -  CT (23) 

 -;Vj -2' %Q 

a r e  the t h e r m i s t o r  t ime  cons t an t s .  

The t r ans i en t  equation (21) indicates  that  at high f r e q u e n c i e s  the r e s p o n s e s  of a g l a s s - c o v e r e d  t r a n s -  
d u c e r  to e l ec t r i c  c u r r e n t  f luc tua t ions  and to heat  t r a n s f e r  (flow rate)  f luc tuat ions  dif fer  by a f ac to r  ~. 
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F ig .  2. Schemat ic  b lock  d i a g r a m  of a c o n s t a n t - r e s i s t a n c e  t h e r -  
m o a n e m o m e t e r .  

F ig .  3. A m p l i t u d e - f r e q u e n c y  c h a r a c t e r i s t i c s  of a t h e r m i s t o r ,  
ca lcu la ted  a c c o r d i n g  to f o r m u l a  (16): 1) ra t io  of modult  in the ex-  
p r e s s i o n s  fo r  c u r r e n t  and r e s i s t a n c e  f luc tua t ions  in a t r a n s d u c e r ,  
at a w a t e r  ve loc i ty  2 m/see ;  2) the s a m e  at a z e r o  w a t e r  ve loc i ty ;  
3) ra t io  of moduli  in the e x p r e s s i o n s  fo r  heat  t r a n s f e r  and r e s i s t -  
a n t e  f luc tua t ions  in a t r a n s d u c e r ,  at a w a t e r  ve loc i ty  2 m/see ;  4) 
the s a m e  at a z e r o  w a t e r  ve loc i ty .  H (dB). 

When the c o n s t a n t - r e s i s t a n c e  p r inc ip le  is used in a t h e r m o a n e m o m e t e r ,  the t h e r m i s t o r  b e c o m e s  one 
a r m  of a Whea t s tone  b r idge  and an unbatance s ignal  f r o m  the l a t t e r  is t r a n s m i t t e d  to the input of a f eed-  
back  ampl i f i e r .  The output f r o m  this ampl i f i e r  is fed a c r o s s  the suppty diagonal  of the b r idge  c i r cu i t .  
When the condi t ions  in the s t r e a m  around the p robe  change,  the e l ec t r i c  c u r r e n t  in the l a t t e r  changes  too 
and the t r a n s d u c e r  r e s i s t a n c e  r e m a i n s  a lmos t  cons tan t .  

With a f e e d b a c k - a m p l i f i e r  gain Kv, a f luctuat ion of the t r a n s d u c e r  r e s i s t a n c e  r will  change  the t r a n s -  
duce r  c u r r e n t  by [6] 

i :  [ I] 
[. e. , 

where  m denotes  the ra t io  of t h e r m i s t o r  r e s i s t a n c e  to r e s i s t a n c e  R 1 in s e r i e s  with it (Fig. 2). 

Combin ing  Eqs.  (21) and (25) wilt  y ie ld  the sought  t r a n s f e r  funct ion of a c o n s t a n t - r e s i s t ~ e e  t h e r m o -  
a n e m o m e t e r  with a g l a s s - c o v e r e d  p robe :  

i 
I 1 
a = (1 + A ) ' (26) 

-ff  ~ exp(k/)(1 ,a-1/-~ ! -pAd)  

where  the i n s t r u m e n t  t ime cons tan t s  

N'(m+ 1) 4 M'(m+ 1) 5 (27) 
N - -  K~(2m) 2 ; M =  K~2m 

a re  s m a l l e r  than the r e s p e c t i v e  t h e r m i s t o r  t ime cons tan t s  N, and M' by an amount  which depends  on the 
f e e d b a c k - a m p l i f i e r  gain.  
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The f o r m  of the e x p o n e n t i a l  f a c t o r  in (26) s u g g e s t s  that  r e d u c i n g  the g l a s s  t h i c k n e s s  l wi l l  a p p r e c i a b l y  
i m p r o v e  the r e s p o n s e  c h a r a c t e r i s t i c s  of the  i n s t r u m e n t  in the h i g h - f r e q u e n c y  r a n g e .  

T h i s  s i m p l i f i e d  t h e o r y  b a s e d  on a o n e - d i m e n s i o n a l  m o d e l  of a p r o t e c t e d  t r a n s d u c e r - p r o b e  in a f luid 
s t r e a m  y i e l d s ,  of c o u r s e ,  a n  only  rough  a p p r o x i m a t i o n  to the  t r ue  s p a t i a l  p a t t e r n ,  but  it  is  n e v e r t h e l e s s  
a d e q u a t e  fo r  c o m p a r i n g  the d y n a m i c  c h a r a c t e r i s t i c s  of t h e r m o a n e m o m e t e r s  wi th  g l a s s - c o v e r e d  p r o b e s  of 
v a r i o u s  t h i c k n e s s e s .  It b e c o m e s  p o s s i b l e  to e v a l u a t e  the  qua l i t y  of m e a s u r e m e n t s  of f l uc tua t ing  flow p a r a -  
m e t e r s  when such m e a s u r e m e n t s  a r e  made  with  t h e s e  i n s t r u m e n t s .  

C a l c u l a t e d  f r e q u e n c y  c h a r a c t e r i s t i c s  f o r  a p r o b e  of a w a t e r  t h e r m o a n e m o m e t e r  wi th  M T - 6 4  t h e r -  
m i s t o r s  [3] a r e  shown in F ig .  3. The  fo l lowing  d a t a  w e r e  used  in the computa tLon:  s t a t i c  c a l i b r a t i o n  of 
the i n s t r u m e n t  12 = 0.225 �9 10 -3 + 0.02 �9 10 -3 Cu, o p e r a t i n g  t h e r m i s t o r  r e s i s t a n c e  H = 585 ~2, o p e r a t i n g  t e m -  

p e r a t u r e  T D = 331~ w a t e r  t e m p e r a t u r e  T L - 289~ t e m p e r a t u r e  d i f f e r e n c e  T D - T  L = 42~ t e m p e r a -  
t u r e  c o e f f i c i e n t  of r e s i s t a n c e  of the M T - 6 4  at  o p e r a t i n g  t e m p e r a t u r e  a p  = - 3 . 2 4  �9 10-2/~ t h e r m a l  c a p a c i t y  
of t h e r m i s t o r  C T = 44 J / m  2. ~ t h e r m a l  c o n d u c t i v i t y  of g l a s s  ~ = 1.255 W / r e .  ~ t h e r m a l  d i f f u s i v i t y  of 
g l a s s  a = 0 . 6 . 1 0  -G m2/sec ,  ou t s i de  p r o b e  r a d i u s  0.32 �9 10 .3 ml e s t i m a t e d  g l a s s  t h i c k n e s s  l = 0 . 1 4 . 1 0  -3 m, 
and ac t i ve  s u r f a c e  of hea t  t r a n s f e r  f r o m  t r a n s d u c e r  to g l a s s  S = 0.203 �9 10 -6 m 2. 

The  c u r v e s  p lo t t ed  fo r  f low v e l o c i t i e s  0 and 2 m / s e c  ind ica t e  a d i s t i n c t  d i f f e r e n c e  be tween  the t h e r -  
m i s t o r  r e s p o n s e  to f l u c t u a t i o n s  of hea t  t r a n s f e r  a wi th  the s u r r o u n d i n g  w a t e r  and to f luetuatLons of t r a n s -  
d u c e r  c u r r e n t ;  the p r o b e  r e s p o n s e  was  def ined  as  the f luc tua t ion  of r e s i s t a n c e  r a c c o r d i n g  to Eq. (16). 
As is to be  e x p e c t e d ,  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  of t h i s  t h e r m i s t o r  i m p r o v e  r a p i d l y  wi th  i n c r e a s i n g  
s t r e a m  v e l o c i t y .  An e x p e r i m e n t a l  c h e c k  of the r e l a t i o n  (26) f o r  a s e m i c o n d u c t o r - t y p e  t h e r m o a n e m o m e t e r  
wi th  a f e e d b a c k - a m p l i f i e r  ga in  K v = 43 has  shown tha t  t h i s  r e l a t i o n  as  w e l l  as  r e l a t i o n  (16) r e m a i n  va l id  
wi th in  30% at z e r o  w a t e r  v e l o c i t y ,  which  c o n f i r m s  that  th i s  m o d e l  is  su i t ab l e  f o r  p u r p o s e s  of e va lua t i ng  the 
u se  of t h e r m o a n e m o m e t e r s  wi th  g l a s s - c o v e r e d  p r o b e s  in d y n a m i c  m e a s u r e m e n t s .  
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is  the a v e r a g e - i n - t i m e  c o e f f i c i e n t  of hea t  t r a n s f e r  at the g l a s s - f l u i d  b o u n d a r y ,  W / m  2 �9 ~ 
[s the c o e f f i c i e n t  of s t e a d y - s t a t e  hea t  t r a n s f e r  at  a b a r e  p r o b e  (a f i c t i t i o u s  quan t i ty  i n t r o d u c e d  f o r  
gaug ing  the hea t  t r a n s f e r  be tween  a g l a s s - c o v e r e d  p r o b e  wi th  the mov ing  f lu id) ,  W / m  2 �9 ~ 
i s  the t h e r m a l  d i f fu s iv t t y  of g l a s s  which  i n s u l a t e d  the hea t  s e n s i t i v e  e l e m e n t  f r o m  the f lu id ,  m2/sec;  
is  the to ta l  t h e r m a l  c a p a c i t y  of t r a n s d u c e r ,  W �9 s e c / m  2" ~ 
is  the r a t i o  of modul i  in the e x p r e s s i o n s  f o r  c u r r e n t  and r e s i s t a n c e  f l u c t u a t i o n s  in the t r a n s d u c e r ,  

dB; 
ts  the r a t i o  of modu l i  in the e x p r e s s i o n s  fo r  hea t  t r a n s f e r  and r e s i s t a n c e  f l u c t u a t i o n s  in the t r a n s -  

d u c e r ,  riB; 
is  the  q u i e s c e n t  c u r r e n t  t h rough  t h e r m i s t o r ,  A; 
~s the t r a n s f o r m  of f luc tua t ion  c u r r e n t  t h rough  t h e r m i s t o r ,  A; 
LS the v o l t a g e  ga in  of f e e d b a c k  a m p l i f i e r ;  
Ls the f r e q u e n c y  p a r a m e t e r ,  l / m ;  
~s the t h i c k n e s s  of g l a s s  l a y e r ,  m; 
~s the i n t r i n s i c  t i m e  c o n s t a n t  of t h e r m i s t o r ,  see;  
~s the t i m e  c o n s t a n t  of c o n s t a n t - r e s i s t a n c e  t h e r m o a n e m o m e t e r ,  see ;  
ts  the i n t r i n s i c  t i m e  c o n s t a n t  of t h e r m i s t o r ,  sec ;  
Ls the t i m e  c o n s t a n t  of c o n s t a n t - r e s i s t a n c e  t h e r m o a n e m o m e t e r ,  sec;  
ts  the  c o m p l e x  v a r i a b l e  in the L a p l a c e  t r a n s f o r m a t i o n ;  
Ls the a v e r a g e - i n - t i m e  t h e r m a l  f lux f r o m  the t r a n s d u c e r ,  W/m2; 
ts  the t r a n s f o r m  of t h e r m a l  f lux f l uc tua t i ons  in the t r a n s d u c e r ,  W/m2; 
Ls the a v e r a g e - i n - t i m e  o p e r a t i n g  r e s i s t a n c e  of t h e r m i s t o r ,  gt; 
~s the c o n s t a n t  r e s i s t a n c e  [n s e r i e s  wi th  the t h e r m i s t o r  in the t h e r m o a n e m o m e t e r  c i r c u i t ,  ~ ;  
ts  the t r a n s f o r m  of r e s i s t a n c e  f l uc tu a t i ons  in the t h e r m i s t o r ,  ~2; 
Ls the e f f ec t i ve  s u r f a c e  a r e a  of hea t  t r a n s f e r  f r o m  the t r a n s d u c e r ,  m2; 
ts  the s t e a d y - s t a t e  t e m p e r a t u r e  of hot  f i lm ,  ~ 
Ls the s t e a d y - s t a t e  t e m p e r a t u r e  of i n s u l a t i n g  g l a s s  l a y e r ,  ~ 
~s the t e m p e r a t u r e  of f lu id ,  ~ 
Ls the velocity of oncoming fluid, m/sec; 
[s the relation between resistance fluctuations and current in the thermistor, in operator form; 

is the space coordinate in the mathematical model of the transducer, m ;  
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o~ is the fluctuation component  of heat t r ans fe r  coefficient ,  W/m 2 �9 ~ 
C~p ls the t empera tu re  coeff icient  of res i s tance ,  1/~ 
k is the thermal  conductivity of insulating mater ia l ,  W/m.  ~ 
T D is the t r ans fo rm of t empera tu re  fluctuations in the hot film, ~ 
~- ts the t r a n s f o r m  of t empe ra tu r e  fluctuations in the insulating glass layer ,  ~ 

is the coeff icient  [n the t r ans fe r  function of a t he rmis to r  at high f requencies .  

1o 
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3. 
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