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The ar t ic le  examines the method of measur ing  pulsations of the hea t - t r ans fe r  coefficient in 
a fluidized bed with the aid of a d c  the rmoanemomete r  and presents  obtained experimental  
data. 

Measurements  of the pulsations of the hea t - t r ans fe r  coefficient in a fluidized bed make it possible to 
establish to what extent the models of heat exchange suggested by various authors give a true picture of the 
actual situation. Insufficiently accura te  measuremen t s  and incor rec t  manipulation with the obtained data 
somet imes  lead to e r roneous  conclusions in evaluating models of heat exchange. The present  work  attempts 
to find anaccu ra t e  method of measur ing  the pulsations of the thermal  flux f rom the surface to the fluidized bed. 

As a rule,  pulsations of thermal  flux are  determined by the method of dc aneomometer  f rom a foil. The 
considerable fo rces  originat ing in a fluidized bed make it neces sa ry  to glue the foil to a rigid substrate .  Pa r t  
of the heat l iberated in the foil is accumulated by the subs t ra te ,  and this greatly complicates  the calculation 
of the the rmal  flux according  to the experimental ly  obtained dependence of the foil t empera tu re  on time. The 
thermal  flux accumulated by the substrate  can be calculated by the method of modeling the changes of the t e m -  
pera ture  field in the substrate  [1]. For  that it is neces sa ry  to know accura te ly  the dimensions and the t he rmo-  
physical  proper t ies  of the foil and of the subs t ra te ,  and, in addition, to evaluate the effect of the layer  of glue 
joining them (if there is such a layer).  

The cha rac t e r i s t i c s  of the sensor  used in the rmoanemomet r ic  measurements  are  determined by dynam- 
ic cal ibrat ion or  by an intermit tent  s t r eam of the medium (direct method), or else by the action of e lec t r ic  
s tandard signals (indirect method) [2-4]. In our case the anemometer  is not used for its d i rec t  purpose (for 
measur ing  speed) but as a sensor  of thermal  flux. Most suitable for  cal ibrat ing such sensors  is the indirect  
method,  and as actuating signal it is best  to use a single stepwise change in intensity of the cur ren t  pass ing 
through the foil, with constant hea t - t r ans fe r  coefficient f rom the sensor  to the environment (e. g . ,  when a 
s t r eam of a i r  is blown pas t  the sensor  at constant speed). Since the sensor  has high thermal  inert ia ,  the 
re fe rence  cha rac t e r i s t i c  can be recorded  on an ordinary  loop oscil lograph.  By compar ing the obtained curve 
with the analytical  solution, we can obtain the cha rac te r i s t i c s  that in teres t  us. 

The analytical  dependence of the foil t empera tu re  on time upon stepwise change of cur rent  intensity 
is obtained f rom the solution of the equation of thermal  conductivity in the subst ra te  
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with the initial condition T v = 0 = T1. On one side the substrate  is heat- insulated by an in ter layer  of a ir  (aT/ 
8X)x = 0 = 0, and on the other side (x = l) there is concentrated specific heat (foil) (cp6)f in which a thermal  
flux q = I~Rt/S, W/m 2 is l iberated because of the passage of the current .  In the initial steady state ff < 0), 
all the l iberated heat (if we neglect the heat losses  through the opposite surface of the substrate that is t h e r -  
mally insulated by an air  inter layer)  is t r ans fe r r ed  to the environment  with a tempera ture  T O according to 
Newton's  law qt = a(TI-T0) .  When T = 0, the intensity of the cur ren t  pass ing through the foil changes stepwise,  
and the boundary condition (for x = 1) has the form 

a T  a T  I~R 
(cp6)f ~ -}- s ~ ---- T - -  a (T -- To). (2) 
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Fig. 1. Reference characteristic of the 
sensor with I = const: I) c~ = 700 W/m 2" 
~ Ii = 0.9 A; I2 = 1 . 0 A ;  2) a = 300 W /  
m 2 . ~  2 = 0 . 7 5 A .  i f ,  ~ 
T, sec .  

With  r -- =o, the second steady state begins where the temperature of the fo i l  and of the substrate is equal to 
T 2, determined from the ratio I~R2/S = a {T 2 -To). The resistance R of the foil usually increases linearly with 
increasing temperature: 11 = 11211 + B(r-T2) ]. If we transform the boundary condition (2), we obtain 

aT OT -- a' (T -- T~). 

H e r e ,  a' = all -/3 {T 2 -T0) ]. 

It should be noted that when a and ~ are independent of temperature, steady state can exist only up to a 
definitely determined temperature gradient between the foil and the environment: T 2-T o = I/~. When the tem- 
perature gradient is larger, the problem becomes unstable and the foil temperature will increase with no limit. 

The analytical solution of the stated problem was obtained by the method of the integral Laplace trans- 

f o r m  [5]. 

T" T~ 
Ox=t----- ~ ---- n=* 

Here ~n are the roots of the equation 

[~n tg ~ ,  = Bi - -  ~ M .  

2 Bi exp (--p,~Fo) (4) 

~n (2Mt~ + tg ~,~ + ~tJcos ~ ~,~) 

With small Fo, when thermal distortion does not have time to spread to the thermally insulated surface 
of the substrate, series (4) converges fairly slowly; therefore for calculating the temperature of the foil it is 
expedient to use a simpler solution in which the substrate is taken as a semiinfinite body. A solution was 
also obtained by the method of integral Laplace transform on condition that heat transfer to the environment 
occurs from the boundary surface of the body (x = 0): and that the foil is situated on this same surface. The 
dependence of the temperature of the surface of the body and of the foil on time has the form 

0~=0 = Tt - -  T2 7 - -  (5) 

w h e r e  y ,  ~ = i �9 ~ a r e  con juga te  c o e f f i c i e n t s .  When  ( 1 - 4 B i ' A )  < 0, t a b u l a r  v a l u e s  of the  p r o b a b i l i t y  
integral of the complex argument may be used [6], and the solution of (5) is transformed to the form 

O==0= T - - T ~  = u ( L o ~ ) +  ~ (~'C~ . (6) 
Tt - -  T~. ]/-4 Bi'A - -  1 

The  t a b u l a r  v a l u e s  of the  r e a l  u(~, w) and of  the  c o m p l e x  V(~, 00) p a r t s  of the  p r o b a b i l i t y  i n t e g r a l  w(~, w) a r e  
d e t e r m i n e d  f r o m  t h e  a r g u m e n t  ~ = V F o ' ( 4 B t ' A - ~ i / 2 A ,  r = q~r6~/2A. T h e  d e t e r m i n i n g  d i m e n s i o n  in  the  c r i t e r i a  
F o '  and  Bi '  i s  t he  t h i c k n e s s  of  the  fo i l  (Sf). 

We  t r i e d  out  a s e n s o r  w h o s e  s e n s i t i v e  e l e m e n t  w a s  a l a y e r  of  n i c k e l  5f = 0.5 ~m v a p o r i z e d  on the p o l i s h e d  
s u r f a c e  of  a p y r o c e r a m i c  p l a t e l e t  wi th  an  a r e a  of  4 x 16 r a m ,  0.6 m m  t h i c k .  The  s e n s o r  i s  f i x e d  f l u s h  in a 
c o r k  b a s e .  T h e  e x p e r i m e n t a l  r e f e r e n c e  c h a r a c t e r i s t i c  of  the  s e n s o r  (F ig .  1) in a s t r e a m  of  a i r  c o i n c i d e s  
wi th  tha t  c a l c u l a t e d  by Eq.  (5) w i th in  the e r r o r  of  m e a s u r e m e n t  when  t h e  c u r r e n t  i n t e n s i t y  c h a n g e s  s t e p w i s e  
b e c a u s e  in  t h i s  c a s e ,  t h e r e  a r e  no glue i n t e r l a y e r s  be tw e e n  the  fo i l  and  the s u b s t r a t e ~  D y n a m i c  c a l i b r a t i o n  
c o n f i r m s  the  e f f i c i e n c y  and a c c u r a c y  of  d e t e r m i n i n g  the g e o m e t r i c  and  t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  of the  

s e n s o r  tha t  w e r e  u s e d  in the  c a l c u l a t i o n .  

34 



70 i 

r I ~'~ 

_ , k k ,  2 V v - 

o q5 ,la ,x5 "~ 

Fig. 2. T e m p e r a t u r e  pulsat ions of the 
sens i t ive  e l emen t  of the t he rma l - f lux  
s ens o r  (1) and h e a t - t r a n s f e r  coefficient  
(2) in the corundum fluidized bed with 
mean  pa r t i c l e  s ize 0.12 mm.  Bed t e m -  
p e r a t u r e :  24~ a i r  speed in the ins ta l -  
lation: 0.12 m/sec ,  a t ,  W/m2"~ qv, 
kW/m 2. 

Figure  2 shows the graph of the t e m p e r a t u r e  pulsat ions of the sens i t ive  l aye r  of the senso r  and the 
instantaneous t h e r m a l  flux qT f r o m  the senso r  to the corundum fluidized bed d = 0.12 m m  calculated by the 
method of [1]. The quest ion to which t e m p e r a t u r e  gradient  the va lues  of the t h e r m a l  flow should be at t r ibuted 
in the calculat ion of the h e a t - t r a n s f e r  coefficient  and whether  this h e a t - t r a n s f e r  coeff icient  cor responds  to 
the conditions when the t e m p e r a t u r e  of the s enso r  is constant:  r equ i r e s  s epa ra t e  examinat ion  [7]. However ,  
in view of the conditional nature  of the concept of h e a t - t r a n s f e r  coeff icient  i tself ,  w e u s e  for the sake of s i m -  
plici ty the t i m e - a v e r a g e d  di f ference  between the foil and the core of the fluidized bed in calculat ing a r. H e r e ,  
the dependences  q~ = f(r) and sT = fff)  d i f fer  only in sca le  on the axis  of ordinates .  In pr inc ip le ,  when the 
instantaneous t e m p e r a t u r e  di f ference is used,  the f o r m  of the dependence ~r = f(7) changes only slightly be -  
tween the bed and the foil. 

The ampli tude of the pulsat ions of the h e a t - t r a n s f e r  coeff icient  amounts  to 800-700 W/m2 �9 ~ T h e s e d a t a  
a r e  close to the resu l t s  of the calculat ion obtained by Baskakov et  al. [1]. Evident ly ,  the glue in t e r l aye r  b e -  
tween the foil and the subs t r a t e ,  which was  d i s r e g a r d e d  in the calculat ion in [1], did not have a substant ia l  
ef fect  on the dynamic  c h a r a c t e r i s t i c s  of the sensor .  

In the ana lys i s  of the r e su l t s  obtained with t h e r m o a n e m o m e t e r s  it is e s sen t i a l  to evaluate  the effect  of 
deformat ion  of the foil by fo rces  induced on the fluidized bed. A change in r e s i s t a n c e  a s soc ia t ed  with d e f o r m a -  
tion and the appearance  of m i c r o c r a c k s  will be r e co rded  by the ins t rumen t  as t e m p e r a t u r e  pulsat ion of the 
foil. The s e n s o r s  mus t  t he re fo re  be checked by m e a s u r i n g  the pulsa t ions  of the b e a t - t r a n s f e r  coeff icient  in 
e x p e r i m e n t s  that d i f fer  only in intensi ty of the cu r ren t  pass ing  through the foil. If  the r e s i s t a n c e  of the foil  
f luctuates  on account  of some mechan ica l  ac t ions ,  then the pulsat ion ampli tude of the voltage drop on the foil  
will be l inear ly  dependent on the cu r r en t  intensity.  However ,  if the signal is due to a change in t e m p e r a t u r e ,  
then the ef fec t  of the cu r ren t  intensi ty will  be much g rea t e r .  Specif ical ly ,  accord ing  to ca lcula t ions ,  when 

(T-T0)  << 1, the ampli tude of the pulsat ions of the voltage drop on the foil is p ropor t iona l  to the th i rd  power  
of the change in cu r r en t  intensity.  This  co r r e sponds  to the expe r imen ta l  data obtained with the aid of the 
a b o v e - d e s c r i b e d  sensor .  

Of cons iderable  in t e re s t  is the evaluat ion of the poss ib i l i ty  of using c o n s t a n t - t e m p e r a t u r e  t h e r m o a n e m o m -  
e t e r s  fo r  invest igat ing pulsa t ions  of the t h e r m a l  flow in a fluidized bed. The f i r s t  work  in this f ield was c a r -  
r ied out by Antonishin [8, 9]. When the t e m p e r a t u r e  of the foil is constant ,  the calculat ion of the expe r imen ta l  
data is much s impl i f ied  because  there  is no need to take into account  the heat  accumula ted  by the sensor .  If 
such a s enso r  is to work  p r o p e r l y ,  its t ime constant  mus t  be much s m a l l e r  than the per iod  of pulsat ions of the 
h e a t - t r a n s f e r  coefficient .  

To evaluate  the t ime of the t r ans i en t  p r o c e s s ,  we will examine  the opera t ing  conditions of the senso r  
(foil and subs t ra te ) .  In case of s tepwise  change of the h e a t - t r a n s f e r  coefficient  f r o m  o~ to c~ 2, the m a t h e m a t i -  
cal  s t a t emen t  of the p rob l em  di f fers  f r o m  that  for  the dc t h e r m o a n e m o m e t e r  desc r ibed  above only by the 
boundary condition (3) fo r  x = I. We will  a s s u m e  that  approx imate ly  the heat  l ibera t ion  in the foil is p r o p o r -  
t ional to the deviat ion of its t e m p e r a t u r e  f r o m  the se t t ing t e m p e r a t u r e  T s (the t e m p e r a t u r e  at which the 
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Fig.  3. R e f e r e n c e  c h a r a c t e r i s t i c  of the 
s e n s o r  with T = const :  1) (~ = 450 W/m 2 �9 
~ 2) 250; 3) 70. I, A.  

m e a s u r i n g  bridge of  the t h e r m o a n e o m o m e t e r  is  balanced) ,  i . e . ,  that q = K(T - Ts) .  The proport ional i ty  
(ngainn) factor  K has  the d imens iona l i ty  of  the h e a t - t r a n s f e r  coef f ic ient .  Then for  x = l, the boundary condi -  
t ion will have the fo rm 

8T OT 
(cp6)f ~ + ~, - - 0 x  ---- - -  K (T - -  Ts) - -  ~ (T - -  To). (7 )  

Taking it that in steady s ta te -K(T 2 - T  s) = ~ { T 2 - T  0) = q2, we obtain 

aT 8T 
(cpb')f - - ~  + ~ . . . .  8x (~2 + K) (r  - -  T2). (8) 

Thus the boundary condition is the same as in (3), only with the difference that instead of the hea t -  
t r ans fe r  coefficient in the r ight-hand par t ,  there  is the sum of the hea t - t r ans fe r  coefficient and the p ropo r -  
tionality fac tor  K. The solution of this pr0blem is also analogous to the solution of (4), with ~' in it r e -  
placed by (~ + K). As with sensor s  with small  Values of Bi {10], an inc rease  in the "gain" fac tor  K in 
this case leads to a dec rease  of the duration of the t ransient  p rocess .  

F igure  3 shows the exper imenta l  re ference  charac te r i s t i c  of the above-descr ibed  sensor  connected to 
a cons tan t - t empera tu re  anemomete r  TA-7M (designedby the Donets University). The stepwise action was not 
attained by changing the conditions of heat exchange but by changing the sett ing tempera ture  (the res is tance  
of one of the a r m s  of the bridge). The duration of the t rans ient  p rocess  here  is shor te r  than with a d c  t he rmo-  
anemometer  and analogous values of a ,  but it is never theless  much longer than the period of pulsations ot in 

the fluidized bed. 

Analysis  shows that when a t he rmoanemomete r  TA-71VI and a foil of the same size are  used (in this case 
K ~ 104 W/m 2 �9 OK is ensured),  the duration of the t ransient  p r o c e s s  will be fair ly short  only when a cork sub- 
s t ra te  is used o r  the substrate  is of denser  mate r ia l  but very  thin (6 = 10-20/lm);  however, in both cases  the 
s trength of the sensor  will be insufficient for  operat ion in the fluidized bed. Another way - to great ly  reduce 
the a rea  of the foil to dimensions commensurab le  with the par t ic le  dimensions - is often unfeasible. 

Thus,  the use of a cons tan t - tempera ture  t he rmoanemomete r  for measur ing  the pulsations a in a fluidized 
bed poses technical  problems that are  difficult to overcome.  On the other  hand, t empera ture  curves recorded  
with the aid of a dc the rmoanemomete r  provide in a simple manner  a fair ly complete pat tern of the change in 
the hea t - t r ans fe r  coefficient with t ime. 

A 
Bi 
Fo 
M = (co~f/col; 
I 

To 
T,  Tf 
c,  cf 
P, Pf 
l,  6f 
) t , a  

N O T A T I O N  

is the rat io of vo lumetr ic  heat of the mate r i a l s  of the foil and of the subst ra te ;  
is the Blot number ;  
is the Fou r i e r  number;  

is the cur ren t  intensity; 
is the t empera tu re  of the fluidized bed; 
a re  the t empera tu res  of the substrate  and of the foil, respect ively;  
are  their  respect ive  specific heats; 
a re  the i r  densit ies;  
a re  the i r  thicknesses;  
are  the thermal  conductivity and thermal  diffuelvity of the subst ra te ,  respect ively;  
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m the e l ec t r i c a l  r e s i s t a n c e  of the foil;  
m the a r e a ;  
is the r e s i s t a n c e  t e m p e r a t u r e  coeff icient ;  
m the h e a t - t r a n s f e r  coeff icient  f r o m  the su r face  to the fluidized b e d ;  
m the spec i f ic  heat  flux; 
m the par t i c le  d i a m e t e r ;  
m the t ime.  
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I N F L U E N C E  O F  T H E  I N C O M P R E S S I B L E  S T R E A M  

T E M P E R A T U R E  ON C O O L I N G  O F  A H O T  W I R E  

P .  I o n a  s h  UDC 533.6.08 

Resu l t s  a re  p resen ted  of an expe r imen ta l  invest igat ion of the cooling of the hot wi re  of a 
t h e r m o a n e m o m e t e r  in an a i r  s t r e a m  for  di f ferent  wire  and flow t e m p e r a t u r e s .  

It  is known that the r e su l t s  of m e a s u r i n g  flow c h a r a c t e r i s t i c s  by a hot wi re  t h e r m o a n e m o m e t e r  contain 
s y s t e m a t i c  e r r o r s  if the s t r e a m  t e m p e r a t u r e  changes dur ing the expe r imen t ,  a lbei t  s lowly,  and di f fers  con-  
s ide rab ly  f r o m  the t e m p e r a t u r e  at which the s e n s o r  was cal ibrated.  To achieve a m e a s u r e m e n t  accu racy  
under  non i so the rmal  conditions which is close to the accu racy  usual ly  achievable  in an i so the rma l  flow, it is 
n e c e s s a r y  to ref ine how the heat  f r o m  the wi re  is e l imina ted  as a function of the s t r e a m  veloci ty  and t e m -  
p e r a t u r e  and of the wi re  t e m p e r a t u r e .  

A number  of pape r s  [1-12] has  b e e n  devoted to this p rob lem in recen t  y e a r s .  E m p i r i c a l  f o rmu la s  
desc r ib ing  the cooling of the hot wi re  in a non i so the rmal  flow which have been proposed  by di f ferent  authors  
d i f fer  s ignif icant ly among  themse lves .  In d i scuss ing  the i r  re l iabi l i ty  it is n e c e s s a r y  to s t a r t  f r o m  the fact  
that under  i so the rma l  conditions these fo rm u la s  should go over  into those ver i f ied  well ,  e. g . ,  into the m o s t  
exact  cooling law [5]: 

Nu = G(T, T~)[A + BRen], (1) 

a ( r ,  Tw) . (2) 

A detai led study [8] showed that  the best  ca l ibra t ion  approx imat ion  is obtained for  the w i r e s  of the t h e r -  
m o a n e m o m e t e r  s ens o r  types  usual ly  used  when the coeff icients  A and B and the exponent n a r e  de te rmined  
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