
Similarly to the expressions (II) and (15), one can find from (18) the coordinate of the concentration maximum 

of the second radionueleid of the set as well as the appearance time of the concentration maximum at the ad- 

sorber outlet. 

One should mention,  in conclusion,  that the resu l t s  obtained in this a r t i c le  can be employed in the anal-  
ys i s  of radionucleid migra t ion  in the ea r th  and a lso  to inves t igate  radioact ive  gases  by chromatography .  

NOTATION 

ci(x,  t) ,  concentra t ion of the i - t h  radionucleid in flow; a i (x, t) ,  concentrat ion of the i - th  nucleid in ad-  
sorbent ;  7, r e c i p r o c a l  of Henri  coefficient;  hi, decay constant  of the i - th  radionucleid; D, diffusion coefficient;  
~, veloci ty  of the main gas  c a r r i e r .  

1. 
2. 

3. 
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ACOUSTIC METHOD OF INVESTIGATING NONSTATIONARY 

H E A T  C O N V E C T I O N  IN C Y L I N D R I C A L  L A Y E R S  O F  G A S E S  

A N D  L I Q U I D S  

V .  I .  K r y l o v i c h  a n d  A .  D .  S o l o d u k h i n  UDC ,536.2: 534.6 

A new acoust ic  method of invest igat ing nonsta t ionary  heat  t r a n s f e r  and heat conduction in 
ga se s  and liquids is  descr ibed .  The appara tus  is desc r ibed  and exper imen ta l  r e su l t s  for  
a i r  a r e  given.  

The ho t -wi re  method o r ,  as  it is s o m e t i m e s  ca l led ,  the cyl indr ica l  probe  of constant  power  method [1-5, 
14], is widely used to study heat  t r a n s f e r  in liquids and g a s e s .  I ts  advantage is the re la t ive  s impl ic i ty  of the 
measu r ing  cel l .  This  method has a lso  been used to inves t iga te  heat conduction and heat convection under  
s teady conditions.  The main fea tu res  of nonsta t ionary  f r ee  convection have not been studied to any g rea t  ex-  
tent  [6-9, 15, 16]. 

In this pape r  we use the ho t -wi re  nonsta t ionary acoust ic  method to inves t igate  the h e a t - t r a n s f e r  p r o p e r -  
t ies of liquids and gases .  The method is  based on measu r ing  the phase  di f ference o r  f requency difference (for 
high heating speeds) of u l t rasonic  osci l la t ions  in fine wi res  [10-11]o The s a m e  wire  s e r v e s  both as a hea te r  
and for  measu r ing  the t e m p e r a t u r e .  

The r e sponse  t ime  of the measur ing  probe ,  de te rmined  by the t ime  taken for  the acoust ic  s ignal  to p rop-  
agate  through the contro l  pa r t  of the med ium,  is of the o rde r  of 5.10 -5 sec .  Hence,  a m e a s u r e m e n t  can be 
made immedia t e ly  a f t e r  connecting or  disconnecting the source  of heat ,  the t ime  taken to c a r r y  out the e x p e r i -  
ments  the reby  being reduced to s e v e r a l  seconds.  The method enables one to study the developmen'~ of convec-  
tive heat  t r a n s f e r  at high heating or  cooling r a t e s ,  s ince the reso lv ing  power  of the f requency method i n c r e a s e s  
when the ra te  of var ia t ion  of the t e m p e r a t u r e  is i nc rea sed  (the nonsta t ionary mode),  while the re la t ive  e r r o r  in 
measu r ing  the f requency shift  is  reduced.  Among the fea tu res  of the method is the fact  that informat ion on the 
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Mi Zhurnal ,  Vol. 31, No. 6, pp. 1105-1112, D e c e m b e r ,  1976. Original  a r t i c l e  submit ted November  4, 1975. 
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Fig.  1 Fig. 2 
Fig.  1. Block d i a g r a m  of the appara tus ;  1) source  of heat;  2, 4) source  and 
r e c e i v e r  of acoust ic  osci l la t ions ;  3) wi re  probe;  5) spr ing;  6) confining tube; 
7) f requency m e t e r ;  8) m a s t e r  gene ra to r ;  9) f requency deviation m e a s u r e r ;  
10) ampl i f i e r ;  11) osc i l loscope .  

Fig.  2. Curves  of Af  as a function of T (a) and lnAf as a function of r (b), 
which occu r s  when the wire  probe  is  heated: The sect ionAB co r r e sponds  to 
conductive heat  t r a n s f e r ,  and BC co r r e sponds  to convect ive heat t r a n s f e r ;  
Tc is  the delay t ime .  

var ia t ion  of the t e m p e r a t u r e  is supplied f r o m  the p robe  in the f o r m  of a f requency-modula ted  s ignal ,  and not 
an ampl i tude-modula ted  s ignal  as  in [1-9, 14, 15]. In the l a t t e r  c a s e ,  to i n c r e a s e  the sens i t iv i ty ,  it is neces -  
s a r y  to reduce  the passband  of the ampl i f i e r ,  which imposes  l imitat ions on the range  of var ia t ion  of the m e a -  
su r ed  p a r a m e t e r ,  i . e . ,  on the invest igat ion of the dynamics  of the p r o c e s s .  

Consider  the t e m p e r a t u r e  f ield produced by a thin wire  through which an e lec t r i c  cu r r en t  is pa s sed  (Fig. 
1). Simul taneously ,  continuous acoust ic  osci l la t ions  of constant  f requency f0 a r e  excited at one end of the wire.  
When the wire  is  heated the f requency of the osci l la t ions  rece ived  at the opposi te  end will differ  f r o m  the f r e -  
quency of the exci ted s igna l s ,  i . e . ,  a nons ta t ionary  acoust ic  Doppler  effect  o c c u r s ,  the value of which is p r o -  
por t iona l  to the r a t e  of heating of the wire  [12] 

A~ 0:) = : -  :o = A d r .  
d~ (1) 

If the wire  is  s i tuated in a confined space ,  fo r  example ,  s t re tched  along the axis of a cyl indr ical  tube,  
when the wire  is  heated the heat  will be p re fe ren t i a l l y  t r a n s f e r r e d  init ial ly into the surrounding liquid o r  gas  
due to t h e r m a l  conduction. Then,  a f t e r  a ce r t a in  t ime  ~r ,  which Os t roumov  [6] has cal led the delay t ime ,  
f r ee  convection begins to have a cons iderable  effect  on the h e a t - t r a n s f e r  p r o c e s s .  Since for  a given init ial  
r a t e  of heating of the wire  and an ass igned  value of the d i a m e t e r  of the confining cyl inder  there  is a definite 
value of the fall  in t e m p e r a t u r e  of the wi re  AT c cor responding  to the instant  of t ime ~c~ the p a r a m e t e r s  T c and 
AT c can be cal led c r i t i c a l  or  threshold  values cha rac t e r i z ing  the f r ee  convection. Since the intensity of con- 
vect ive  heat  t r a n s f e r  in media  of low v i scos i ty  cons iderably  exceeds  the intensity of conductive heat  t r a n s f e r ,  
to s impl i fy  the ca lcula t ions  of the heating of the wi re  p robe  we can neglect  t he rma l  conduction under  f ree  con- 
vect ion conditions.  

We will ca lcula te  the  heating of the wire  fo r  the f i r s t  s tage when the re  is heat  conduction, and for  the 
second s t age ,  when we will a s s u m e  only convect ive  heat  t r a n s f e r .  The t h e r m a l  balance equation for  the wire 
in the f i r s t  s tage  will be 

~r~Ic7 ~ ~ P ~ 2~rxl~g dTg (2) 
at dr 

To s impl i fy  the p rob l em  we will neglect  the volume t h e r m a l  capaci ty  of the medium surrounding the wi re ,  
which is  just i f ied in the case  of the gas .  Then,  for  s t e a d y - s t a t e  rad ia l  t h e r m a l  flow through the gaseous  m e -  
dium in the region r 1 <- r ___ r2, the d i f ferent ia l  equation of t h e r m a l  conduction has the f o r m  

A = o. (3) 
dr ~ dr } 

H the t e m p e r a t u r e  of the surrounding cyl inder  is  mainta ined constant  and equal to T O and the t e m p e r a t u r e  
of the wire  is  T ,  the ini t ial  and boundary conditions will be  
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F i g .  3. E x p e r i m e n t a l  c u r v e s  of l n A f  
v e r s u s  T (see) when the  w i r e  i s  h e a t e d  
in  open a i r :  1) P = 0.2 W; 2) 0.3 W; 3) 
O.4; 4) O.5 W. 

T(r,  0 ) = T o ;  Tg(r l, ~ ) = T ;  Tg(r 2, ~ ) = T  O (4) 

The  s o l u t i o n  of E q s .  (2) and  (3) wi th  cond i t i on  (4) f o r  an e x c e s s  t e m p e r a t u r e  AT(v)  = T{T)--T 0 can  be 
w r i t t e n  

In r J r  I P 
AT ('0 - -  [ 1 - -  exp ( - -  Xfl~)], 

2nt  ~ g 
(5) 

w h e r e  

h - -  
c?r~ I n  r2/r l  

(6 )  

i s  a c o n s t a n t  c o e f f i c i e n t  t ha t  depends  on the p r o p e r t i e s  of  the  w i r e  and the i n t e r n a l  r a d i u s  of the  s u r r o u n d i n g  
tube .  

F i n d i n g  f r o m  Eq .  (5) the  r a t e  of hea t ing  of the  w i r e  p r o b e  and  subs t i t u t i ng  the  va lue  ob ta ined  into t he  e x -  
p r e s s i o n  f o r  the  f r e q u e n c y  sh i f t  (1), we ob ta in  

w h e r e  

(7) 

P 
A I = A ~ r f t c ~  (S) 

i s  a c o n s t a n t  which  i s  a l so  d e t e r m i n e d  by the  p r o p e r t i e s  of the  p r o b e  and the  e l e c t r i c  p o w e r  s u p p l i e d  to i t .  T a k -  
ing l o g a r i t h m s  of Eq.  (7), we have  

In hf ('c) 
Ai = - -  Xg~. (9) 

H e n c e ,  on a s e m i l o g a r i t h m i c  s c a l e  the  e x p e r i m e n t a l  c u r v e  Af(~-) i s  a s t r a i g h t  l ine  (F ig .  2b),  f r o m  the  
s l o p e  of  which  

k s = - -  ~ h ,  ftOi 

one can  d i r e c t l y  c a l c u l a t e  t he  t h e r m a l  c o n d u c t i v i t y  of the  g a s  (liquid) s u r r o u n d i n g  the  p r o b e :  

k_AL 1 
Xg --  - -  --  k~cyr~ In Q/q .  (11) 

h 2 

When the  w i r e  i s  h e a t e d  cond i t i ons  a r e  p r o d u c e d  f o r  the  o c c u r r e n c e  and d e v e l o p m e n t  of f r e e  c o n v e c t i o n ,  
to  which  c o r r e s p o n d s  the  i n s t a n t  of t i m e  ~c,  so  tha t  t ak ing  Eq .  (5) in to  accoun t  we can  w r i t e  

A T c -  lnr2/rl P [ 1 - -  exp {-- Xghxc)] (12) 
2M X g 

F r o m  Eq.  (1) the  t h r e s h o l d  t e m p e r a t u r e  d r o p  can  be c a l c u l a t e d  f r o m  the  equa t ion  

AT e = --2- Af (T) dr. 
A , 

0 

(13) 

F o r  the  s e c o n d  s t a g e  of  the  hea t ing  of the  w i r e  p r o b e  (convec t ive  hea t  t r a n s f e r )  the  h e a t - b a l a n c e  equa t ion  
w i l l  be (for  T c _ • <_ ~) 
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:~r~Icy d (AT) _ p __ 2~rzlaAT" (14) 
d~: 

As in the previous case ,  we will a ssume that the init ial  t empera tu re  of the medium surrounding the wire is 
constant  and equal to the t empera tu re  of the external  cyl inder  T o . The initial condition is 

AT(r, % ) =  AT c . (15) 

The boundary conditions a re  the same as in Eq.  (4). The solution of problem (14) taking Eqs.  (4) and (15) into 
account has the form 

AT (~) = ~ -  -t- AT e - -  exp [-- am (~-- ~e)l, (16) 

where 
2 m = - -  (17) 

cyr  z 

is  a constant  coefficient determined by the p a r a m e t e r s  of the probe.  

Per forming  with express ion  (16) the same t rans format ion  as with (5), we obtain for  the period of convec-  
tive heat t r a n s f e r  

Ar (~) = A~ exp (-- ~mx). (18) 

Here 

the measured  t ime-var ia t ion  of the frequency shift of acoustic osci l lat ions.  
of this express ion:  

In Af(x) _ czm-~. 
As 

A~ = A (. Pm amhTc )exp (am'rc). (19) 

Equation (18) is the main equation for  the experimental  determinat ion of the heat t r ans fe r  coefficient f rom 
To do this we take the logari thm 

(20) 

Relation (20) for  convective heat t r ans f e r  is also descr ibed by a s traight  line (Fig. 2b), but having a different 

slope given by 

k 2 ~ - -  am. (21) 

By finding the quantity k 2 we can find the hea t - t r ans f e r  coefficient f rom the equation 

a = k2 1 k~cTrr (22) 
m 2 

The delay t ime TC corresponding to the occur rence  of f ree  convection is determined f rom the discont i -  
nuity in the experimental  curves  of Af@) or  lnAf(r) (Fig. 2). The value of AT c is numerical ly  equal to the 
a rea  shown hatched in Fig.  2a. 

It should be noted that the above method is nonstat ionary.  By varying the power applied to the probe 
one can obtain different ra tes  of heating of the wire f i lament and hence investigate how the threshold for  the 
development of f ree  convection and the heat t r a n s f e r  coefficient depend on the rate  of heating. 

As is seen f r o m  Eqs.  (11) and (22), the accuracy  with which the the rma l  conductivity and the hea t - t r an s -  
fe r  coefficient can be determined depends only on the accuracy  of the graphical  determination of the angular  
coefficients k 1 and k2, and the accuracy  with which the pa rame te r s  of the wire and of the surrounding tube (c, 
T, rl  and r 2) are  ass igned,  and ideally are  independent of other  quantities including the acoustic cha rac t e r -  
i s t ics  (the velocity of ul t rasound in the probe),  its t empera ture  coefficient,  etc. 

To rea l ize  this method in prac t ice  we constructed the apparatus shown in Fig.  1, for recording the rate  
of heating of a wire probe.  The frequency shift between the oscillations at the r ece ive r  and radiator  when the 
wire is heated was measured  with a Ch7-5 frequency compara to r  and was recorded on an N700 osci l loscope.  
The frequency stability of the mas te r  genera tor  of e lec t r ica l  oscil lat ions was monitored with a Ch3-30 e lec-  
t ron ic -coun te r  frequency mete r .  
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T A B L E  1. E x p e r i m e n t a l l y  O b t a i n e d  Va lues  of a ,  Xg, and  

"re f o r  D i f f e r e n t  H e a t - T r a n s f e r  Cond i t ions  

Tube diam-[ Initial tem- 
eter 2r2, perature To, 
mm ~ 

Open air 

8 

14 

294 

291 

295 

P,P~ i~' W/mLdeg i W/m.deg~'~'l o,, 

0,2 
0,3 
0,4 
0,5 

0,I 
0,3 

0,I 
0,3 

87 
99 

100 
102 

116 25 

26 ll5 

~" , See 
C 

1,1--1,6 

, 0,8--1,1 

2 j 

2I  z : I 
- J  ~ a 

f 2 3 

2 i b 

tn~f ] _ i -%1 

F i g .  4. E x p e r i m e n t a l  c u r v e  of  l n A f  as  a func t ion  of  
(see) f o r  the  hea t i ng  of a f i l a m e n t  in a tube  wi th  i n t e r -  
na l  d i a m e t e r  8 m m  (a) and  14 m m  (b): 1) P = 0.1 W; 2) 
P=3W. 

We u s e d  a C o n s t a n t a n  w i r e  of  d i a m e t e r  0.2 m m  and length  412 m m  a s  the  p r o b e .  T h i s  has  the  m i n i m u m  
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  and s i m p l i f i e s  the  supp ly  of c o n s t a n t  p o w e r  to the  p r o b e  which  i s  one of 
the  a d v a n t a g e s  of  the  me thod .  The  f i l a m e n t  was h e a t e d  by c o n s t a n t  c u r r e n t  and  p l a c e d  a long  the  ax i s  of a h o r -  
i zon t a l  m e t a l  tube .  

The  u s e  of  the  Ch7-5  f r e q u e n c y  c o m p a r a t o r ,  c o n s t r u c t e d  on the  p r i n c i p l e  of c a r r i e r  f r e q u e n c y  m u l t i p l i c a -  
t i on ,  e n a b l e d  us  to  m e a s u r e  s m a l l  f r e q u e n c y  sh i f t s  due to  a change  in  the  t e m p e r a t u r e  of the  f i l a m e n t  with a 
low a b s o l u t e  e r r o r  of the  o r d e r  of 10 -2 Hz.  The  s e n s i t i v i t y  of the  a c o u s t i c  f r e q u e n c y  me thod  f o r  m e a s u r i n g  
the  r a t e  of hea t ing  (cooling) i s  then  0.005 d e g / s e c .  

E x p e r i m e n t a l  i n v e s t i g a t i o n s  of  the  n o n s t a t i o n a r y  hea t  t r a n s f e r  of a f ine w i r e  u n d e r  f r e e  c onve c t i on  c o n d i -  
t ions  w e r e  m a d e  in  open a i r  and in  s u r r o u n d i n g  c y l i n d e r s  of d i a m e t e r s  8 ram and 14 m m  f o r  d i f f e r e n t  f i l a m e n t  
hea t ing  p o w e r s .  A l l  the  m e a s u r e m e n t s  w e r e  m a d e  u n d e r  i d e n t i c a l  l a b o r a t o r y  c o n d i t i o n s :  a t  i n i t i a l  r o o m  t e m -  
p e r a t u r e  and u n d e r  n o r m a l  a t m o s p h e r i c  p r e s s u r e .  

The  e x p e r i m e n t a l  i n v e s t i g a t i o n s  showed  tha t  when the  w i r e  i s  h e a t e d  in  open  a i r  (F ig .  3) c onve c t i ve  hea t  
t r a n s f e r  beg ins  a l m o s t  i m m e d i a t e l y  a f t e r  the  s o u r c e  of  h e a t  i s  s w i t c h e d  on.  The  s t r a i g h t  l i n e s  a r e  a l m o s t  
p a r a l l e l  .to one ano the r ;  t h e i r  s l o p e  i n c r e a s e s  s l i g h t l y  a s  the  hea t ing  p o w e r  i s  i n c r e a s e d ,  which i n d i c a t e s  s o m e  
i n c r e a s e  in the  h e a t - t r a n s f e r  c o e f f i c i e n t  a s  the  r a t e  of hea t ing  i n c r e a s e s  (see  the  t a b l e ) .  

The  n a t u r e  of the  hea t  t r a n s f e r  changes  when the  p r o b e  i s  p l a c e d  in  a conf in ing  h o r i z o n t a l  t u b e .  In a l l  
c a s e s ,  f o r  a low h e a t i n g  p o w e r  of the  o r d e r  of  0.1 W the  e x p e r i m e n t a l  c u r v e  d o e s  not  have  a d i s c o n t i n u i t y  
( s t r a i g h t  l i ne s  1 in  F i g .  4). In th i s  c a s e  c o n v e c t i o n  has  p r a c t i c a l l y  no e f fec t  and the hea t  t r a n s f e r  in a i r  o c c u r s  
p r i m a r i l y  due to the  t h e r m a l  conduc t i v i t y  of the  g a s .  A c a l c u l a t i o n  of  the  t h e r m a l  c o n d u c t i v i t i e s  in  t h e s e  e x -  
p e r i m e n t s  gave  r e s u l t s  in  good  a g r e e m e n t  wi th  the  a v a i l a b l e  d a t a  [2, 13]: Xg = 25 .4 .10  -3 W / m . d e g  fo r  T = 290~ 
and kg = 26.2"10 -3 W / m . d e g  f o r  T = 300~ 

F o r  a p o w e r  P = 0.3 W a b r e a k  i s  o b s e r v e d  in  the  c u r v e  of l n A f  (7) which r e p r e s e n t s  the  o n s e t  of  c o n v e c -  
t ive  h e a t  t r a n s f e r  ( cu rves  2 in  F i g .  4).  As  m i g h t  have  been  e x p e c t e d ,  f r e e  c o n v e c t i o n  beg ins  e a r l i e r  when the 
d i a m e t e r  of  t he  s u r r o u n d i n g  t u b e s  i n c r e a s e d .  I t  c a n  be a s s u m e d  tha t  b e f o r e  the  b r e a k  o c c u r s  in  the  e x p e r i m e n t -  
a l  c u r v e  conduc t i ve  hea t  t r a n s f e r  o c c u r s ,  and  a f t e r  t h i s  po in t  c o n v e c t i v e  hea t  t r a n s f e r .  The  va lue  of the  R a y -  
l e igh  c r i t e r i o n  f o r  t h e s e  c a s e s  v a r i e s  wi th in  the  l i m i t s  Ra  = 100-300 .  
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The values  of Ra obtained a r e  explained by t h e  nonsta t ionary  nature  of the p roce s s  and the g e o m e t r y  of 
the s y s t e m ,  s ince theore t ica l ly  the re  is  no unstable  equi l ibr ium in the cy l indr ica l  s y s t e m  (if the f i lament  is  
absolute ly  thin) and the re  should not be a convection threshold .  

The r e su l t s  of expe r imen ta l  inves t igat ions  fo r  Xg, a ,  and ~c a r e  given in Table  1. 

The re la t ive  theore t i ca l  e r r o r  in de te rmin ing  the h e a t - t r a n s f e r  coeff icient  was 4.3%, and the e r r o r  in 
de te rmin ing  the t h e r m a l  conductivi ty was 5.5%. The accu racy  achieved is not the l imit ing value and can be 
cons iderably  impr oved  by inc reas ing  the mul t ip l icat ion fac to r  of the c a r r i e r  f requency of the s ignals  and by 
m o r e  modern  methods of p roces s ing  the expe r imen ta l  o sc i l l og rams .  

The solut ions and theore t i ca l  expres s ions  given in this pape r  were  obtained assuming  that the h e a t - t r a n s -  
f e r  coeff ic ients  a r e  constant .  Constancy of the quantity a leads to the l inear  re la t ionship  lnAf (T), SO that  the 
equations given above can only be used  on the l inear  p a r t  of this curve .  The solution of the p rob lem of convec-  
t ive heat  t r a n s f e r  with va r i ab le  coeff icient  a has not been given s ince the nature  of the var ia t ion  of the coeff i -  
cient  as  a function of the r a t e  of heating the t h e r m a l  f lux,  and the t ime  is not known. 

In addit ion,  in a m o r e  r igorous  formula t ion  of the p rob lem it  is  n e c e s s a r y  to take into account the t e m -  
pe ra tu re  field inside the wi re ,  which does not give r i s e  to any g r ea t  dif f icul t ies ,  but leads to a compl ica t ion of 
the theore t i ca l  f o r m u l a s .  In the ca se  of liquids and gases  at  high p r e s s u r e s  it  is  n e c e s s a r y  to take into account 
the heat  capaci ty  of these  media .  The e r r o r  due to neglect ing these  f ac to r s  is  negligibly sma l l  in our  ex p e r i -  
men t s .  

Fu r the r  inves t igat ions  in this  d i rec t ion  will enable us to study the mechan i sm of heat  t r a n s f e r  in liquids 
and gase s  in m o r e  detai l .  

N O T A T I O N  

�9 , t ime;  r ,  radius  of the cy l indr ica l  s y s t e m  of coordina tes ;  fo, f ,  f requencies  of the source  and r e c e i v e r  
of acoust ic  osc i l l a t ions ,  r e spec t ive ly ;  t ,  Tg ,  t e m p e r a t u r e s  of the wire  and surrounding medium {gas), r e s p e c -  
t ively;  A, acoust ic  constant  quantity; r 1, r~dius of the wire;  r2, in te rna l  radius  of  the surrounding tube; l ,  
length of the heated p a r t  of the wire;  c ,  ~/, speci f ic  heat  and density of the wire;  P ,  e lec t r ic  power  used  to heat 
the wire;  T 0, ini t ial  t e m p e r a t u r e  of the wire;  ~g, t h e r m a l  conductivity of the gas  (liquid); ~ ,  h e a t - t r a n s f e r  co-  
efficient;  S = 2~rrl/, a r e a  of the su r face  of the heated wi re .  
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