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E x p e r i m e n t a l  h e a t - t r a n s f e r  d a t a  a v e r a g e d  o v e r  the tube l eng th  a r e  e x a m i n e d  fo r  p u l s a t i n g  
a i r  f lows th rough  the t ube .  It i s  shown that  m a x i m u m  c h a n g e s  in h e a t  t r a n s f e r  o c c u r  at  r e s -  
onant  f r e q u e n c i e s .  D i m e n s i o n l e s s  r e l a t i o n s  wh ich  g e n e r a l i z e  the  m e a n  h e a t - t r a n s f e r  d a t a  
a r e  ob t a ined .  

E x p e r i m e n t a l  da t a  on l o c a l  h e a t - t r a n s f e r  c o e f f i c i e n t s  ob ta ined  for  v a r i o u s  p r e s s u r e  f luc tua t ion  f r e -  
q u e n c i e s  n e a r  the s e c o n d  r e s o n a n c e  h a r m o n i c  fs = 180 Hz (135 Hz -< f - 225 Hz) w e r e  ob ta ined  in  [1, 2]. 

In the p r e s e n t  p a p e r ,  which  i s  a con t inua t ion  of [1-3] ,  we e x a m i n e  the in f luence  of r e s o n a n c e  and n o n -  
r e s o n a n c e  p r e s s u r e  f l uc tua t i ons  of  the h e a t - t r a n s f e r  agen t  on the h e a t - t r a n s f e r  coe f f i c i en t  a v e r a g e d  o v e r  
the  tube l eng th .  

The e x p e r i m e n t a l  f a c i l i t y  e m p l o y e d  in [1, 2] w a s  a l s o  u s e d  in ou r  e x p e r i m e n t s .  An  e l e c t r i c a l l y  h e a t e d  
s t a i n l e s s  s t e e l  tube with  an  i n n e r  d i a m e t e r  of 9.7 m m ,  a wal l  t h i c k n e s s  of 0.65 r a m ,  and a l eng th  of 1855 
m m  (usable  length) .  

The a i r ,  which  s e r v e d  a s  the h e a t - t r a n s f e r  agen t ,  was  s u p p l i e d  to the u s a b l e  length  by a p u l s e r  which  
p r o d u c e d  the p r e s s u r e  f l u c t u a t i o n s .  A r o t o r  wi th  r a d i a l  s l i t s  s e r v e d  a s  the p u l s e r .  The a m p l i t u d e  of the 
p r e s s u r e  f l uc tua t i ons  was  m e a s u r e d  wi th  an  ID-2I  induc t ion  p r e s s u r e  gauge  at  the  i n l e t  and  ou t l e t  of  the 
u s a b l e  l eng th .  

The wa l l  t e m p e r a t u r e  was  m e a s u r e d  with  18 C h r o m e l - A l u m e l  t h e r m o c o u p l e s ,  w e l d e d  to the o u t e r  
s u r f a c e  of  the t e s t  tube ,  which  m e a s u r e d  0.1 m m  in d i a m e t e r  and whose  hot  j u n c t i o n s  w e r e  s p a c e d  100 m m  
a p a r t .  

The hea t  f low was  d e t e r m i n e d  f r o m  the c u r r e n t  s t r e n g t h  and f r o m  the hea t  l e a k a g e  to the  t h e r m a l  i n s u -  
l a t i o n  about  the u s a b l e  l eng th .  The t i m e - a v e r a g e d  a i r  f low r a t e  was  m e a s u r e d  wi th  a conven t iona l  o r i f i c e .  

The h e a t - t r a n s f e r  coe f f i c i en t  a v e r a g e d  o v e r  the tube l eng th  was  d e t e r m i n e d  f r o m  the f o r m u l a  ~ = qw o 

/ ( u  - Yf). 

The p h y s i c a l  p r o p e r t i e s  of the g a s ,  which  a r e  con ta ined  in the  d i m e n s i o n l e s s  n u m b e r s  (Nu, Re ,  P r ) ,  
w e r e  d e t e r m i n e d  f r o m  the  m e a n  t r a n s v e r s e  and long i tud ina l  gas  t e m p e r a t u r e  T f .  A d e t a i l e d  d e s c r i p t i o n  
of  the e x p e r i m e n t a l  f a c i l i t y  and p r o c e d u r e  i s  to be found in [1]. 

The p r i n c i p a l  p a r a m e t e r s  w e r e  m e a s u r e d  wi th ih  the  fo l lowing r a n g e s :  R e y n o l d s  n u m b e r  Re = 104 to 
105, p r e s s u r e  P = 3 to 20 b a r ,  the r e l a t i v e  a m p l i t u d e  of the p r e s s u r e  f luc tua t ions  at  the in le t  of the  t e s t  tube 
( A P / P )  0 = 0 to 0.25, and the t e m p e r a t u r e  f a c t o r  T w / T  f = 1.2 to 1.5.  The f r e q u e n c y  of the p r e s s u r e  f l u c t u a -  
t ions  was  m e a s u r e d  wi th in  the r a n g e  f = 40 to 500 Hz.  The r e s o n a n t  f r e q u e n c i e s  fs = 90, 180, 270, 360, and 
450 Hz c o r r e s p o n d e d  to the f i r s t ,  s e c o n d ,  t h i r d ,  fou r th ,  and fif th r e s o n a n c e  h a r m o n i c s  of a channe l  a c o u s t i -  
c a l l y  s e a l e d  a t  both e n d s .  
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15, No.  6, p p .  975-981,  D e c e m b e r ,  1968. O r i g i n a l  a r t i c l e  s u b m i t t e d  M a r c h  11, 1968. 
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F ig .  1. Dis t r ibu t ion  of loca l  r e l a t ive  heat  t r a n s -  
f e r  K s = Nu s / N u  0 o v e r  the tube length (x) for  a 
p r e s s u r e  f luctuat ion f r equency  fs = 450 Hz that 
c o r r e s p o n d s  to the fifth r e s o n a n c e  h a r m o n i c ,  
fo r  va r i ous  va lues  of the r e l a t ive  p r e s s u r e - f l u c -  
t ua t ionampl i tude  at  the inlet:  1) (AP /P )0s  = 0.165; 
2) 0.086; 3) 0.035; 4) 0.0275. 

w h e r e  

TI L r . . . .  In 
"q ~,12 

Sta t ionary  heat  t r a n s f e r  was  d e t e r m i n e d  e x -  
p e r i m e n t a l l y  p r i o r  to each  s e r i e s  of nons t a t iona ry  
t e s t s .  The s t a t i ona ry  h e a t - t r a n s f e r  data  a r e  in 
s a t i s f a c t o r y  a g r e e m e n t  with s t a n d a r d  r e c o m m e n -  
da t ions ,  and a r e  g e n e r a l i z e d  with an e r r o r  of  • 
by the d i m e n s i o n l e s s  equat ion 

Nuo =0.021 ~0.8 ~0.4 \ ~ / /  (1) 

In [1-3],  it was  shown that  in the case  of 
r e s o n a n c e  a i r - p r e s s u r e  f luc tua t ions  in tubes  n e a r  
the ve loc i ty  ant inodes  {pressure  nodes)  of a s t and -  
ing wave ,  the heat  t r a n s f e r  coeff ic ient  has  its m a x i -  
m u m  va lue ,  while its value is m i n i m u m  near '  the 
ve loc i ty  nodes  (p r e s su re  ant inodes) .  The n u m b e r  of 
h e a t - t r a n s f e r  m a x i m a  and m i n i m a  is defined by the 
n u m b e r  of the r e s o n a n c e  h a r m o n i c .  Thus ,  f o r  a 
f luctuat ion f r equency  c o r r e s p o n d i n g  to the fifth r e s -  
onance h a r m o n i c  (Fig.  1), five h e a t - t r a n s f e r  m a x i m a  
a r e  d i s t r ibu ted  o v e r  the tube length.  The local  
h e a t - t r a n s f e r  d i s t r ibu t ion  o v e r  the tube length is 
qual i ta t ive ly  s i m i l a r  to that  of  the k ine t ic  e n e r g y  
of  the f luc tua t ions  in the length of the s tanding  wave 
[1] 

AE~ 1 (ApI2 exp(--~0~]-~-*] Sin ~ (zm~lx) 
Eo = 2k- t P )o~ 'i'lL ] , ~-L (2) 

( AER) 

E0 /~ax.~ 
AEK] 

Eo /max, i+I 

is the damping  f a c t o r  of  the f luc tua t ion  e n e r g y  o v e r  the tube length.  

The heat  t r a n s f e r  damping  f ac to r  a v e r a g e d  o v e r  the tube length 

1 ~ .  @/,where@/ ~ ~L. In /(max. 

i = l  

is a l m o s t  independent  of the n u m b e r  of the r e s o n a n c e  h a r m o n i c  and of the Reynolds  n u m b e r ,  while its n u m e r -  
ical  va lue  co inc ides  within an e r r o r  of *7% with the m e a n  damping  f ac to r  of the f luctuat ion e n e r g y  r - q~, 
and is g e n e r a l i z e d  by the r e l a t i on  

A P   100 I-,0 ( )o 11 (3) 

S i n c e , f o r  r e s o n a n c e  f luc tua t ions ,  the d i s t r ibu t ion  of  the local  r e l a t ive  heat  t r a n s f e r  K s = Nu s / N u  0 is 
s i m i l a r  to that  of the k ine t ic  e n e r g y  of  the f luc tua t ions  in the length of the s tanding  wave [1], the r e l a t ive  
hea t  t r a n s f e r  a v e r a g e d  o v e r  the tube length  m u s t  also! depend on the k inet ic  e n e r g y  of the f luc tuat ions  a v e r -  
aged  o v e r  the length of the s tanding  wave .  

The m e a n  k ine t ic  e n e r g y  of the f luc tua t ions  is d e t e r m i n e d  f r o m  Eq .  (2) 

1149 



<4, 

/,2 o r 
o 

/,0 ,o 

/,4 

O0 IP,, "'~'' 'v 0 0 
O0 . ~ o  o 

o 

O i l  

/,2 . . 
�9 ~ o  " - - 2  

�9 �9 

J 

% 

a a A - - 3  
C 

4o 

/ , 2  v v / v 

<, I vv~v....." T " v - 4  

a - - 5  
a a a  e 

,/o J ~  m 

o qo5 qto o,/5 qzo qz5 (Ap/p)o., 

Fig. 2. Mean relative heat transferK s vs the relative 

amplitude of the pressure fluctuations at the tube 

inlet  (AP/P)0 s at va r i ous  r e s o n a n t  f r equenc ie s :  a,  1) 
fs = 9 0 H z , n =  1 ; b , 2 )  fs = 1 8 0 H z , n =  2 ; c , 3 )  fs 
= 270 Hz,  n = 3; d ,4)  fs = 360 Hz,  n = 4; e ,5 )  fs 
= 450 Hz,  n = 5. Solid cu rves  c o r r e s p o n d  to Eq.  (9). 
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Fig .  3. Var i a t ion  of  the m e a n  r e l a t ive  heat  
t r a n s f e r  and the r e l a t ive  ampl i tude  of the 
p r e s s u r e  f luctuat ion as  a funct ion of  a d e -  
v ia t ion  of the f luctuat ion f r equency  f r o m  
the r e s o n a n c e  f r equency  (45 Hz -< f -- 315 
Hz):  1) r e l a t ive  heat  t r a n s f e r  K; 2) r e l a t ive  
ampl i tude  of  the p r e s s u r e  f luc tua t ion  A 0. 

whe re  

'?Ix 
\ ~0 /maxl 2k \ P ]0~ 

2k 1o~ 

is the k inet ic  e n e r g y  of the f luc tuat ions  at  the i - th  
ve loc i ty  ant inode.  

The re l a t ive  hea t  t r a n s f e r  at  the f i r s t  an t i -  
node of the s tanding wave ve loc i ty  depends on the 
r e l a t ive  ampli tude of the p r e s s u r e  f luc tuat ions  
(AP/P)0s ,  and is a l m o s t  independent  of  the n u m -  
be r  of the r e s o n a n c e  h a r m o n i c  [3]; consequen t ly ,  
it m a y  be a s s u m e d  that (AEK/E0)maxl  is a tso  in -  
dependent  of the n u m b e r  of  the r e s o n a n c e  h a r -  
mon ic .  

Bea r ing  in mind that  the m e a n  damping  
f ac to r  ~ and ( A E K / E  0)maxt a r e  independent  of the 
n u m b e r  of  the r e s o n a n c e  h a r m o n i c ,  f r o m  e x -  
p r e s s i o n  (4) we obtain 

E0 I n _  1-~- (~-~)_ [ ~ n_vl. ] 
[ 'AE~ ] ~ '  z exp L 

(5) 
~,~Zo].=, i+  (-2X-Y) 2 

m 

In our  tes t ,  the mean  damping  f ac to r  ~ va r i ed  f r o m  <~ 1 to 1.06. Within this  r ange ,  the quant i t ies  (~ 
/2v)  2 and (~/27rn) 2 a r e  m u c h  s m a l l e r  than uni ty ,  and e x p r e s s i o n  (5) can be e x p r e s s e d  with s a t i s f a c t o r y  a c -  
c u r a c y  (~2%) in the f o r m  

" - ~ 0  In - - e x p [  ~ n - - l  I . (6) 
{AE ] 2 n 
\ Eo ln=l 

By a s s u m i n g  that  at fixed va lues  of the Reynolds  n u m b e r ,  P r and t l  n u m b e r ,  and the t e m p e r a t u r e  f ac to r  
T w / T  f, the m e a n  r e l a t ive  heat  t r a n s f e r  Ks is p ropor t i ona l  to the m e a n  kinet ic  e n e r g y  of  the f luctuat ions  Ks 
- 1  ~ ( A E K / E  0), we obtain a r e l a t ion  between the m e a n  heat  t r a n s f e r  and the n u m b e r  of  the r e s o n a n c e  h a r -  
mon ic  

h'~r~--I exp [ ~ n - - l ]  
Ksi --1 2 n ' (7) 
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w h e r e  Ks1 is  the  m e a n  r e l a t i v e  h e a t  t r a n s f e r  at  a f r e q u e n c y  c o r r e s p o n d i n g  to the f i r s t  r e s o n a n c e  h a r m o n -  
i c .  

F r o m  cond i t ion  (7), i t  fo l lows  that  fo r  f ixed  Re ,  P r ,  and T w / T  f,  owing to the d a m p i n g  of  the  k i n e t i c  
e n e r g y  of the f l u c t u a t i o n s ,  the r e l a t i v e  hea t  t r a n s f e r  d e c r e a s e s  wi th  i n c r e a s i n g  n u m b e r  of the r e s o n a n c e  
h a r m o n i c ,  and  a t  l a r g e  v a l u e s  o f n  --~o,  t ends  to the  l i m i t  

. . . .  - - 1 =  ( h ' ~ - - l )  exp [ - -  ~ .  ] �9 (8) R~ 

Thus ,  a t  l a r g e  v a l u e s  of n ~ 0% the m e a n  r e l a t i v e  hea t  t r a n s f e r  is  a l m o s t  i ndependen t  of the r e s o n a n c e  h a r -  
m o n i c .  

Equa t ion  (7) fo r  the  m e a n  hea t  t r a n s f e r  i s  in s a t i s f a c t o r y  a g r e e m e n t  wi th  e x p e r i m e n t a l  da t a .  F i g u r e  
2 shows  p r o c e s s e d  m e a n  hea t  t r a n s f e r  d a t a  fo r  r e s o n a n c e  f luc tua t ions  of a i r  p r e s s u r e  in a tube a c o u s t i c a l l y  
s e a l e d  a t  both e n d s .  F r o m  F i g .  2 i t  can  be s e e n  that  the m e a n  r e l a t i v e  h e a t  t r a n s f e r  i n c r e a s e s  when the 
r e l a t i v e  a m p l i t u d e  of the p r e s s u r e  f l uc tua t i ons  a t  the in le t  ( A P / P ) 0  s i n c r e a s e s .  F o r  l a r g e  v a l u e s  of (AP 
/ P ) 0 s  -~ 0.25, the m e a n  hea t  t r a n s f e r  a t  n = 1 i n c r e a s e s  by 40% of i t s  s t a t i o n a r y  v a l u e .  F o r  a c o n s t a n t  va lue  
of ( A P / P ) 0 s ,  the m e a n  hea t  t r a n s f e r  d e c r e a s e s  when the n u m b e r  of the  r e s o n a n c e  h a r m o n i c  i n c r e a s e s  (for 
( A P / P ) 0  s = 0.25 a t  n = 4, and we have  Ks = 1.28).  Th is  m a y  p r o b a b l y  be a t t r i b u t e d  to the  d i s s i p a t i o n  of  the 
f l uc tua t ion  e n e r g y  a long t h e  tube l eng th .  In the idea l  c a s e ,  when the e n e r g y  of  the f luc tua t ions  is  not  d a m p e d  
(q = 0), the m e a n  h e a t  t r a n s f e r ,  a c c o r d i n g  to (7), should  not  depend  on the n u m b e r  of the r e s o n a n c e  h a r m o n -  
i c .  

F o r  a l l  f ive r e s o n a n t  f r e q u e n c i e s  fs = 90, 180, 270, 360, 450 Hz tha t  c o r r e s p o n d  to the f i r s t ,  s e c o n d ,  
t h i r d ,  fou r th ,  and f if th r e s o n a n c e  h a r m o n i c s ,  the m e a n  r e l a t i v e  hea t  t r a n s f e r  can  be s a t i s f a c t o r i l y  (with an 
e r r o r  of • g e n e r a l i z e d  by E q .  (7), i . e . ,  

Ks~ =1 + 1"77 (A P/P)~ exp (, ~2 n_--l)n ' (9)  

w h e r e  ~ d e p e n d s  on (AP/P)os, and i s  d e t e r m i n e d  f r o m  Eq .  (3). 

When  the f luc tua t ion  f r e q u e n c y  d i f f e r s  f r o m  the r e s o n a n t  f r e q u e n c y ,  the hea t  t r a n s f e r  i s  s m a l l e r  than 
in the  r e s o n a n c e  m o d e .  

F i g u r e  3 e x p e r i m e n t a l  m e a n  h e a t - t r a n s f e r  da t a  c a n  be e x p r e s s e d  in the f o r m :  

R~--I = 41 

Af = f ~ - f  = + 1 s  +45 ~z*). 
2n 

I t  can  be s e e n  f r o m  F ig .  3 that  a t  a m a x i m u m  d e v i a t i o n  of  the p r e s s u r e  f luc tua t ion  f r e q u e n c y  f r o m  the 
r e s o n a n t  f r e q u e n c y ,  Af = •  Hz ,  the a m p l i t u d e  of the p r e s s u r e  f l uc tua t i ons  (AP/P)0  and ,  consequen t ly ,  the 
e n e r g y  of  the  f l uc tua t i ons  r e a c h  a m i n i m u m  va lue  (AP/P)0  = ( A P / P ) o t ,  whi le  the m e a n  r e l a t i v e  hea t  t r a n s -  
f e r  K does  not  d i f f e r  p r a c t i c a l l y  f r o m  the c o r r e s p o n d i n g s t a t i o n a r y  va lue  K ~ 1. F r o m  th i s  f i g u r e ,  i t  can  be 
f u r t h e r  s e e n  tha t  a change  in the r e l a t i v e  h e a t  t r a n s f e r  (K - 1 ) / (K  s - 1) a s  a func t ion  of  the  magn i tude  of the 
d e v i a t i o n  f r o m  the r e s o n a n c e  n . A f / f  s i s  q u a l i t a t i v e l y  s i m i l a r  to the change  in the  d i m e n s i o n l e s s  a m p l i t u d e  
of  the p r e s s u r e  f l uc tua t ion  at  the tube in le t  A 0 (F ig .  3). The e x p e r i m e n t a l  da t a  on m e a n  hea t  t r a n s f e r  fo r  
a l l  the n o n r e s o n a n t  f r e q u e n c i e s  s t u d i e d  in th i s  p a p e r  can  be s a t i s f a c t o r i l y  (with an  e r r o r  of • g e n e r a l i z e d  
by the d i m e n s i o n l e s s  equa t ion  

R = 1 +  ( R e - 1 )  A0. (10) 

*The m a x i m u m  d e v i a t i o n  of the p r e s s u r e  f luc tua t ion  f r e q u e n c y  f r o m  the r e s o n a n t  f r e q u e n e y  fo r  a tube a c o u s -  
t i c a l l y  s e a l e d  at  both ends  c o r r e s p o n d s  to the r e s o n a n t  f r e q u e n c y  of a tube a c o u s t i c a l l y  open at  one end.  
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Re, P r  
Nu o 

Tw, Tf, qw 

P,  AP 

(AP/P)os, (AP/P)o 

(AP/P)ot 

oL 

Nu s , Nu 

= Nu/Nu0, KS = Nus/Nu0 

AEK = pAU2/2, Eo = Po 

k, p, a, AU 

x 

0 0 

x , L  

fs, f 
Af = fs - f 
k, n, i 

NOTATION 

are the Reynolds and Prandtl numbers averaged over the tube length; 
is the stationary value of the Nusselt number averaged over the tube 
length; 
are the wall and heat-transfer-agent temperatures averaged over the 
tube length, and the heat flow, respectively; 
are the pressure, and amplitude of the pressure fluctuations of the heat- 
transfer agent, respectively; 
are the relative amplitudes of the pressure fluctuation at the tube inlet at 
resonant and nonresonant frequencies, respectively; 
is the relative amplitude of the pressure fluctuation at the tube inlet at the 
maximum deviation of the pressure fluctuation frequency from the reso- 
nant frequency; 
is the heat-transfer coefficient averaged over the tube length; 
are the Nusseltnumbers averagedover the tube length at resonance and 
nonresonance pressure fluctuations, respectively; 
are the mean values of the relative heat-transfer coefficients at reso- 
nant and nonresonant frequencies (here, the Nusselt numbers refer to 
the same Re, Pr, and Tw/Tf); 
are the amplitude of the kinetic energy of the fluctuations and the po- 
tential energy of the pressure in a steady flow of the heat-transfer agent, 
respectively; 
are the ratio of specific heats, density, speed of sound, and amplitude of 
the heat-transfer-agent velocity fluctuations, respectively; 

are the instantaneous coordinate and total tube length, respect ively;  

are  the resonant  and nonresonant frequency,  respect ively;  
is the deviation of the fluctuation frequency f rom the resonant frequency; 
are the length of the standing wave, number of the resonance harmonic ,  and 
order  of the velocity antinode, respect ively .  
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