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The influence of acoust ic  osci l la t ions  on heat t r a n s f e r  in a h igh - t empera tu re  turbulent  flow 
is  de te rmined .  It is  shown how the heat  t r a n s f e r  at r esonance  f requencies  di f fers  at nodes 
and antinodes of the standing acoust ic  wave.  

It  is  a well-known fac t  that acoust ic  (sonic and ul t rasonic)  osci l la t ions  in a gas  flow can significantly 
affect  the h e a t - t r a n s f e r  p r o c e s s  [1-3]. The mos t  detai led invest igat ions  of heat  t r a n s f e r  in a pulsat ing flow 
have been d i rec ted  at  l a m i n a r  flow in a boundary l aye r .  F a r  f ewer  studies have been devoted to the influence 
of osci l la t ions  on heat t r a n s f e r  in turbulent  f lows,  despi te  the patently g r e a t e r  p rac t i ca l  impor tance  of the 
l a t t e r .  We should point out that  the r e s e a r c h  r e su l t s  depend s t rongly  on the type of flow per turbed  by acoust ic  
osci l la t ions  ( laminar  or  turbulent) ,  the intensi ty  of the osc i l la t ions ,  and the s i te  at which the heat flux is m e a -  
su red  (for osc i l la t ions  at  r e sonance  f requencies ) .  

The object ive  of the p r e s e n t  study is to de te rmine  how the heat t r a n s f e r  in a pulsat ing h igh - t empera tu re  
turbulent  gas  flow as  well  as  at  r e sonance - f r equency  nodes and antinodes d i f fers  f r o m  the heat t r a n s f e r  in the 
nonpulsating case  ove r  a wide range  of osci l la t ion f requencies  and f r e e s t r e a m  Reynolds numbers .  

We have designed and built a spec ia l  appara tus  (Fig. 1) to accompl i sh  the s ta ted object ive.  It cons is t s  
of a g a s - j e t  g e n e r a t o r  1 in the f o r m  of a tube,  in which a gas flow i s  c rea ted  f r o m  the combust ion products  of 
burning solid m a t t e r  and in which the heat  flux and flow p a r a m e t e r s  a r e  m e a s u r e d ;  a dc m o t o r  2; a clutch 3; 
a v a r i a b l e - r a t i o  r educe r  4; and a p e r f o r a t e d - d i s k  counterf low s i r en  5 for  the genera t ion  of osci l la t ions  in the 
tube.  The solid m a t t e r  6 l ines the s ide su r face  and burns  at one .end. The mean  p r e s s u r e  level  in the tube is  
de te rmined  by the a r e a  of the burning solid su r f ace ,  the composi t ion of the sol id ,  and the effect ive c r i t i ca l  
c r o s s  sect ion of the nozzle .  The flow veloci ty  of the combust ion products  is  dictated by the tube d i ame te r  and 
p r e s s u r e  (the burning ra t e  of solid m a t t e r  is p r e s su re -dependen t ) .  The natura l  f requency of longitudinal modes  
is  de te rmined  by the length of the tube.  The solid m a t t e r  is i n se r t ed  in a holder ,  which can be moved along 
the g a s - j e t  g e n e r a t o r  tube to va ry  the acous t i ca l  p r o p e r t i e s  of the l a t t e r .  The s i r e n ,  which is  mounted on the 
r educe r  output shaft  and is  dr iven by the m o t o r ,  per iodica l ly  c loses  off the nozzle o r i f i ce ,  introducing p r e s s u r e  
osci l la t ions  (longitudinal waves) into the tube i n t e r i o r .  The appara tus  pe rmi t s  smooth var ia t ion  of the g e n e r -  
ated osci l la t ion f requency f r o m  50 to 5000 Hz. The following p a r a m e t e r s  a r e  m e a s u r e d  in the course  of the 
exper iment :  

1) p r e s s u r e  pulsat ion ampli tude and f requency,  by the cooled p iezoe lec t r ic  p r e s s u r e  pulsat ion gauge 7 
(maximum e r r o r s  of de te rmina t ion  of the p r e s s u r e  ampli tude and frequency: 15% and 2%, respec t ive ly) ;  

2) mean  p r e s s u r e  in the g a s - j e t  g e n e r a t o r ,  by the t e n s o m e t r i c  p r e s s u r e  gauge 9 (maximum e r r o r :  3%); 

3) rpm of the e lec t r i c  m o t o r ,  by the t a c h o m e t e r - g e n e r a t o r  10 and an induction angula r -ve loc i ty  gauge 

(maximum e r r o r :  1%); 

4) t e m p e r a t u r e  in the c a l o r i m e t r i c  unit 8, by a Chromel - -Alumel  thermocouple  0.1 m m  in d i a m e t e r  

(maximum e r r o r :  5%). 

The the rmodynamic  t e m p e r a t u r e  of the combust ion  products  is 2300~ and the invest igated p r e s s u r e  
range  is f r o m  20 to 80 b a r s .  These  p a r a m e t e r s  make it poss ib le  to cove r  a range  of Reynolds numbers  f r o m  
8.5.103 to 20- 103. 
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, ~ 0  ~'~" ~ Fig.  1. Schematic  of expe r imen ta l  appara tus .  
1) Gas - j e t  gene ra to r ;  2) dc e lec t r i c  moto r ;  3) 
c lutch:  4) r educer ;  5) p e r f o r a t e d - d i s k  s i ren ;  
6) solid ma t t e r ;  7) p r e s s u r e  pulsation gauge; 
8) heat&flowmeter ;  9) m e a n - p r e s s u r e  gauge; 
10) t a c h o m e t e r - g e n e r a t o r .  
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Fig. 2. Acoustic field pa t t e rns  and exper imen ta l  resu l t s  on 
heat t r a n s f e r  in an acoust ic  field. 1) Hea t - f lowmete r ;  2) burn-  
ing su r face  of solid ma t t e r ;  3) acoust ic  veloci ty  dis t r ibut ion in 
standing wave; 4) calculated resonance  f requency,  Hz; a) ex-  
pe r imen ta l  r e su l t s  without osci l la t ions;  b) with nonresonance 
osc i l la t ions ;  c) with the h e a t - f l o w m e t e r  at a veloci ty node of the 
standing wave; d) with the h e a t - f l o w m e t e r  at  a velocity antinode 
of the standing wave; q in W/m2; qx = qc + qr  (curve ]); qc (II). 

The t e s t  sequence is as follows: 1) without p r e s s u r e  osci l la t ions;  2) with p r e s s u r e  osci l la t ions  at non- 
resonance  f requencies  f rom 100 to 500 Hz (the tube length is  less  than a quar te r -wavelength) ;  3) with p r e s s u r e  
osci l la t ions  at resonance  f requencies  f r o m  1000 to 4000 Hz (an in tegra l  number  of q u a r t e r - w a v e s  fits the 
length of the tube). The resonance  f requencies  for  longitudinal modes  a r e  calculated f r o m  the equation 

C 
f ~ - -  n .  
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The veloci ty  of sound in the given case  is de te rmined  f rom the condition for  the inception of m a x i m u m  osci l la t ion 
ampli tude at the instant  of r esonance  at  the na tura l  f requency of the tube and the f requency of the forced osc i l l a -  
t ions (the t e m p e r a t u r e  computed f r o m  this condition turns  out to be somewhat  lower than the c a l c u l a t e d t h e r m o -  
dynamic t e m p e r a t u r e ) .  At resonance  f requencies  the osci l la t ion nodes and antinodes have fixed posi t ions ,  and 
a veloci ty  node a lways occurs  at the combust ion su r face .  In exper imen t s  where  the f requency  of the fo rced  o sc i l -  
lat ions is equal to the na tura l  f requency of the gas  column in the tube with the la t te r  closed a tboth  ends, the p r e s -  
su re  pulsat ion gauge is  set  up nea r  the nozzle  or i f ice  plate.  The s teady flow veloci ty  in the tube is calculated by 
means  of the gasdynamic  functions,  and the acoust ic  pe r tu rba t ion  veloci t ies  a re  calculated f r o m  the equation 

1 c . A P  
AV . . . .  

k P 
The heat flux is  m e a s u r e d  p rec i se ly  at ten seconds of opera t ion  of the g a s - j e t  gene ra to r .  The re la t ive  p r e s -  
su re  ampli tude A p / p  when the heat  flux is m e a s u r e d  at a p r e s s u r e  antinode does not exceed 1%. The re la t ive  
acoust ic  veloci ty ampli tude when the heat flux is m e a s u r e d  at a veloci ty  antinode is g r e a t e r  than 1.0. The r e l -  
a t ive  p r e s s u r e  ampli tude for  nonresonance  f requencies  does not exceed 1%. The burning ra te  of the solid 
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Fig.  3. Schemat ic  of modified a r r a n g e m e n t .  1) 
Pu re  i ron  cyl inder ;  2) insulation; 3) Chromel - -Alu-  
m e l  thermocouple .  
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Fig. 4. Acoustic f ield patterns and experimental re -  
sults on heat t ransfer  in an acoustic f ield in the modi- 
fied apparatus, a) Experimental  results without os- 
ci l lat ions; b) with resonance  osci l la t ions;  1) hea t - f low-  
m e t e r ;  2) acoust ic  veloci ty  dis t r ibut ion in standing 
wave; 3) calcula ted resonance  f requency,  Hz. 

m a t t e r  during al l  osci l la t ions does not deviate  f r o m  the nonosci l la tory  burning ra te .  The exper imenta l  r e su l t s  
and acoust ic  field pa t t e rns  a r e  shown in Fig.  2. It is impor tan t  to note that  the f requencies  of the injected os -  
ci l lat ions do not exact ly co r r e spond  to the calculated na tura l  f requencies  of the combust ion products  in the tube. 

Calculat ions according to the  convect ive h e a t - t r a n s f e r  equation [5] 

in which 

NUd = 0 . 0 3 6  Red0 "s P r  ~ 

NUd = , qr , 
(T - -  Tw) ~,g 

show (Fig. 2) that  for  the attendant veloci t ies  of the combust ion products  in the tube (they do not exceed 2 m /  
sec) the heat  f luxes a r e  not de te rmined  sole ly  by convection.  The flow in the tube without osci l la t ions  is a s -  
sumed to be turbulent ,  because  the actual  combust ion of condensed m a t t e r  in t roduces  cons iderable  turbulence 
into the genera ted  combust ion produc ts .  We t h e r e f o r e  es t ima te  the radia t ive  heat  t r a n s f e r  according to the 
express ion  [5] 

qr = % "  % + I  .4.96 
2 ~ 
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The values so obtained agree  with the es t imates  of [5]. The dependence of the calculated total heat flux on the 
flow pa rame te r s  of the combustion products is consistent  with the experimental  resul ts  obtained here without 
the generat ion of acoustic oscil lat ions in the flow (Fig. 2). A cer ta in  d iscrepancy at smal l  Reynolds numbers 
may be attributed to the presence  of products of incomplete combustion of the condensed mat te r  at low p r e s -  
sures  corresponding to Re d = 104 or  less .  

An analysis of the experimental  resul ts  (Fig. 2) indicates the following. 

1. The heat t r ans f e r  associated with the generat ion of nonresonance oscil lat ions in the flow of combus-  
tion products  does not differ f rom the heat t r ans fe r  without osci l lat ions.  The additional flow turbulence p r o -  
duced by the introduction of oscil lat ions is probably smal l  at the investigated levels of oscil lat ion intensity and 
flow pa rame te r s  of the combustion products ,  so that they do not tend to increase  the heat t r ans fe r  [1]. Other 
authors [3] have also reported that an inc rease  in the heat flux with oscillations over  the heat flux without os -  
cillations is not observed when the excited frequency is far  f rom resonance (90 ~45 Hz). 

2. The heat t r ans fe r  at a velocity node of the standing acoustic wave when resonance oscillations are  
generated in the flow does not differ significantly f rom the nonosci l latory heat t rans fe r .  This resul t  does not 
concur  with the resul ts  of [2, 4], in which a substantial  decrease  in the heat flux was observed at the given 
node, and is explained by the much higher tempera ture  and p res su re  of the gas flow {by compar ison with [2, 4]) 
and the lower oscil lation level relative to these pa r ame te r s .  

3. The heat flux at a velocity antinode of the standing acoustic wave for  resonance oscil lat ions in the 
flow is appreciably g r ea t e r  than the heat flux without osci l lat ions.  This resul t  is consistent  with the resul ts  
of [2-4]. 

To expand the range of the investigated flow pa ramete r s  in the tube and the intensity level of the injected 
oscil lat ions we have conducted experiments  on a slightly modified apparatus (Fig. 3). The tes ts  are  car r ied  
out with and without the introduction of oscil lat ions at resonance frequencies  corresponding to the nat-  
ural  f requencies  o f  the combist ion products  for  the tube with one end open. A piezoelect r ic  p r e s s u r e  
pulsation gauge is set up at the closed end of the tube. The selected ,composition of the solid mat te r  
in the gas - je t  genera tor  and the selected tube d iameter  make it possible to c a r r y  out investigations in 
the range of p r e s s u r e s  f rom 8 to 30 bar  and Reynolds numbers  f rom 4 �9 104 to 11 �9 104, The frequencies 
of the injected oscil lat ions are  between 800 and 2000 Hz. The ca lor imet r ic  units a re  not positioned at veloc-  
ity nodes and antinodes of the standing w a v e .  The heat flux is measured  precise ly  at three seconds of opera-  
tion of the gas - j e t  genera tor .  The relat ive amplitude of the p re s su re  oscillations at the heat-flux m e a s u r e -  
ment stations does not exceed 20~ (AP/P < 0.2). The maximum relative velocity amplitude AV/V is less than 
1.0. The test  resul ts  and acoustic field pat terns in the tube are  shown in Fig. 4. 

It is seen that the heat flux with oscillations present  does not differ f rom the nonosci l latory heat flux. 

The mechanism of the action of acoustic oscil lations on turbulent flow clear ly  involves nothing more  
than the production of additional turbulence or  the creat ion of a sys tem of wall vor t ices .  In the given invest i -  
gations the additional flow turbulence is  probably smal l  and does not significantly affect the heat t r ans f e r  (at 
the investigated oscil lat ion intensity levels); this conjecture is supported by the resul ts  of experiments  with 
nonresonance (see Fig.  2) and resonance frequencies (see Fig. 4). 

For  the case  of nonresonance oscil lat ions with a relative velocity amplitude AV/V > 1 a wall vor tex s y s -  
tem is formed in the flow, where it a l ters  the hea t - t r ans fe r  conditions between the flow and the wall at a veloc-  
ity antinode of the standing wave (Fig. 2). For  resonance oscillations with a relative velocity amplitude AV/ 
V < 1 the wall vortex s y s t e m  is not formed,  and the hea t - t r ans fe r  conditions between the flow and the wall 
remain inchanged. The acoustic frequency was not observed to have any influence on the hea t - t r ans fe r  p ro -  
cess  in the given investigation. 

N O T A T I O N  

f ,  oscil lation frequency,  Hz; c,  velocity of sound, m / s e c ;  l ,  length of tube, m; n, number of qua r t e r -  
wavelengths fitting the length of the tube; AV, acoustic velocity,  m / s e c ;  k, adiabatic exponent; AP,  acoustic 
p r e s s u r e ,  bars ;  P,  mean p re s su re ,  bars ;  Nu, Nussel t  number;  Re, Reynolds number; P r ,  Prandtl  number;  
d, tube d iameter ,  m; x, distance f rom beginning of gas flow to point of heat-flux measurement ,  m; T, t em-  
pera ture  of combustion products ,  ~ T w, wall t empera tu re ,  ~ qc, convective heat flux, W/m2; }~g, thermal  
conductivity of gas ,  W/re~ qr ,  radiative heat flux, W/mS; ~g, emissivi ty  of combustion products;  ew, emis -  
sivity of wall. 
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Resul ts  a r e  p re sen ted  of an expe r imen ta l  study of heat  t r a n s f e r  in the l amina r  flow of anoma-  
lously viscous  liquids in c i r c u l a r  and e l l ip t ica l  p ipes .  

The study of heat t r a n s f e r  in the flow of anomalous ly  v iscous  liquids in pipes having c r o s s  sect ions  of 
var ious  shapes  is  of g rea t  t heo re t i ca l  and p r a c t i c a l  i n t e r e s t  fo r  a number  of b ranches  of industry .  Unfor tu :  
nately, m o s t  of the work on this p rob l em  has been devoted to a stud:~ of heat  t r a n s f e r  in the flow of anomalously  
v iscous  liquids in c i r c u l a r  and p l a n e - p a r a l l e l  channels  and pipes .  

The purpose  of the p r e s e n t  work  is  to de te rmine  exper imenta l ly  the laws of heat  t r a n s f e r  in the l amina r  
flow of anomalous ly  v iscous  liquids in c i r c u l a r  and e l l ip t ical  p ipes .  The s tudies  were  p e r f o r m e d  on an ex p e r i -  
men ta l  a r r a n g e m e n t  shown schemat ica l ly  in Fig. 1. The working liquid was drawn f rom the p r e l im ina ry  t e m -  
pe r a tu r e  contro l  tank  1 by the pump 2 through a c losed c i rcu i t  consis t ing of the p r e s s u r i z e d  tank 3 with an o v e r -  
flow device ,  the buffer  tank  4, the h e a t - t r a n s f e r  and damping chambe r s  5 and 6, the working e lement  7, and 
the mixing c h a m b e r  11. The flow ra te  of the liquid was control led by adjusting the pump speed and the valve 
12. The pipe wall  of the working por t ion  7 was kept at a constant  t e m p e r a t u r e  by sec t ional  cascade  e lec t r i c  
hea t e r s .  The wall  t e m p e r a t u r e  was m e a s u r e d  with a se t  of Chromel - -Cope l  the rmocouples  8 made of 0.2 m m  
d i a m e t e r  wi re ,  and the po ten t iomete r  10. The r e m o v a b l e  working por t ions  of the a r r a n g e m e n t  were  made of 
copper  and b r a s s  pipes 1500 m m  long with inner  su r face  roughness  cor responding  to the 8th c lass  of sur face  
finish.  The c i r c u l a r  pipes had d i a m e t e r s  of 13.6 and 19.8 m m  and the s emiaxes  of the e l l ipt ical  pipes were  
6.3 x 2.4 and 3 x 1 r am.  The expe r imen t s  were  p e r f o r m e d  under  s teady t h e r m a l  and hydrodynamic conditions.  

P r e l i m i n a r y  work with the expe r imen ta l  setup was p e r f o r m e d  with t r a n s f o r m e r  oil .  The working liquids 
were  5 and 7.5% aqueous solut ions of  sodium carboxymethy lce l lu lose  (CMC) and 3 and 8% aqueous solutions of 
polyvinyl  alcohol (PVA). The rheologica l  c h a r a c t e r i s t i c s  of the solut ions were  de te rmined  on a Rheotes t  ro t a ry  
v i s c o m e t e r .  The r e su l t s  of the v i s c o m e t r i c  m e a s u r e m e n t s  in the 20 to 80~ t e m p e r a t u r e  range a r e  shown in 
Fig .  2. In the range of s h e a r  r a t e s  invest igated the rheologica l  behavior  of the solutions is  well  descr ibed  by 

the equation [1, 2] 

S. M. Kirov Inst i tute  of Chemical  Technology Kazan ' .  T rans la t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  
Vol. 32, No. 1, pp. 68-72,  J anua ry ,  1977. Original  a r t i c l e  submit ted D e c e m b e r  2, 1975. 

This material is protected by copyrigh't registered in the ~ m e  of  Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 1001l. No part [ 
Iof this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, I 
I microfilming, recording or otherwise, without written permission o f  the publisher. A copy of  this article is available from the publisher for $ Z 50. J 

42 


