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Experimental data are presented on heat transfer with diisopropylcy- 
clohexane accompanied by high-frequency pressure oscillations..4 
hypothesis is advanced relating to the mechanism causing these oscil- 
lations. 

There  have r ecen t l y  been  seve ra l  papers  which 
have examined  or touched upon the ques t ion  of p r e s s u r e  
osc i l l a t ions  a r i s i n g  in the p r e s e n c e  of heat  t r a n s f e r  to 
or f rom a l iquid flowing a tube. This  is a m a t t e r  of 
g rea t  p r ac t i c a l  i n t e r e s t ,  s ince  in many  cases  these  
p r e s s u r e  osc i l l a t ions  may  p r e s e n t  a haza rd  as r e g a r d s  
the s t reng th  and s tab i l i ty  of heat  exchangers .  This  
ques t ion  is a lso  of t heo re t i ca l  i n t e r e s t ,  s ince  it con-  
e e r n s  the physica l  na tu re  of heat  t r a n s f e r  dur ing  a 
change in the s ta te  of aggrega t ion  of a m a t e r i a l .  

The mos t  i n t e r e s t i ng  data a re  g iven in [1,2], in 
which the re  is a de sc r i p t i on  of p r e s s u r e  osc i l l a t ions  
du r ing  heat  t r a n s f e r  with a l iquid  in the s u p e r c r i t i e a l  
region.  Meanwhile ,  it is known that heat  t r a n s f e r  in 
the s u b c r i t i c a l  r eg ion  with sur face  boi l ing of a l iquid 
moving  in  a tube is  accompanied  by in t ense  m e c h a n -  
ica l  v ib r a t i ons ,  ~buzz ing ,  ~ and no i se ,  These  o s c i l -  
l a t ions  have not r ece ived  specia l  study, however .  

The p r e s e n t  a r t i c l e  gives  the r e s u l t s  of an ex-  
p e r i m e n t a l  inves t iga t ion  of h igh - f r equency  p r e s s u r e  
osc i l l a t ions  exci ted dur ing  heat  t r a n s f e r  with d i i s o -  
p ropy lcyc lohexane  (DICH) under  condi t ions  of forced  
mot ion  inside a tube,  at both subc r i t i e a l  and s u p e r -  
c r i t i c a l  p r e s s u r e s .  DICH is an organic  l iquid s i m i l a r  
in physica l  p r o p e r t i e s  to ke rosene .  Its e l e m e n t a r y  
compos i t ion  is C12H24 , its specif ic  weight 8030 N / m 3, 
its c r i t i c a l  p r e s s u r e  1.96 M N / m  2, and its c r i t i c a l  
t e m p e r a t u r e  650 ~ K. 

The t e s t s  were  c a r r i e d  out in a hea t - exchange  s y s -  
tern with an e l e c t r i c a l l y  hea ted  h e a t - r e l e a s e  e l emen t ,  
the l iquid being suppl ied with the aid of an MSh-3A gear  
pump. A specia l  fea ture  of the equ ipment  was the 
p r e s e n c e  of a spec ia l  p i ezoe l ec t r i c  d u a l - b e a m  type 
IAN-100 p r e s s u r e  ind ica tor ,  made by t 'E lekt ronika"  
(Hungary), a l lowing m e a s u r e m e n t  of the c h a r a c t e r i s t i c s  
(frequency and ampl i tude)  of the p r e s s u r e  o sc i l l a t i ons  
exci ted dur ing  heat  t r a n s f e r .  The h e a t - r e l e a s e  e l emen t  
(HE) was a s e a m l e s s  type IKh18N10T s t a in l e s s  s teel  
tube of d i a m e t e r  1.6 ram, wall th ickness  0.15 ram, 
and working length 30 mm.  The p r e s s u r e  probe was 
mounted  in a t ube  of d i a m e t e r  2.5 mm at a d i s tance  of 
65 m m  from the point  of exi t  of the l iquid from the HE. 
M e a s u r e m e n t  of all  the r e g i m e  p a r a m e t e r s  ( p r e s su re ,  
heat  flux, ra te  of flow and t e m p e r a t u r e  of l iquid),  and 
of the c h a r a c t e r i s t i c s  of the p r e s s u r e  osc i l l a t ions  
( f requency and ampl i tude)  was accompl i shed  with an 
a c c u r a c y  not l e s s  than 2 - 5 ~ ,  

In the p r oc e s s  of heat  t r a n s f e r  f rom the DICH to 
the cooled sur face  of the HE hard  ca rbonaceous  de -  
pos i t s  were  formed,  caus ing  a spontaneous  i n c r e a s e  
of the wall t e m p e r a t u r e s .  It is n e c e s s a r y  to allow for  
this  in evaluat ing  the va lues  of t w given in the p r e s e n t  
paper .  In o rde r  to avoid l a rge  wall  t e m p e r a t u r e  in -  
c r e a s e s  due to this  cause,  each s e r i e s  of t es t s  was 
conducted in a new HE. 

F igu re  1 shows the r e s u l t s  of the mos t  typical  s e r i e s  
of t e s t s  on heat  t r a n s f e r  f rom DICH at the subc r i t i c a l  
p r e s s u r e  of 1.45 MN/m 2. 

The l iquid t e m p e r a t u r e  at the inlet  to the HE was 
kept cons tant  in all  the t e s t s ,  at a level  of 293~ ~ K. 
The l iquid t e m p e r a t u r e  at the HE outlet  was d i f fe rent  
in all  t e s t s ,  dependent  on the va lues  of flow veloci ty  
and heat  flux, but  did not exceed 315~ ~ K. The 
top pa r t  of Fig.  1 shows cu rves  of the r e l a t i on  t w = 
= ~(q) with c h a r a c t e r i s t i c  a r e a s  t w = const  for the 
reg ion  of heat  t r a n s f e r  with su r face  boi l ing ef the l iquid.  
C o m p a r i s o n  of the heat  t r a n s f e r  data with the m e a -  
su red  p r e s s u r e  osc i l l a t ions  shows that  the l a t t e r  a r i s e  
whenever  su r face  boi l ing  of the l iquid begins .  In the 
t e s t  r e s u l t s  shown in Fig. 1 the p r e s s u r e  osc i l l a t ions  
a re  c h a r a c t e r i z e d  by f r equenc ie s  of f rom 3000 to 15 000 
cps,  and ampl i tudes  r ang ing  f rom 0.2 to 2.0 MN/m 2. 

The f r equenc ie s  shown in Fig.  1 r e l a t e  to the mos t  
pronounced,  dominan t  p r e s s u r e  osc i l l a t ions .  Bes ides  
these  f r equenc ies ,  one could see on the osc i l loscope  
s c r e e n  a whole s p e c t r u m  of higher  f r equenc ies .  As may 
be seen  f rom the data p resen ted ,  the p r e s s u r e  osc i l l a -  
t ions were  c ha r a c t e r i z e d  by d i f fe ren t  f requency,  but we 
did not obse rve  any kind of dependence  of change of 
f requency  on heat  flux and liquid flow veloci ty .  F r o m  a 
c o m p a r i s o n  of the va r ious  f r equenc ie s ,  it may beno ted  
that they differ  by mul t ip les  of 1700 cps.  If we a s s u m e  
that the f requency f0 = 1700 cps is the fundamenta l  f r e -  
quency of the osc i l l a t ions ,  then the other  f r e quenc i e s  
a re  v e r y  c lose  to the f o l l o w i n g v a l u e s : f l =  2f0 = 3400 

cps,  f2 = 3f0 = 5100 cps,  f3 = 4f0 = 6800 cps,  and so on. 
Some devia t ion  f rom these  va lues  may be due to 

e r r o r s  of m e a s u r e m e n t ,  and a lso  to the fact  that the 
fundamen ta l  f r equency  may change with change of the 
c o m p r e s s i b i l i t y  of the s t r e a m  of l iquid  as a funct ion 
of t e m p e r a t u r e  and vapor content .  The ampl i tude  of the 

p r e s s u r e  osc i l l a t ions  in all  the s e r i e s  of t e s t s  i n c r e a s e d  
with i n c r e a s e  of hea t  flux. No inf luence of l iquid flow 
veloci ty  on this  dependence  could be observed .  As the 
heat  flux inc reased ,  the rate of i n c r e a s e  of the a m p l i -  

tude was slowed down. F i g u r e  2 shows the r e s u l t s  of t es t s  
of heat  t r a n s f e r  with DICH at a s u b c r i t i c a l  p r e s s u r e  

of P0 = 1.45 MN/m 2 and s u p e r c r i t i c a l  p r e s s u r e s  of 
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Fig. I. Dependence of wall temperature T w (~ 
frequency f(eps), and pressure oscillation am- 
pIEtude p (MN/m 2) on heat flux q (W/m 2) at 1.5 MN/m 2 
and various flow velocities of DICH: 1) 8 In/see; 

2) 12.5; 3) 15; 4) 22.5. 
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Fig. 2. Dependence of wall t e m p e r a t u r e  T w 
(~ f requency  f ( c p s )  and ampli tude of p r e s -  
su re  osc i l la t ions  p (MN/m 2) on heat flux q 
(W/m 2) for  a DICH flow veloci ty  of 12.5 m /  
/ s e c  at var ious  p r e s s u r e s :  1) 1.45 MN/m2; 

2) 3.9; 3) 5.9. 
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P0 = 3.9 and 5.9 M N / m  2. C o m p a r i s o n  of the r e s u l t s  of 
t h e s e  t e s t s  shows tha t  t h e r e  a r e  r e g i o n s  of enhanced 
hea t  t r a n s f e r  at  both s u b c r i t i c a l  and superc i~i t ica l  
p r e s s u r e s .  It is m o s t  i n t e r e s t i n g  tha t  the c h a r a c t e r -  
i s t i c s  of the p r e s s u r e  o s c i l l a t i o n s  a r i s i n g  in the  r e g i o n  
of enhanced  hea t  t r a n s f e r  have  r o u g h l y t h e  s a m e  va lues  
of both f r equency  and ampl i tude .  The r a t e  of i n c r e a s e  
of amp l i t ude  with i n c r e a s e  of hea t  flux is the g r e a t e r ,  
the  h ighe r  the  p r e s s u r e ,  a m a t t e r  which cannot  be 
exp la ined  by t r a n s i t i o n  f r o m  s u b e r i t i c a l  to s u p e r c r i t -  
ical  p r e s s u r e ;  the t e s t s  c a r r i e d  out e a r l i e r  on hea t  
t r a n s f e r  with w a t e r  e s t a b l i s h e d  the s a m e  r e l a t i o n s h i p  
in the  s u b c r i t i c a l  p r e s s u r e  range .  

The e x p e r i m e n t a l  da ta  ob ta ined  p e r m i t  us to e x -  
p r e s s  the opinion tha t  the hea t  t r a n s f e r  r e g i m e  with 
s u r f a c e  bo i l ing  (or p seudo -bo i l i ng )  of the  l iquid  is  not 
a lways  to be r e c o m m e n d e d  for  h e a t  e x c h a n g e r s ,  s i nce  
the exc i t a t i on  of h i g h - f r e q u e n c y  p r e s s u r e  o s c i l l a t i o n s  
m a y  then be d a n g e r o u s  as  r e g a r d s  to s t r eng th  and 
s t ab i l i t y .  

As  r e g a r d s  the c a u s e s  of exc i t a t ion  of h i g h - f r e -  
quency p r e s s u r e  o s c i l l a t i o n s  du r ing  hea t  t r a n s f e r  with 
l iqu ids  f lowing ins ide  tubes  under  condi t ions  of f o r c e d  
convec t ion  and l a r g e  hea t  flux, the fol lowing s u g g e s -  
t ions  m a y  be put f o r w a r d .  A c c o r d i n g  to c o n t e m p o r a r y  
ideas  [3, 4, and o t h e r s ] ,  the  c r i t i c a l  point  de f ines  the 
b o u n d a r i e s  of two r e g i o n s  d i f f e r ing  only in the  na tu re  
of the  t r a n s i t i o n  of the m a t e r i a l  f r o m  one s t a t e  to the 
o the r ,  by s e p a r a t i o n  of the  new s t a t e  of a g g r e g a t i o n  
in the fo rm of a m a c r o s c o p i c  phase  (boil ing with P0 < 
< P c r )  o r  in f inely  d i s p e r s e d  f o r m  (P0 >Pc r ) .  The 
above  d i s c u s s i o n  of the na tu r e  of the  t r a n s i t i o n  of the  
m a t e r i a l  f r om one s t a t e  to the  o the r  a l lows  us to 
s ugges t  tha t  the  hea t  t r a n s f e r  m e c h a n i s m  with s u r f a c e  
bo i l ing  of a l iquid  in the  s u b c r i t i c a l  s t a t e  r eg ion ,  and 
the m e c h a n i s m  of s u r f a c e  p s e u d o - b o i l i n g  in the  s u p e r -  
c r i t i c a l  r eg ion ,  a r e  iden t i ca l .  

Heat  t r a n s f e r  with s u r f a c e  bo i l ing  of the  l iquid  with 
P0 < Pcr  is  o b s e r v e d  w h e n e v e r  t l < t s  < t w (t s is  the 
s a t u r a t i o n  t e m p e r a t u r e ) ;  hea t  t r a n s f e r  with s u r f a c e  
p s e u d o - b o i l i n g  at  P0 > Pcr  i s  o b s e r v e d  w h e n e v e r  t l < 
< t m < tw (tm is the  t e m p e r a t u r e  c o r r e s p o n d i n g  to m a x -  
imum hea t  capac i ty ) .  At s u b c r i t i c a l  p r e s s u r e  and the 
t e m p e r a t u r e  condi t ions  spec i f i ed ,  vapor  bubbles  a r e  
f o r m e d  f r o m  the l iquid  bounda ry  l a y e r ,  which is s u p e r -  
h e a t e d  r e l a t i v e  to t s ;  t h e s e  bubbles  condense  when they  
fa l l  into the l iquid  s t r e a m  c o r e ,  which is cool  with 
r e s p e c t  to t s. At s u p e r c r i t i c a l  p r e s s u r e ,  s e p a r a t e  
v o l u m e s  of l iqu id  with d e c r e a s e d  d e n s i t y  (gas)  a r e  
f o r m e d  f r o m  the l iqu id  bounda ry  l a y e r  which is s u p e r -  
hea t ed  with r e s p e c t  to t s ;  t h e s e  v o l u m e s ,  f a l l i ng  into 
the  l iquid  s t r e a m  c o r e ,  which is cool  with r e s p e c t  to 
t s ,  condense .  In both c a s e s  the  add i t iona l  t u r b u l e n c e  
of the  l iquid  s t r e a m  c a u s e d  by t h e s e  p r o c e s s e s  p r o -  
m o t e s  a s h a r p  i n c r e a s e  of hea t  t r a n s f e r .  It is  known 
tha t  the f o r m a t i o n  and condensa t i on  of v a p o r  bubbles  
under  condi t ions  of s u r f a c e  bo i l ing ,  and p r o b a b l y  s i m i -  
l a r  p r o c e s s e s  in s u r f a c e  p s e u d o - b o i l i n g ,  p r o c e e d  v e r y  

e n e r g e t i c a l l y  and with v e r y  g r e a t  f r equency .  It m a y  
be expec t ed  that  the  r a p i d  f o r m a t i o n  of vapor  bubb les  
o r  i s o l a t e d  gas  v o l u m e s  c a u s e s  sudden  loca l  d e c e l e r a -  
t ion of the l iquid ,  and hence  a m i c r o - h y d r a u l i c  shock,  

with the f o r m a t i o n  of a wave of i n c r e a s e d  p r e s s u r e .  
However ,  it  is m o r e  p r o b a b l e  that  the f o r m a t i o n  of 
shock waves  o c c u r s  not with the growth of vapor  bubbles  
o r  of gas  c a v i t i e s ,  but when they  condense .  It is  known 
tha t  when cav i t a t ion  bubbles  co l l apse ,  a shock wave 
a r i s e s  in which the m a x i m u m  p r e s s u r e  r e a c h e s  t ens  
and hundreds  of a t m o s p h e r e s .  Since the p r a c t i c a l  e s -  
sence  of the cav i t a t ion  p r o c e s s  of s u r f a c e  boi l ing  (or 
p seudo -bo i l i ng )  is  the s a m e ,  it  is v e r y  p robab le  that  
the s o u r c e  of the s e l f - o s c i l l a t i o n s  of p r e s s u r e  a r i s i n g  
dur ing  hea t  t r a n s f e r  is the shock waves  f o r m e d  dur ing  
condensa t ion .  The p r e s s u r e  wave c r e a t e d  is p r o p a -  
ga ted  along the l iquid  s t r e a m  at the ve loc i ty  of sound. 
The p r e s e n c e  of vapor  o r  gas  bubbles  in the s t r e a m  
i n c r e a s e s  i ts  c o m p r e s s i b i l i t y  s h a r p l y  and c o r r e s p o n d -  
ingly d e c r e a s e s  the ve loc i ty  of sound. Thus ,  for  e x -  
ample ,  a c c o r d i n g  to the da ta  of [5], the  p r e s e n c e  in a 
s t r e a m  of w a t e r  a t  1.45 M N / m  2 of 10% vapor  (by volume)  
l o w e r s  the ve loc i ty  of sound by a f ac to r  of 10. Since,  
in the  condi t ions  in which the t e s t s  w e r e  conducted ,  
t w o - p h a s e  flow m a y  ex i s t  only in the work ing  length  
of the  HE, a c c o r d i n g  to the l aws  of a c o u s t i c s  the r e -  
f l ec t ion  of sound waves  f rom the s u r f a c e  of the HE 
wil l  be  the  g r e a t e r ,  the l a r g e r  the  r e f l e c t i o n  c o e f -  
f i c i en t  R, 

R=( C2p~--CIP1 ) 2, 
C2 P3 + Cl Pl 

w h e r e  C 1 and C 2 a r e  the v e l o c i t i e s  of sound in the 
s i n g l e - p h a s e  and  t w o - p h a s e  med ia ;  Pl and P2 a r e  the 
d e n s i t i e s  of  t h e s e  m e d i a .  

Re f l ec t i on  c a u s e s  the f o r m a t i o n  a long the HE of 
s tand ing  p r e s s u r e  waves  whose  f r equency  wil l  be 
m u l t i p l e s  of some  fundamenta l  d e t e r m i n e d  by the length 
of the HE and the ve loc i t y  of sound in the t w o - p h a s e  
s t r e a m  of fluid.  The p r e s e n c e  of p e r i o d i c  p r e s s u r e  
o s c i l l a t i o n s  b r i n g s  o r d e r  to the p r o c e s s  of s u r f a c e  
boi l ing  (or p seudo -bo i l i ng ) ,  and c ompe l s  the bubbles  
to deve lop  and b r e a k  down in t ime  with the p r e s s u r e  
o s c i l l a t i o n s .  

With  i n c r e a s e  of p r e s s u r e ,  when t s  (or tm) in-  
c r e a s e s ,  and the d e g r e e  of  s u p e r h e a t  of the l iquid  in 
the  wal l  r e g i o n  d e c r e a s e s ,  whi le  the subcool ing  in the 
s t r e a m  c o r e  i n c r e a s e s ,  the p r o c e s s e s  of f o r m a t i o n  of 
bubbles  of vapor  (or gas)  a r e  s u p p r e s s e d ,  while  con-  
densa t ion  p r o c e s s e s  a r e  s t i m u l a t e d ;  when the p r e s s u r e  
is d e c r e a s e d  the p i c t u r e  is  r e v e r s e d .  

SUMMARY 

1) Dur ing  hea t  t r a n s f e r  with DICH under  fo r ced  
mo t ion  ins ide  a tube t r a n s i t i o n  to the r e g i m e  of s u r -  
face  bo i l ing  (or p s e u d o - b o i l i n g )  is a c c o m p a n i e d  by the 
o c c u r r e n c e  of h i g h - f r e q u e n c y  p r e s s u r e  o s c i l l a t i o n s .  
Under  our  t e s t  cond i t ions  t h e s e  p r e s s u r e  o s c i l l a t i o n s  
w e r e  c h a r a c t e r i z e d  by f r e q u e n c i e s  r a n g i n g f r o m  3000 to 
15 000 cps  and a m p l i t u d e s  f rom 0.2 to 2 M N / m  z. 

2) The c h a r a c t e r i s t i c s  of the h i g h - f r e q u e n c y  p r e s -  
s u r e  o s c i l l a t i o n s  for  s u b c r i t i c a l  and s u p e r c r i t i c a l  
p r e s s u r e s  a r e  roughly  iden t ica l .  

3} With i n c r e a s e  of hea t  flux the a m p l i t u d e  of the 
o s c i l l a t i o n s  i n c r e a s e s  the m o r e  s t rong ly ,  the h ighe r  
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the p r e s s u r e ;  the ra te  of i n c r e a s e  of ampl i tude  slows 
down in p ropor t ion  to the degree  of i nc r ea se  of heat  
flUX. 

4) It may  be supposed that the cause  of the p r e s s u r e  
osc i l l a t ions  dur ing  sur face  boi l ing (or pseudo-boi l ing)  
is shock waves due to the col lapse  of vapor or gas 
bubbles .  

5) It is evident  that heat  t r a n s f e r  with su r face  boi l ing 
(or pseudo-boi l ing)  cannot  always be r e c o m m e n d e d  
for heat  exchangers ,  s ince  the occurence  of h igh-  
f requency  p r e s s u r e  osc i l l a t ions  may p r e sen t  a hazard  
with r e spec t  to the s t reng th  and s tab i l i ty  of the whole 
sys tem.  
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