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The cha rac t e r i s t i c s  of natural  p r e s s u r e  osci l la t ions which occur  in surface  boiling of a liquid 
moving along tubes are  descr ibed ,  and thei r  influence on the p ro ce s s  of heat  exchange is  ex-  
amined. 

The absence up to now of a re l iable  method of calculating the heat exchange c r i s i s  in liquid which 
moves  along tubes is due to the inadequate state of r e s e a r c h  on the p roces s  of surface  boiling. Hence, for  
example ,  the influence of high f requency natural  p r e s s u r e  oscil lat ions which always accompany this p r o -  
cess  is not taken into account. It can be shown that many phenomena associa ted  with the occur rence  of the 
heat exchange c r i s i s  can only be unders tood when the p resence  of these high f requency oscil lat ions is taken 
into account. 

Many r e s e a r c h  worke r s  have observed  that heat exchange with surface  boiling is accompanied by a 
cha rac t e r i s t i c  sound ("whistle,  n "hum," or  "Cavitation noise" [2, 18, 19, 22, 25, and others] .  Up to now 
the explanation has been that these sound effects  are  caused by h igh-f requency natural  p r e s s u r e  osci l lat ions 
ar is ing  in surface  boiling of a liquid. The basic  cha rac t e r i s t i c s  of these high-frequency osci l lat ions were  
de te rmined  by heat exchange exper iments  with water ,  ethyl alcohol,  di isopropylcyclobexane,  and other  
liquids [4-6]. 

The shock p r e s s u r e  waves which occur  in condensation (ringing) of vapour bubbles as this takes place 
by cavitation are  the probable cause of the appearance of h igh-f requency osci l la t ions.  Cavitation and s u r -  
face boiling, according to the i r  physical  na ture ,  r ep re sen t  one and the same p roces s  of format ion and de-  
s t ruct ion of vapour bubbles at ce r ta in  re la t ionships  between the t empera tu re  and the p r e s s u r e  of the liquid; 
The p r e s s u r e  waves which occur  a re  propagated f rom the cen t res  of the ringing bubbles (where the p r e s s u r e  
can reach  hundreds ,  and thousands of a tmospheres)  along the flow of liquid at sonic speed in the two-phase 
medium. Owing to the ref lec t ion of these p r e s s u r e  waves f rom any boundar ies  which can be,  for  example,  
the boundar ies  of the two-phase flow (length of the heat l ibera t ing element) ,  s ta t ionary  waves with f requen-  
c ies  divisible by the f requency of the basic harmonic  f0 will occur:  

fo = __c_c (1) 
2L 

In heat exchange exper iments  with water  the f requencies  of the high f requency oscil lat ions were  in the 
harmonic  se r ies :  1250, 2500, 3750 Hz e tc . ,  [6]; in the case  of heat exchange with ethyl alcohol [5], and d i -  
i sopropylcyclohexane [4] the p r e s s u r e  fluctuations were  cha rac t e r i zed  by f requencies  1020, 2040, and 3060 
Hz, and 1700, 3400, and 5100 Hz, respec t ive ly .  

It is evident that the p r e s s u r e  fluctuations genera ted  by the surface  boiling p roces s  will influence in 
turn this p rocess :  with dec rease  of p r e s s u r e ,  when Ts  is reduced  and the excess  heat of liquid around the 
wall of the tube is i nc reased  ( T w a l l - T s ) ,  vapour bubbles will be fo rmed,  but in the case  of p r e s s u r e  in-  
c r e a s e ,  when T s i nc rea se s  and the underheat ing of the liquid in the cen te r  of the flow inc reases  ( T a - T l i ) ,  
condensation will take place.  The f requency of the p r e s s u r e  fluctuation will be de termined  by the ra t io  (1), 
but of all the harmonics  only those which sa t is fy  the possibi l i ty  of forming and des t roying vapour bubbles 
will be generated.  
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If the pressure variations inside the heat liberating element are characterized by a stationary wave, 
then the amplitude of the high frequency oscillations along the length of the heat liberating element will vary 

according to the law 

A- Ama~ (1-- R) sin (2n[~ + - ~ )  . (2) 

In accordance with this equation pressure peaks will be located at the ends of the heat-liberating ele- 
ments and at a distance of ~/2 from them, where the amplitude is maximum, but pressure nodes will be 
found at a distance of 3,/4 from the ends and further at a distance of ~/2, where the amplitude of the vibra- 

tions is equal to zero. 

As the heat flux increases, the amplitude of the oscillations increases the more intensively the higher 
the pressure. The corresponding graphs plotted from experimental data are given in [4-6], and it can be 
seen from these that the measured amplitudes of the high frequency oscillations reach 15-40 atm. The fre- 
quency of the high frequency oscillations does not depend on the pressure; it grows with increase in the 
thermal flux: it jumps from the lowest to the highest harmonics. With increase in the frequency of the high 
frequency oscillations, the temperature of the cooled surface decreases which indicates improved heat ex- 

change. 

Analysis of the influence of high frequency oscillations with the characteristics described above on 
the heat exchange in the case of surface liquid boiling enables us to make a new approach to evaluation of 
the physical nature of many phenomena with which it is accompanied. We will examine some of these. 

I. Up to now the cause of the influence of the geometrical dimensions of the tube on qcr has not been 
established conclusively; some authors consider that L and d do not have a noticeable influence on 
qcr [I, 13, 14, 20]; according to other data it is necessary to take into account the dimensions of 
the tube without fail when calculating qcr [3, I0, II, 12, 17, 27, and others]. 

In accordance with the majority of experimental data, qcr increases with decrease in the length of 
the tube. It can be assumed that this is caused by the increase of the frequency of the high frequency oscil- 
lations with decrease in the length of the tube (I); the increase in the frequency moreover always promotes 
improvement in the heat exchange. In this direction the variation of the diameter should influence qcr: the 
smaller the diameter of the tube the more stable the high frequency oscillations and the lower the tempera- 
ture of the wall at which they occur, and consequently, the higher the thermal flux which upsets the stability 
of the surface boiling process. The influence of d on the stability of the high frequency oscillations is pro- 
bably caused by the fact that, the lower the d, the more intense will be the pressure variations when other 
conditions are equal, since less energy is required to form them. 

2. In accordance with existing concepts, at a critical pressure when phase conversions of the first 
order cannot exist, the heat flux which is dependent on the process of surface boiling (the magni- 
tude of the area twall = const on the curve twall = ~(q)) is equal to zero [7-9, 13, and others]. This 
however is not confirmed by many experimental data. Hence for example heat exchange research 
with diisopropylcyclohexane showed us that the area twall = const on the curve twall = q~(q) did not 
vary noticeably when the pressure increased right up to the critical pressure; the characteristics 
of the high frequency vibrations did not vary either [4]. Photography of the heat exchange process 
in carbon dioxide at a supercritical pressure made it possible to establish that the same bubbles 
are formed near the heat emitting surface as in the case of surface boiling under suberitical pres- 
sure conditions [24]. These facts, which would appear to contradict the principles of thermodyna- 
mics can be understood when the action of the pressure variations in the surface boiling process 
is taken into account. 

When there are high frequency natural pressure oscillations present then the surface boiling process 
will depend not only on the static pressure but also on the amplitude of these high frequency oscillations: 

P=Ps ~A. 
In  such  a ca se  and at p r e s s u r e  exceed ing  i t s  c r i t i c a l  va lue  phase  c o n v e r s i o n s  can  be expected .  
o c c u r  in the cond i t ion  

P--Amax~:Pcr '~for P ~ P c r ) "  

(3) 

T M s c ~  

(4) 

1301 



The con t rad ic to ry  r e su l t s  obtained by different  authors  when invest igat ing the influence of p r e s s u r e  
on qc r  can be explained by the p r e s ence  of high f requency osci l la t ions .  In accordance  with genera l ized  
equations desc r ib ing  the heat  exchange c r i s i s ,  the re la t ion  qcr  = ~(P) has  a m a x i m u m  when P ~ P e r / 3 .  If  
it is a s sumed  that the de te rmin ing  fac tor  on the p r o c e s s  of sur face  boil ing has  a min imum p r e s s u r e  (P 
= P w a l l -  Amax) then on the sect ion of the re la t ionship  qer  = g0(P), where  qcr  i n c r e a s e s ,  the p r e s e n c e  of 
high f requency osc i l la t ions  will reduce  qe r ,  but on the sect ion,  where  qc r  d e c r e a s e s  with i n c r e a s e  in p r e s -  
su re ,  the high f requency  osc i l la t ions  will i n c r e a s e  qcr-  

3. Toge ther  with many  other  r e s e a r c h  worke r s*  we have noted that in the case  of heat  exchange with 
su r face  liquid boi l ing the t e m p e r a t u r e  of the wall  along the length of the tube v a r i e s  g rea t ly  although 
the heat  flux r e m a i n s  constant .  The nature  of the var ia t ion  of Twall  along the length of the tube 
does not follow any de te rmined  rule: the sec t ions  with higher  t e m p e r a t u r e  a r e  d is t r ibuted  at dif-  
fe ren t  locat ions of the tube; with i nc r ea se  in the t he rma l  flux these sect ions  a re  suddenly displaced.  
An espec ia l ly  sha rp  nonuniformity  of dis t r ibut ion of Twall  along the length of the tube was obse rved  
in the case  of t he rma l  flux c lose  to the c r i t i ca l  flux. Unfortunately these exper imenta l  data were  
not published probably  because  the nonuniformity  of dis t r ibut ion of Twall  along the length of the tube 
was r e l a t ed  to m e a s u r i n g  e r r o r s ,  the p r e s e n c e  of tube wall i r r e g u l a r i t i e s  and other  s i m i l a r  causes .  

I t  can be a s s u m e d  that  the nonuniform dis t r ibut ion Twall  along the length of the tube cor responded  to 
the dis tr ibut ion of intensi ty  of su r face  boil ing,  which depended on the magnitude of the amplitude of the high 
f requency osc i l la t ions .  In the s t a t ionary  wave the m a x i m u m  ampli tude of p r e s s u r e  var ia t ions  is  found in 
loops ,  but the min imum is found in nodes;  cor responding ly ,  the intensi ty  of the heat  exchange v a r i e s ,  and 
consequent ly,  so does the t e m p e r a t u r e  of the cooled su r face .  When the f requency of the high f requency o s -  
c i l la t ions  v a r i e s  with i nc r ea s e  in the t he rma l  flux, then this will involve var ia t ion  in the a r r a n g e m e n t  of the 
nodes and loops ,  in accordance  with which the dis t r ibut ion Twall  v a r i e s  along the length of the tube. The 
p r o c e s s  of su r face  boil ing intensi f ies  and the ampli tude of the high f requency osci l la t ions  i n c r e a s e s  with in-  
c r e a s e  in the t he rma l  flux. This  involves a s h a r p e r  difference in the intensi ty  of heat  exchange in the nodes 
and loops,  and consequent ly,  a s h a r p e r  d i f ference  in the t e m p e r a t u r e  dis tr ibut ion of the wall .  

4. According to the exis t ing  concepts  the heat  exchange c r i s i s  in the case  of movemen t  of liquid along 
the tubes mus t  a lways a r i s e  at the outlet  and of the tube. However ,  it is  known that in many  ca se s  
the "burning" of the walls  of the tubes takes  place at midlength or  even at the outlet end. Without 
finding an explanation f r o m  these  fac ts ,  the expe r imen t s  in which the "burning" did not take place 
at the outlet  end a re  re la ted  to random phenomena  and these  exper imenta l  data a re  not taken into 
account in genera l iza t ion .  

According to our  ideas  the heat  exchange c r i s i s  m u s t  occur  at the nodes of the high f requency o sc i l l a -  
t ions,  and consequent ly  it  can take place at any point along the length of the tube in re la t ion  to the f requency 
of the p r e s s u r e  va r ia t ions .  

5. Some authors  r epor t ed  that when the heat  flux i n c r e a s e d  the re  was a jump- l ike  i nc rea se  in the 
f requency  of the fo rmat ion  of vapour  bubbles  [21, 23, 26]. The data about the jump- l ike  i nc rea se  
in the f requency of h igh- f requency  osc i l la t ions  with i nc rea se  in the heat  flux [4-6] m a k e s  it  poss ib le  
to a s smne  that this involves  a co r respond ing  inc rea se  in the f requency of fo rmat ion  of vapour  bub-  
b les .  

The author explains  this by the fact  that the ideas  put fo rward  in this a r t i c le  a r e  debatable and can 
come up against  object ions.  He hopes ,  however ,  that d iscuss ion  of these  ideas could be useful  for  develop-  
ing a method of calcula t ing heat  exchange in Surface boil ing of a liquid, which is so n e c e s s a r y  for  eng inee rs ,  
working in many  f ields of technology. 

A 

Amax 
C 

d 
f 
L 

*P.I, 

NOTATION 

is  the ampli tude of p r e s s u r e  of high f requency  osci l la t ions;  
i s  the m a x i m u m  ampli tude of p r e s s u r e  of h igh-f requency osci l la t ions;  
is  the speed  of sound; 
is  the d i am e t e r  of the tube; 
is  the f requency  of the h igh- f requency  osciUations;  
is  the length of the hea t - l i be ra t ing  e lement ;  
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~s the pressure; 
is the critical pressure; 
is the pressure of saturated vapours; 
Is the heat flow; 
Is the critical heat flux; 
is the reflection coefficient; 
is the temperature of the liquid; 
Is the saturation temperature; 
is the temperature of the wall; 
is the flow coordinate of the heat-liberating element; 
is the lengthof wave; 
is the time. 
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