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It is shown that the improved heat t r an s f e r  in pseudoboiling is due to se l f -exci ted  thermoacous t ic  osci l la-  
tions. 

Much evidence has now been accumulated to show that heat t r ans fe r  to many different  liquids at super -  
c r i t i ca l  p r e s s u r e s  can be improved considerably under cer ta in  conditions [1, 2]. However,  the physical  nature 
of the improved hea t - t r ans f e r  mechan ism,which  is called pseudoboiling, has not yet  been elucidated. Many 
suggestions have been made,  but none of them has a par t icu lar ly  sound basis ,  and thus then cannot be used in 
working formulas .  

Fig. 1. Working section of heat exchanger: 1) cover ;  2) 
cu r ren t  lead; 3) base; 4) spring; 5 ) sea l ;  6) heated tube; 
7) glass tube; 8) spacer  rod; 9) top plate; 10) sealing 
section; 11) sealing gland; 12) insulating washer;  13) 
nut,  
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Fig .  2 
Fig.  2. Wal l  t e m p e r a t u r e  as  a function of beat  flux for  n-heptane:  P = 40 atm; P / P c r  = 
1.48; wT= 2500 k g / m  2. sec;  t-/.in =20~ = 4 ram; d 2 = 3 ram; l =  60 ram; twa = ~ 
q, 106 .~ / /m 2. 

Fig.  3. P a r t  of the su r face  of heated tube (magnif icat ion about 20) and r e c o r d i n g s  f rom 
spec t rum ana lyzer .  The number~ a re  those of the runs in o r d e r  of i nc rea s ing  heat  flux. 

Some worke r s  a s c r i b e  the improved  heat  t r a n s f e r  to pseudoboil ing,  while o the r s  a s c r i b e  it to t h e r m o -  
acoust ic  p r e s s u r e  va r i a t ions  on the bas i s  of Rayleigh '  s theory  [3]. 

He re  we r e p o r t  m e a s u r e m e n t s  on the mechan i sm,  which have involved photographing pseudoboil ing and 
m e a s u r i n g  the h e a t - t r a n s f e r  ra te .  

We used an appara tus  with a c losed  loop cons i s t ing  of s t a i n l e s s - s t e e l  tubes,  in which the l iquid was 
c i r cu l a t ed  by a pump. The working sect ion was an annular  channel (Fig. 1). 

The l iquid flowed through this  channel  between the g l a s s  tube 7 ( in ternal  d i a m e t e r  4 mm) and the con- 
cen t r i c  hea te r ,  which was suppl ied e l e c t r i c a l l y ,  this  being a tube of 1KhlSN10T s tee l  of outside d i a m e t e r  3 
ram, wal l  th ickness  0.5 mm,  and length 60 mm. This  tube was a t tached at one end to a copper  ta i l ,  which 
could move f r ee ly  within the base  3. E l e c t r i c a l  contact  between the base  and the t a i l  was provided  by the 
lead  2 made of copper  foil. The spr ing 4 p reven ted  the tube f rom bending during heating. The wall  t e m p e r a -  
tu re  was m e a s u r e d  with the rmocouples .  The p r e s s u r e  and t e m p e r a t u r e  of the l iquid at the in le t  and outlet  
were  m e a s u r e d ,  toge ther  with the flow ra te ,  heat  flux, and t e m p e r a t u r e  of the in te rna l  su r face  in the tube; 
the t e m p e r a t u r e  of the outer  (cooled) su r face  of the tube was ca lcu la t ed  f rom the t e m p e r a t u r e  drop a c r o s s  
the wall  th ickness .  

These  n o r m a l  m e a s u r e m e n t s  were  accompanied  by p i e z oe l e c t r i c  m e a s u r e m e n t s  with a f requency ana lyze r  
to define the f requency s p e c t r u m  of the the rmoaoous t i c  p r e s s u r e  osc i l l a t ions ;  the behavior  was s r e c o r d e d  
by photography in r e f l e c t ed  l ight .  The l ight source  was an ISSh-100 lamp giving a f lash  of dura t ion  about 10 -5 
sec. The SKS-1N[ c a m e r a  ope ra t ed  at 3500-3900 f r a m e s / s e c .  

The m e a s u r e m e n t s  were  made with n-heptane ,  for  which P c r  = 27.01 arm and t c r  = 267.01~ photographs  
were  taken in 30 runs,  including ones involving convection without boil ing,  boil ing with the l iquid in i t ia l ly  below 
the boiling point (at 20 and 10 atm),  and with pseudoboi l ing (30, 40, 50, and 60 atm); the m a s s  flow r a t e  wT 
was e i the r  2500 or  5000 kg/m 2. sec.  The in le t  t e m p e r a t u r e  in a l l  c a s e s  was about 20~ while the outlet  t e m -  
p e r a t u r e s  ranged f rom 20 to 100~ in accordance  with the heat  flux and flow r a t e  of the n-heptane.  The 
Reynolds  numbers  for  i s o t h e r m a l  flow were  in the range  f rom 3500 to 7000, while during heat  t r a n s f e r  i t  was 
l a r g e r  on account of the heating,  which reduced  the v i scos i ty  of the n-heptane  cor respond ing ly .  
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Here  we descr ibe  one charac te r i s t i c  se r ies  of experiments  at supercr i t ica l  p r e s su re s ;  Fig. 2 shows 
the t empera tu re  of the cooled wall as a function of the heat-flux density for n-heptane flowing turbulently at 
40 atm. The par t  of the twa = ~ (q) curve  up to q = 3.3.106 W/m 2 cor responds  to convective heat t ransfer ,  
where the t empera tu re  r i se s  smoothly with the heat flum At a cer tain value of q, the wall t empera ture  falls 
sharply and then remains  a lmost  constant  and independent of q. This state is cal led pseudoboiling or  im-  
proved heat t r ans fe r . ,  If the improvement  is marked  and sharp,  the pseudoboiling is accompanied by thermo-  
acoustic oscil lat ions and increase  in the hydraulic res is tance.  

Figure 3 shows photographs of the tube during the runs represented  in Fig. 2; the numbers  on the two 
f igures denote the runs. Photograph 1 shows the surface of the tube at twa = l l0~ while photographs 2 and 
3 show the same for 190 and 300~ Since the flow was not isothermal ,  the angle of ref rac t ion in the liquid 
varied,  which revea led  the turbulence in the flow as eddies; photograph 4 (wall t empera ture  400~ shows the 
turbulence more  clear ly ,  while photographs 5 and 6 (wall t empera tures  of 470 and 590~ show that the 
turbulent eddies take a form very  s imi lar  to that for  gas  bubbles in a liquid. These photographs are very  
s imi lar  to photographs for heat t r ans fe r  during surface boiling at subcri t ical  p ressu res .  

The change in s t ruc ture  of the flow turbulence as the wall t empera ture  rose  (photographs 1-6, with 
onset of pseudoboiling) did not affect the hea t - t r ans fe r  rate [the twa = w(q) relation remained as before].  

The improved heat t r ans fe r  (runs 7 and 8) occur red  only when thermoacoust ic  p r e s s u r e  oscillations 
occurred ,  which were recorded  by the frequency analyzer  (photographs on the right in Fig. 3). In run 7, the 
dominant frequency was about 4 kHz, but there were also oscillations at 8 and 12 kHz. When the heat flux 
was increased  (run 8), the dominant frequency jumped to one of the harmonics ,  namely, about 12 kHz. It 
was difficult to establish the effects of the thermoacoust ic  oscil lat ions on the s t ructure  of the pseudoboiling 
simply f rom single photographs. 

A much c l ea r e r  picture of the change in s t ruc ture  of the turbulence as the wall t empera tu re  rose  could 
be obtained f rom high-speed fi lms; the density difference between the n-heptane at the core  of the flow and 
at the wall increased  with the heat flux, namely, with the wall tempera ture ,  and the turbulent eddies became 
sharper ,  with the shape approximating to that of gas bubbles in a liquid. A wall t empera ture  of 500~ caused 
the entire hea t - t r ans fe r  surface to be covered  with bubbles of size 0.01-0.1 ram, which moved along the flow 
direction. Superficially, this p rocess  was s imi lar  to that of boiling in a Hquid initially below its boiling point 
and at a subcr i t ical  p ressure .  

The pseudoboiling changed substantially when the thermoacoust ic  oscil lat ions arose;  the gas bubbles 
appeared and disappeared simultaneously throughout the surface of the tube, occurr ing at the dominant frequency. 

The pseudoboiling mechanism may be represen ted  as follows. The bubbles are  turbulent eddies of 
spira l  s t ructure ,  * which are  visible on account of the density difference. The larges t  density occur red  for 
tl << tm in conjunction with twa > tm, i .e . ,  when the layer  near  the wall was effectively a hot gas, while the 
core  of the flow was a cold liquid. 

The turbulent eddies became detached f rom the gas layer  near  the wall and entered the cold Core of the 
liquid on account of the surface tension, and during this p rocess  they became nearly spherical.  These bubbles 
were rapidly cooled on entering the core ,  and therefore  they collapsed, which was accompanied by the emission 
of p r e s su re  pulses,  which were the la rger ,  the l a rge r  the bubble and the more  rapid the cooling. Conversely,  
eddies of cold liquid passing from the core  to the hot wall resul t  in droplets. The rapid expansion of the drop- 
lets also resu l t s  in p r e s su re  pulses. 

This p rocess  thus differs little f rom ordinary turbulence and thus does not affect the heat t r ans fe r  and 
hydraulic distance; this is the major  difference between pseudoboiling and boiling with the liquid initially below 
the boiling point. 

The picture changes considerably when thennoacoust ic  oscil lations occur;  the p re s su re  pulses resulting 
f rom the formation and collapse of the gas bubbles propagate in the flow with the speed of sound, which in 
this case is very  much dependent on the compress ib i l i ty  ( temperature and thickness of the gas layer). When 
the p res su re  pulses are  ref lected from any acoustic obstacle,  standing waves are set up, whose frequency is 
equal to the natural  frequency of a section of the channel of length l �9 

* These represen t  l a rge - sca l e  turbulence, where the size of the eddies is comparable  to the thickness of 
the layer  near  the wall. 
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where n = 1 ,  2 ,  3 ,  e t c .  

The ampli tude of the p r e s s u r e  osci l la t ions in a standing wave is  defined by 

x 
A = Ao s in  2~f 'c  cos 2 n  - -  �9 

The standing p r e s s u r e  wave accentuates  the fo rmat ion  and col lapse  of the bubbles;  also,  the osci l la t ions 
occur  in the same  phase  along the channel,  so the bubbles will be fo rmed  and col lapse  simultaneously.  This  
p r o c e s s  was c l e a r  f rom the f i lms.  The ampli tude of the p r e s s u r e  osci l la t ion va r i ed  along the channel (zero 
ampli tude at the nodes and m a x i m u m  at the antinodes), so the h e a t - t r a n s f e r  ra te  should vary  correspondingly ,  
as has been obse rved  [2]. 

The m a c r o s c o p i c  c h a r a c t e r i s t i c s  (heat t r ans f e r ,  hydraul ic  r e s i s t ance ,  the rmoacous t i c  oscil lat ions) 
make  pseudoboiling s i m i l a r  to boiling in the p r e sence  of a cool liquid; however ,  the two p r o c e s s e s  differ  in 
physica l  nature.  In boiling, the bubbles a re  fo rmed  at the wall at nucleation cen te r s ,  whereas  in pseudo-  
boiling they are  fo rmed  f rom turbulent  eddies in a uniform flow in the p r e sence  of la rge  t e m p e r a t u r e  and 
density gradients .  In the f i r s t  case ,  boiling se ts  in when the wall t e m p e r a t u r e  exceeds  the boiling point by a 
ce r t a in  amount,  and it is always accompanied  by improved  heat  t r ans fe r .  The heat t r a n s f e r  in pseudoboiling 
is  improved  only if t he rmoacous t i c  osci l la t ions  occur;  i . e . ,  the resu l t  is  dependent on the acoustic p a r a m e t e r s  
of the channel and of the liquid. 

To a f i r s t  approximat ion ,  the conditions for  the rmoacous t i c  osci l la t ion can be r e p r e s e n t e d  as follows. 
These  osci l la t ions  requ i re  a resonant  condition, i . e . ,  coincidencs between the f requency fn of the turbulent  
pulsat ions  (in our case  the f requency of bubble formation) and the na tura l  f requency f for  a column of liquid 
in the pipe: 

C 
- -  n .  f"=f= 2l 

This  condition is readi ly  me t ,  since the s~ec t rum of  the turbulent  pulsat ions for  a liquid in a tube is 
ve ry  broad  (from 1 to about 10,000 sec -1 [4]), while the number  of ha rmon ics  for  the na tura l  v ibra t ions  of the 
liquid column (n = 1, 2, 3, etc. ) is a lso large ,  and the speed of sound may  vary  g rea t ly  on account of the com-  
p res s ib i l i t y  variat ion.  

A second condition is that the flow mus t  r ece ive  the energy requ i red  to mainta in  the oscillation. This  
energy flux may  be es t ima ted  f r o m  an equation that defines the energy  ar i s ing  f r o m  col lapse  of a cavi ta t ion 
bubble [5]: 

gn = -~-  ~(R~ax - -  R3min) Pgdl.  

The energy flux in the sound wave is  defined by the acoustic equation 

Jw = - -~ P t l  (Af)%nd=__4 . 

These  osci l la t ions  will b e  stable  for  J n  ~ J w ;  however ,  it is  ve ry  difficult to der ive  f r o m  theory the 
quanti t ies appear ing in these  equations,  namely ,  the bubble size,  f requency of format ion,  and speed of sound. 
The re fo re ,  i t  is  at p r e s en t  imposs ib le  to use  this descr ipt ion.  

NOTATION 

A, p r e s s u r e  osci l la t ion ampli tude at dis tance x f rom s t a r t  of section; A0, m a x i m u m  amplitude; c, 
veloci ty  of sound; d, tube d iamete r ;  l ,  channel length; P, p r e s s u r e ;  Pc r ,  c r i t i c a l  p r e s s u r e ;  q, heat flux; Jn,  
energy flux; Rmax,  Phnin, maximorn  and min imum radi i  of bubbles;  N, number  of bubbles f o rmed  per  unit 
a r ea  pe r  unit t ime;  t/, liquid t e m p e r a t u r e  in flow core ;  t c r ,  c r i t i ca l  t empe ra tu r e ;  twa , wall t empe ra tu r e ;  
tin, t e m p e r a t u r e  at which physica l  p r o p e r t i e s  change sharply  for  P > P c r  and the specif ic  heat is max imal ;  
w T , m a s s  velocity;  p/, liquid density;  A, wavelength; r ,  t ime.  

LITERATURE CITED 

i. N.L. Kafengauz, in: Research on the Mechanics and Heat Transfer in Two-Phase Media [in Russian] 

(1974), p. 229. 

1 0 0 4  



2, 
3. 
4. 
5. 

E. Stewart et al., Intern. J.  Heat Mass Transfe r ,  16, No. 2 (1973). 
J.  W. Strutt (Lord Rayleigh), Theory of Sound, 2nd ed. Dover (1937). 
J.  O. Hinze, Turbulence. An Introduction to Its Mechanism and Theory,  McGraw-Hil l  (1959). 
M. G. Sirotyuk, in: High-Power  Ultrasonic  Fields [in Russian], Naaka, Moscow (1968), p. 167. 

M O D E L  O F  H E A T  T R A N S F E R  A S S O C I A T E D  W I T H  T H E  

S U R F A C E  B O I L I N G  O F  L I Q U I D  IN T U B E S  

A. F .  Z a l e t n e v  UDC 536.247 

A model is proposed for the hea t - t r ans fe r  p rocess  associa ted with the surface boiling of liquid 
in tubes. An analysis  of the various consti tuents of the hea t - t r ans fe r  mechanism distr ibuted 
over  the thickness of the intermediate  boiling layer  is presented.  

Heat t r ans f e r  at var ious points within the thickness of the evaporating layer  created by the surface boiling 
of liquids in tubes is made up of a number  of components differing essential ly in mechanism. We shall here  
make a fur ther  attempt at analyzing these constituents,  and after  allowing for their  interact ions we shall 
present  a method of analyzing and general izing experimental  data regarding the heat t r ans fe r  associa ted with 
the boiling of an underheated liquid. 

A detailed analysis  of the intensity of heat t r ans fe r  in the course  of boiling should allow for the effect 
of the conditions at the l iquid--vapor--sol id  boundary. However,  there is as yet  insufficient information 
available to be able to formulate  rel iable initial data for construct ing an analytical model of the hea t - t r ans fe r  
process .  

In our subsequent analysis,  instead of considering the charac te r i s t i c s  of the vaporizat ion mechanism 
(number of vaporizat ion centers ,  separat ion frequency, and separation diameter  of the bubbles) separately,  
we shall introduce an integrated charac te r i s t i c  in the form of the true volumetr ic  vapor content. In order  to 
calculate this quantity we may,  for example, make use of the empir ical  formula  of [1] or  the method r ecom-  
mended in [2]. 

Following [2-4], we distinguish two zones in the flow: the zone of wall (boundary) heating and the under-  
heated core  of the flow. Inside the boundary zone the enthalpy of the flow is g rea t e r  than the saturation 
enthalpy of the liquid, while its boundary with the core  of the flow may be found by using equations derived 
for calculating heat t r ans fe r  during the flow of a s ingle-phase heat c a r r i e r ,  i .e . ,  on the assumption that no 
boiling occurs  in the channels. This will give the i so thermal  surface in the flow corresponding to t empera-  
ture  t s. 

An analysis of experimental  data in [2] showed that the rat io of the a rea  of the boundary zone to the true 
volumetr ic  vapor content was constant along the whole length of the channel: 

qD ~ • (i) 

where 9 '  = [1--(r2c/R2)] is the relat ive area  of the heated zone, and ~ is a proport ionali ty factor  depending in 
the following way on the operating pa rame te r s :  

 =3o( (2) 
\ o~ d.b rq[~') 

If the t rue volumetr ic  vapor content is known, the radius of the underheated core  of the flow may be 
calculated f rom the equation 
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