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A hypothet ical  physica l  model  of the h e a t - t r a n s f e r  p r o c e s s  accompanying  a forced flow of 
liquid a t  supe rc r i t i c a l  p r e s s u r e s  is proposed.  This model  accounts for  the anomalous  i m -  
p r o v e m e n t s  and de te r io ra t ions  in hea t  t r a n s f e r  which a r e  c h a r a c t e r i s t i c  of this region.  

Heat-transfer conditions associated with a turbulent flow of liquid at supercritical pressures are en- 
countered in several areas of modern technology. The supercritical region is characterized by anomalous 
variations in heat transfer - in some cases there is an improvement in heat transfer [i-5], while in others 
there is deterioration [6, 7]. Various investigators have attempted to devise methods of calculating the heat 
transfer [8-12]. These methods, however, lead to good agreement with experiments for some conditions, 

but are unsatisfactory for others. 

For instance, the intensification of the heat transfer observed in the investigation of water [i] cannot 
be calculated by the theoretical methods of [8, 9, ii, 12], which take into account the effect of the variable 
thermophysical properties of the liquid on the velocity and temperature profiles in forced-convection con- 
ditions. This indicates that the physical model of the process has not been adequately considered. 

Goldmann [9] in a discussion of Deissler's paper introduced the concept of "pseudoboiling" to account 
for the anomalous improvement in heat transfer. Goldmann pictures clusters of liquid molecules as burst- 
ing, on coming into contact with the heat-transfer surface, into pockets of gaslike (single) molecules within 
the liquid, The growth and subsequent collapse of these pockets resembles nucleate boiling. 

Hines and Wolf observed pressure oscillations and an improvement in heat transfer at wall tempera- 
tures exceeding the critical temperature, whereas Griffith and Sabersky [14] found no improvement in heat 
transfer in the case of natural convection of Freon II4A at supercritical pressures, although they observed 
the movement of bubble-like formations in the experiments. In view of this inconsistency Hines and Wolf 
suggested that there is some mechanism other than Goldmann's density bubbles. They put forward their 
own hypothesis  r egard ing  the mechan i sm respons ib le  for the p r e s s u r e  osci l la t ions and improvemen t  in heat  
t r a n s f e r  in forced  flow of liquid a t  s u p e r c r i t i c a l  p r e s s u r e s .  

In view of the rapid  change in v i scos i ty  with t e m p e r a t u r e  near  the cr i t ica l  point they sugges t  that a 
random smal l  i nc rea se  in wall  t e m p e r a t u r e  causes  an apprec iab le  reduct ion of the thickness of the l amina r  
boundary l aye r .  This  reduct ion in th ickness  of the boundary l ayer  will lead to a drop in wall  t e m p e r a t u r e  
and a co r respond ing  i nc r ea s e  in v i scos i ty ,  which will r e su l t  again in an i nc rea se  in thickness of the l amin a r  
boundary l aye r .  This  will r e s u l t  again in an i nc rea se  in wall  t e m p e r a t u r e  and the cycle  will be  repeated .  
The  authors  think that such an unstable boundary l ayer  may  be respons ib le  for  the osci l la t ions a t  s u p e r -  
c r i t i ca l  p r e s s u r e s  and the i nc r ea s e  in heat  t r an s f e r  in a forced-convec t ion  sys t em.  

I t  was shown exper imenta l ly  in [4, 5] that,  when the wall t e m p e r a t u r e s  reach  values c lose  to Tm,  high-  
f requency p r e s s u r e  osci l la t ions  a r i s e  in the sy s t em,  but these do not lead to an improvemen t  in heat  t r a n s -  

fe r  in eve ry  case .  

Tha t  the p r e s e n c e  of h igh-f requency p r e s s u r e  osci l la t ions accompanying  forced convection does not 
lead to an i m p r o v e m e n t  in hea t  t r a n s f e r  indicates  that the h e a t - t r a n s f e r  mechan i sm proposed  by Hines 
and Wolf does not sa t i s fac to r i ly  r e p r e s e n t  the physical  model  of heat  t r an s f e r  a t  supe rc r i t i ea l  p r e s s u r e s .  
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We note that the d i scussed  hypotheses fail to account for the de te r io ra t ion  in hea t  t r an s f e r  obse rved  
i n  the supe rc r i t i c a l  region.  

Below we a t t empt  to cons t ruc t  a physical  model  of heat  t r ans f e r  in a turbulent  flow of liquid which will 
account  s imul taneous ly  for  the observed  anomalous improvemen t  and de te r io ra t ion  of heat  t r ans f e r  in the 
region of supe rc r i t i ca l  s ta te  va r iab les .  

In the general  c a se  of heating of a liquid in the region of n e a r - c r i t i c a l  p a r a m e t e r s  we can dist inguish 
four ma in  ca se s  of hea t  t r a n s f e r  according  to the t empe ra tu r e s  of the~wall and liquid: 

1) Tw >> T m ,  TL << T m ;  

2) Tw >> T m ,  TL = T m  or  slightly l ess  than T m ;  

3) Tw >> T m ,  T L > T m ;  

4) Tw a l i t t le  g r e a t e r  than T m ,  TL  a l i t t le  l e s s  than Tm. 

As Krasnoshehevsk i i  and Protopopov [6] showed, heat  t r ans f e r  at  re la t ive ly  low t e m p e r a t u r e  heads 
(Tw -< 1.1 T m ,  case  4), and also a t  high t empe ra tu r e  heads (~400~ and liquid t e m p e r a t u r e s  above T m  
(case 3) is sa t i s fac to r i ly  p red ic ted  by the formula  proposed  by Petukhov and Kir i l lov  for  convect ive hea t  
t r a n s f e r  [19]: 

~/8 Re Pr (1) 
Nu~ = 12,7 ~--78(Pr 2/3- 1) -I- 1.07 ' 

= (1.82 lg Re - -  1.64) -2. 

Thus ,  i t  is only in cases  1 and 2 that  there  a r e  anomalous  deviations of the hea t  t r ans f e r  f rom the 
convect ive value.  

In the f i r s t  case  of heat  t r a n s f e r  (T w >> Tm;  TL << Tm) a t  mode ra t e  flow veloci t ies  (say 6-15 m / s e c )  
the re  is a pronounced intensif icat ion of heat  t r a n s f e r  with i nc rea se  in heat  flux. 

F igure  1 shows a typical  re la t ionship Tw = f(q) obtained in such exper iments  with n-heptane [4] S imi -  
l a r  re la t ionships  have been obtained for d i i sopropylcyclohexane [2], ethyl alcohol [3], and other  liquids. 
The p r e s s u r e  in these exper imen t s  was above the cr i t ica l  value,  but l ess  than P / P c r  = 5. 

The following c h a r a c t e r i s t i c  fea tures  of the cons idered  ca se  of heat  t r ans f e r  should be noted. 

At  low pos i t ive  values  of the di f ference ( T w - T m )  high-f requency p r e s s u r e  osci l lat ions were  observed.  
The heat  t r a n s f e r  in this case  showed no change with inc rease  in wall  t e m p e r a t u r e  up to 500~C. A fur ther  
i nc r ea se  in hea t  flux led to an improvemen t  in hea t  t r ans fe r .  

At  hea t  fluxes co r re spond ing  to the pronounced change in heat  t r an s f e r  r a t e  the wall  t e m p e r a t u r e  
per iodica l ly  fell and inc reased  again.  

The t e m p e r a t u r e  co r respond ing  to the "p la t form"  on the curve  of Tw = f(q) (Fig. 1) was higher  than 

T m .  

An i nc r ea se  in flow veloci ty  with the p r e s s u r e  constant  leads to a reduction of the wall  t e m p e r a t u r e  
a t  which the hea t  t r a n s f e r  becomes  m o r e  intense [2, 4]. 

F r o m  these  exper imenta l  fea tures  we can make  the following inferences .  

1 .  The t rans i t ion  to improved  heat  t r a n s f e r  is a typical c r i s i s  effect.  

2. In the case  of onse t  of improved heat  t r a n s f e r  the flow becomes  turbulent  only in the region bounded 
by the sect ion with t e m p e r a t u r e  T m,  and not throughout the boundary l aye r  (right up to the hea t -  
t r a n s f e r  sur face) ,  as  Goldman [9] suggested.  

In fac t ,  a t  wall  t e m p e r a t u r e s  higher than T m  a l aye r  of subs tance  with supe rc r i t i ca l  p a r a m e t e r s  is 
fo rmed  a t  the h e a t - t r a n s f e r  sur face .  Spectroscopic  and x - r a y  invest igations have shown that in the s u p e r -  
c r i t i ca l  reg ion  the s ta te  d i ag ram of the substance  cons is t s  of two different  pa r t s  sepa ra ted  by a curve  which 
is a continuation of the l i q u i d - v a p o r  equil ibrium line. When this curve  is c ro s sed  the s t ruc tu re  of the sub-  
s tance  changes ,  exhibiting the p rope r t i e s  of a liquid or  gas [16]. The s t ruc tu re  of the subs tance  on this 

l ine is unstable [17]. 
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Fig. 1. Heat t ransfer  in forced flow of n-heptane (T L = 20~ d in t /dex  t 
= 2.02/2.52 ram, l = 40 mm,  w = 10 m / s e c ,  P / P c r  = 1.45). Tw, ~ q, 
W / m  2. 

Fig. 2. Heat t ransfer  in case  of forced flow of light off in annular chan-  
nel (dext/dint  = 3 /2  ram, P / P e r  = 2, w = 15 m / s e e ,  l / d  e = 40): 1) T L 
= 30~ 100 ;3 )200 .  Tw, ~  W / m  2. 

It  is obvious that the p r e s s u r e  oscillations which a r i s e  in the sys tem when the wall tempera ture  
passes  through the value Tm a re  due to s t ruc tura l  changes in the medium which gradually take place in the 
tempera ture  region close to Tm. 

The production of p r e s s u r e  oscillations in the boundary layer  region with tempera ture  close to Tm 
will obviously lead to some reduction of its re tarding effect on the layer  with lower tempera ture ,  and this 
will resul t  in an increase  in velocity of the layer  with tempera ture  (TIn-AT) .  In turn, owing to reduction 
of the acce lera t ing  effect of the layer  with tempera ture  ( T m - A T )  on the layer  with tempera ture  (Tm + AT) 
there  will be a reduction of the velocity of the layer  with tempera ture  (3: m + AT) in compar ison with its 
velocity p r io r  to a l tera t ion of the velocity field. The reduction of the velocity of the layer  with temperature  
(Tm + AT) will lead to an increase  in thickness of the gaseous sublayer with tempera ture  between Tm and 

Tw. 

An increase  in thickness of the gaseous sublayer can also be expected from the following cons idera -  
tions. If  an increase  in the velocity of the layer  with tempera ture  (Tm-AT)  occurs ,  it will be compensated 
by a reduction in velocity and increase  in thickness of the gaseous sublayer ,  since the liquid flow rate ,  like 
the c ross  sect ion of the tube, does not vary  with length. 

Thus,  the onset  of the c r i s i s  leads,  on one hand, to an increase  in thermal  res is tance  of the gaseous 
sublayer  and, on the other ,  to an intensification of heat  t r ans fe r  due to an increase  in molar  t ransfer .  In 
the case  where T L << Tm the increase  in heat  t ransfer  due to the increase  in molar  t ransfer  is grea ter  than 
the deter iora t ion of heat t r ans fe r  due to the increase  in thermal  res i s tance  of the gaseous sublayer  and the 
resul tant  effect is an improvement  in heat  t ransfer .  

When Tw >> Tm,  and T L is a little less  than Tm (case 2), the increase  in thermal res i s tance  of the 
gaseous sublayer  is the decisive factor  and there is a deter iorat ion of heat t ransfer .  

The proposed hea t - t r ans fe r  mechanism is consistent  with all the experimental  data known to us. For  
instance,  according  to the postulated mechanism we would expect the greates t  deter iora t ion in heat  t r ans -  
fer  with TL ~ Tm and high wall tempera tures .  In fact,  in these conditions the coefficient of heat t ransfer  
to carbon dioxide is reduced by a factor  of 14 [6] in compar i son  with the value calculate d f rom Eq. (1). 

Fu r the rmore ,  if the grea tes t  de ter iora t ion in heat  t ransfer  occurs  when TL ~ Tm, and heat t ransfer  
is imProved when TL << Tm,  we can predic t  that at  intermediate  liquid tempera tures  we will have conditions 
in which there will be no improvement  in heat  t r ans fe r  in compar ison  with the convective region. 
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We did, in fact ,  o b s e r v e  a reduction in heat  t r a n s f e r  with i nc rea se  in liquid t e m p e r a t u r e  a t  the en-  
t rance  to the working sec t ion  (Fig. 2). An inc rease  in liquid t e m p e r a t u r e  a t  the ent rance  f rom 30 to 100~ 
led to a de te r io ra t ion  in hea t  t r ans fe r .  With fu r the r  i nc rea se  in liquid t e m p e r a t u r e  to 200~ there  was no 
change in hea t  t r a n s f e r  in compar i son  with the convective region. 

We m u s t  infer  that  the instabi l i ty of the boundary l a y e r ,  which leads to a change in the nature  of the 
hea t  t r a n s f e r ,  is  due not only to the change in the s t ruc tu re  of the medium on pa s sage  through T m and the 
concomitant  h igh-f requency p r e s s u r e  osci l la t ions ,  but obviously a lso  depends on the external  turbulent  d i s -  
turbances  pene t ra t ing  into the boundary l aye r  f rom the s t r e a m  core .  Hence,  a t  low flow ra t e s  the in tens i -  
f icat ion of the hea t  t r a n s f e r  occurs  a t  higher wall  t e m p e r a t u r e s ,  i .e . ,  when the l ayer  with t e m p e r a t u r e  T m  
is a t  some  dis tance  f rom the wall.  For  the s a m e  r ea son  the exper imenta l  data re la t ing  to ca se s  where  the 
boundary l aye r  has p a s s e d  through Tin,  but the wall  t e m p e r a t u r e  is insignificantly g r ea t e r  than T m  (case 4) 
and the flow veloci ty  is  low [18], a r e  p red ic ted  by the re la t ionship for  convect ive hea t  t r a n s f e r  in a s ing le -  
phase  med ium with va r i ab l e  physical  p rope r t i e s  [13]. 

I t  should be noted that  the p roposed  physical  model  of the h e a t - t r a n s f e r  mechan i sm in a forced flow 
of liquid a t  supe rc r i t i c a l  p r e s s u r e s  appl ies  only to a ce r t a in  range  of p a r a m e t e r s .  Although we do not have 
suff icient  exper imenta l  data  a t  p r e s e n t  for  a reasonab ly  accura t e  demarca t ion  of the region in which the 
given m e c h a n i s m  o p e r a t e s ,  we can never the less  obtain a rough idea.  These  h e a t - t r a n s f e r  fea tures  will be 
exhibited in a ce r t a in  range  of p r e s s u r e s  (obviously 1 < P / P c r  < 6) and m a s s  flow r a t e s  (w = 5-15 m / s e e ,  
say  10 -4 < Re < 8-104). A cha rac t e r i s t i c  fea ture  of this region is thatlan inc rease  i n R e  leads to a r ed u c -  
tion of the wall  t e m p e r a t u r e  a t  which heat  t r ans fe r  begins to improve  (Fig. 2 [2]). With i nc r ea se  in flow 
veloci ty  the wall  t e m p e r a t u r e  a t  which hea t  t r a n s f e r  begins to improve  is reduced  and in these conditions 
the h e a t - t r a n s f e r  m e c h a n i s m  obviously acqui res  the cha r ac t e r i s t i c  fea tu res  in [4]. 

The postula ted  m e c h a n i s m  of hea t  t r an s f e r  in a forced flow of liquid is a l so  cons is tent  with the e x p e r -  
imental  re la t ionships  obtained in the case  of cooling of a medium at  supe rc r i t i ca l  p r e s s u r e  with T L > T m 
and T w < Tm.  In this case  the wall  is in contact  with a liquid phase  the the rma l  r e s i s t a n c e  of which is 
much lower  than that  of the gaseous phase .  Hence,  in the case  of a l t e ra t ion  of the veloci ty  field the in ten-  
s i f ica t ion of hea t  t r a n s f e r  is due not only to an i nc rea se  in m o l a r  t r ans fe r ,  but a l so  to a s ignif icant  r e d u c -  
t ion in t he rma l  r e s i s t a n c e  of t h e  boundary l a ye r ,  s ince  the re  is  an  i nc r ea se  in turbulence in the p a r t  of the 
boundary l a y e r  composed  of gas.  The inc rease  in thickness of the liquid sublayer  m u s t  obviously affect  the 
total  t he rma l  r e s i s t a n c e  of the boundary l aye r .  Hence,  in the ca se  of cooling of a medium we will not ob-  
s e r v e  the reduct ion in hea t  t r a n s f e r  which occurs  in the ca se  of heating.  

In fact ,  in the ca se  of  cooling of carbon dioxide a t  supe rc r i t i ca l  p r e s s u r e  the h e a t - t r a n s f e r  r a t e  is 
s e v e r a l  t imes  higher  than that calcula ted f rom Eq. (1). The g r ea t e r  the t e m p e r a t u r e  head,  other  conditions 
being equal,  the g r e a t e r  the intensif icat ion of hea t  t r an s f e r  [20]. 

An i m p r o v e m e n t  in hea t  t r an s f e r  is a lso obse rved  in the ca se  of cooling of wa te r  in the n e a r - c r i t i c a l  

region [21]. 

Thus ,  the p re sen t ed  hypothesis  accounts  for  the anomalous  deviat ions in hea t  t r a n s f e r  in di f ferent  
hondit ions,  which indicates  that  i t  r e p r e s e n t s  fa i r ly  c o r r e c t l y  the phys ics  of the p r o c e s s e s  a s soc ia t ed  with 
hea t  t r a n s f e r  a t  s upe rc r i t i c a l  p r e s s u r e s .  

N O T A T I O N  

T L is 
T w is 
T m is 
q is 
Nu 0 is 
w is 
P is 
P e r  is  
d is 
l is 

the liquid t e m p e r a t u r e ;  
the 'wal l  t e m p e r a t u r e ;  
the t e m p e r a t u r e  of m a x i m u m  heat  capaci ty ;  
the hea t  flux; 
the Nusse l t  num be r  de te rmined  f rom Eq. (1) a t  t e m p e r a t u r e  TL;  
the flow veloci ty;  
the p r e s s u r e  in the working sect ion;  
the c r i t i ca l  p r e s s u r e ;  
the tube d i a m e t e r ;  
the length of the heated section.  
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