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The proper t ies  of the heat t r ans fe r  for  p >Pcr ,  t f< tm  <> tw in a laminar  flow of aromat ic  hydro-  
carbons a re  descr ibed.  The results  a re  compared with the heat t r ans fe r  in the case  of turbulent 
flow. 

There  have been a number of investigations of convective heat t r ans fe r  in turbulent flow at supercr i t ica l  
p r e s su re ,  confirming the existence of optimal conditions for heat t r ans fe r  associa ted with pulsations of the 
fluid p r e s s u r e  and the wall t empera tu re  [1-6]. To explain the proper t ies  of convective heat t r ans fe r  in these 
conditions, it is expedient to have experimental  data also on heat t r ans fe r  in laminar  flow. However, there has 
not been a detailed experimental  investigation of the heat t r ans fe r  in laminar  flow at supercr i t ica l  p ressure ,  
but only some information on the heat t r ans fe r  to toluene and polymethylphenyl siloxane [1, 4]. 

The present  work is an investigation of the heat t r ans fe r  to toluene {Pcr= 39.2 bar,  t c r  = 320.8~ and ben- 
zene (Pcr =47.7 bar ,  tcr=289.45~ for  p > Pcr ,  t f < t m ~  tw in laminar  flow; the results  are  compared with the 
turbulent flow of these fluids. The heat t r ans fe r  was investigated experimentally in an ascending flow of the 
liquids. 

The experimental  apparatus and procedure  a re  described in [2]. The experimental  section of the appara-  
tus was a s ta in less - s tee l  tube with a heated length of 170 ran, wall thickness 0.5 ram, and internal d iameter  
3.0 mm in laminar  flow and 2.0 mm in turbulent flow. Hydrodynamic-s tabi l izat ion sections precede and follow 
the heated section. 

The variat ion of the wall t empera tu re  over  the tube length in experiments  with benzene for pu = 82 kg /m 2. 
sec is shown in Fig.  1. It is evident that at tw<< t m {tm=297~ the variat ion of the wall t empera ture  over the 
tube length cor responds  to the usual law of convective heat t r ans fe r  (curve 1). With increase  in the heat flux 
under these conditions the wall t empera ture  increases  over  the whole length of the tube. Beginning at a cer ta in  
value of the heat flux, the wal l - t empera ture  distribution ceases  to be monotonic. In the experiments with toluene 
and benzene at small  mass  flow rates  {Pu < 100 kg /m 2 . sec ,  Rein = 500) the wal l - tempera ture  distribution ceases  
to be monotonic at t w < tm.  A s the liquid approaches t m, the variat ion in t w over  the tube length becomes un- 
dulatory (curves 3 and 4). 

A number of sharply expressed maxima appear  over the length of the tube (curve 4). With fur ther  in- 
c r ease  in the heat flux, a sharp increase  in t w is observed in the final pa r t  of the tube. In experiments with 
toluene and benzene, the distr ibution of the wall t empera ture  is observed at t w > 400~ (curve 5). 

Note that at t w ~t m pulsations of the fluid p re s su re  and the wall t empera ture  appear  and a re  retained on 
fur ther  increase  in heat flux. 

Cer ta in  features of the f lu id-pressure  pulsations were  considered in [3-7]. In [5, 6] the high-frequency 
spontaneous oscil lat ion is attributed to the appearance of p r e s s u r e  shock waves in the flow, and it is suggested 
that a standing wave is formed in the channel, which is confirmed in [7] on the basis of measurements  in the 
course  of boiling. The resul ts  of [5-7] show that the nonmonotonic variat ion of t w over  the tube length is due 
to the appearance of thermoacoust ic  p r e s s u r e  oscil lat ions.  

Curves of the wall t empera ture  against  the heat-flux density for toluene in conditions of laminar  and turbu- 
lent flow are  shown in Fig. 2. These curves  were  plotted for thermocouples situated a distance l =90 mm from 
the tube inlet in laminar  flow and a distance l = 140 mm in turbulent flow. Local values of the Reynolds number 
in laminar  flow at these tube c ross  sections a re  given in Table 1, which corresponds  to the experimental  points 
on the curve in Fig. 2a. 
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Fig. 1. Var iat ion  of wal l  t emperature  over  tube length 
in  a s c e n d i n g  m o t i o n  of b e n z e n e  (p = 55 bar ,  pu = 82 k g /  
m 2 - s e c , t ~  n =e0~  1) q ~0.36" 105; 2) 1 .03 .  105; 3) 1.45" 
105; 4) 2.10" 105; 5) q ~2 .80  �9 105 W / m  2. 
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Fig. 2. Dependence of wal l  t emperature  on heat-f lux density  in ex-  
per iments  with toluene: a) laminar  flow, p =50 bar,  pu =97 k g / m  2. 
s.ec; t~ n =20~ b) turbulent flow, p=  60 bar; pu=3060  k g / m  2 �9 sec;  
in = 20oc.  tf 

TAB LE 1. Local  Values  of  Reynolds  Number  

Expt. No. , 2 3 4 5  6 [ 7 8 9 1 I0 II 

Re 500 540 660 770 800 870 900 960 [ 1040 [ 1 0 7 0 .  1130 

Expt. No. 12 13 14 15 16 17 18 19 20 I 21 22 

i37o Re I 1250 1289 1430[ 1460 15oo 11600 1720 1840]2040 210~ 

On sec t ion  AB (Fig. 2a) at a wal l  t emperature  l e s s  than t m the curve of t w =f(q) is the s a m e  as  in ordinary 
convect ive  heat t rans fer .  At point B the wal l  t emperature  approaches  the value of t m for the g iven fluid. Be-  
yond point B, t w changes  s lowly  with i n c r e a s e  in heat flux. At the end of s ec t ion  BC, the wal l  t emperature  
a l m o s t  reaches  t m.  Farther  increase  in the heat flux is accompanied by an i n c r e a s e  in the wall  t emperature  
(section CD). 

At large  heat f luxes and high wal l  t empera tures  the temperature  curve  changes  again (section DEF).  
Reduction in t emperature  on the sec t ion  DE in exper iments  with to luene  and benzene  is observed  at wal l  t e m -  
peratures  around 450~ 

Compar i son  of Fig. 2a with Fig. 2b shows that the curve  of tw=f(q)  has the s a m e  general  shape in both 
laminar  and turbulent f low. The d i f ferences  are  the lengths and s lopes  of the individual sec t ions  and a l so  the 
values  of the heat flux. 



l 

i E 
�9 O0 

8 8 

4 6 8 105 2 ~, 6 

Fig. 3. 

sd 
�9 - z  o~176 o~ "~  

eoF 

,cp B i 

I b ] 

Dependence of h e a t - t r a n s f e r  coefficient  on heat- f lux density 
in exper iments  with toluene: a) l amina r  flow; 1) p =70 bar ;  pu =96 

trl k g / m  2 - sec;  t 4 =18~ 2) p =90 bar ;  pu =87 k g / m  2- sec;  t~ n= !5~ b) 
turbulent  flow; 1) p=45  bar ;  pu=3168 k g / m  2- sec; tin=15~ 2) p = f 
65 ba r ,  pu=3060 k g / m  2" sec;  t in=20~ 

In turbulent  flow the pulsat ions  of the fluid p r e s s u r e  and the wall  t e m p e r a t u r e  a r e  of l a r g e r  ampli tude 
than in l a m i n a r  flow. The f i r s t  appea rance  of pulsat ional  conditions is a t  point B on the cu rve  of tw=f(q).  

Note that the re  is a definite co r respondence  between the curve  of t w =f(q) and the t e m p e r a t u r e  dependence 
of the physical  p r o p e r t i e s  of the m a t e r i a l .  For  example ,  on the sect ion AB the physica l  p rope r t i e s  of t h e m a t e -  
r ia l  va ry  only sl ightly and ord inary  convect ive  heat t r a n s f e r  is observed .  Af t e r  point B, when t w approaches  
tin, the physica l  p r o p e r t i e s  of the m a t e r i a l  change m o r e  rapidly in the boundary l aye r  (for example,  Cp in- 
c r e a s e s )  and the heat  t r a n s f e r  intensif ies  (section BC). Af te r  point C, t w becomes  l a r g e r  than t m and Cp de-  
c r e a s e s  in the boundary layer ;  correspondingly ,  the h e a t - t r a n s f e r  intensity reduces  s o m e w h a t  (Section CD). 
However,  sec t ion  DEF does not co r r e spond  to the change in physical  p r o p e r t i e s  of the m a t e r i a l .  

Reduction in wall t e m p e r a t u r e  when t w > t m (section DEF) has a lso  been observed  in turbulent  flow in 
the exper iments  and a t t r ibuted to s tepwise  change in the f requency of the p r e s s u r e  osci l la t ions [3-6]. These  
inves t iga tors  a r e  a lso  inclined to a t t r ibute  the shape of the t e m p e r a t u r e  curve  t w =f(q) to the appearance  of 
h igh-f requency p r e s s u r e  osci l la t ions .  

Curves  of ~=f(q) a r e  shown in Fig. 3 for  toluene in l a m i n a r  and turbulent  flow. The individual sect ions 
of the cu rves  of a =f(q) evidently differ  in l a m i n a r  and turbulent  conditions.  

On the bas i s  of the exper imenta l  data given above it may  be concluded that  at superc r i t i ca l  p r e s s u r e  in 
l a m i n a r  flow the wall  t e m p e r a t u r e  does not va ry  monotonical ly.  Some of the fea tu res  of convect ive heat t r a n s -  
f e r  observed  for  turbulent  flow at p > P c r  - iu pa r t i cu la r ,  the var ia t ion  of the wall t e m p e r a t u r e  on the curves  
of t w =f(q) and t w and f(l) - a r e  a lso  conf i rmed in l amina r  flow. 

N O T A T I O N  

tw, wall  t e m p e r a t u r e ;  if, fluid t e m p e r a t u r e ;  t m,  t e m p e r a t u r e  cor responding  to m a x i m u m  specif ic  heat 
(pseudocri t ical  t empera tu re ) ;  p, fluid p r e s s u r e ;  Per ,  c r i t i ca l  p r e s s u r e ;  [, length of heated section; pu, m a s s  
flow ra te  of fluid. 
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