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The cha rac t e r  of the distr ibution of wall t empera tu re  along the length of the tube is given. It 
is  es tabl ished that on the bas i s  of the t w = f(q) graph the t rend  of the t empera tu re  curve 
changes severa l  t imes  but twice in cer ta in  sections it is  accompanied by an improvement  in 
heat t r ans fe r .  

The p r o c e s s  of heat t r ans f e r  to a liquid nea r  its cr i t ical  p r e s s u r e  has unusual cha rac te r i s t i c s  if i ts 
t empera tu re  is  lower  and the wall t empera tu re  is higher  than the pseudocr i t ica l  t empera tu re  ( tm) .  Numer -  
ous repor t s  have been devoted to the study of this phenomenon. The resul t s  of experimental  studies of the 
heat t r a n s f e r  show that in a number  of cases  the heat t r a n s f e r  is accompanied by osci l la t ions in the p r e s s u r e  
(sound) and wall t empe ra tu r e  [1-3, 7]. Normal  [5], improved  [1], and impai red  [4] modes of heat t r a n s f e r  at 
superc r i t i ca l  p r e s s u r e  have been observed  in the works  of individual invest igators .  The study of these phe-  
nomena requi res  fur ther  experimental  invest igations of the heat t r a n s f e r  of different liquids with p > Pcr. 

Some resul t s  of an experimental  invest igation of heat t r a n s f e r  to ascending and descending turbulent 
s t r eams  of a romat ic  hydrocarbons  with tl < t m > t w and nea r - c r i t i c a l  p r e s s u r e s  (1 < P / P c r  < 1.25 ) are  p r e -  
sented in the p resen t  report .  

As the h e a t - t r a n s f e r  agents we chose (the a romat ic  hydrocarbons)  toluene and benzene, which have the 
following cr i t ica l  p a r a m e t e r s :  P c r =  42.358 ba r s  and t e r  = 320.8~ for toluene and Pc r  = 49.4 b a r s  and t c r  = 
289~ for  benzene. 

The tes t s  were  conducted on an instal lat ion which consis ted of an open circulat ion loop. The exper i -  
mental  section was  a tube of 1Khl8N10T stainless  steel with an inner  d iameter  d i = 2.10 mm, thickness  
6 = 0.46 mm, and length l = 170 mm which was heated by an al ternating e lec t r ic  cur ren t  of low voltage. 

The tes t s  were  pe r fo rmed  in the following order .  The required  power  was supplied to the experimental  
tube with constant  p r e s s u r e ,  flow rate ,  and t empera tu re  of the liquid at the inlet. The heat fltzx remained  
constant and was changed only in going f rom one tes t  to another. In pe r fo rming  the experiments  the p r e s s u r e  
and t empera tu re  of the liquid at the inlet and outlet, tim current  strength,  and the voltage drop on the exper i -  
mental  tube were  measured.  The wall t empera tu re  was m e a s u r e d  with six thermocouples  along the length of 
the tube. The t empera tu re  at the inner  surface  of the tube was determined by calculation. All the t he rmo-  
couples were  made of C h r o m e l - A l u m e l  wire  0.2 mm in diameter .  

The t empera tu re  pulsat ions were  r ecorded  with an EPP-09  record ing  ins t rument  of accuracy  c lass  0.5, 
while the p r e s s u r e  pulsat ions were  measu red  at the exit f rom the tube with p r i m a r y  and secondary  ins t ru-  
ments  of  accuracy  c lass  1 (an automatic record ing  ins t rument  with a DSR1-01 d i f f e ren t i a l - t r ans fo rmer  c i r -  
cuit and an MED manomete r ) .  

Typical  graphs of  the var ia t ion in wall t empera tu re  along the length of the tube with. ascending and de- 
scending s t r e ams  of toluene are  shown in Fig. 1, f rom which it is  seen that when the wall t empera tu re  is less  
than the pseudocr i t ica l  t empera tu re  (t m = 336~ the nature of the variat ion in wall t empera tu re  along the 
length of  the tube is the same in both cases  as with o rd inary  convective heat exchange (curve 1). As the wall 
t empera tu re  approached t m of the liquid in the experimental  tube a loud sound appeared, like a whistle. With 
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Fig. 1. Distr ibution of  wall t e m p e r a t u r e  along length of tube, 
p = 50 bars." a} ascending s t ream,  pw =3168 k g /m  z , s e c ,  
t~ n = l S ~  R e = ( 1 1 - 5 3 } ' 1 0 3 ;  1) q ~ 1 . 8 - i 0 6 ~  2) 3,15"106; 

3) 4.0-106;  4) q ~ 4.85"106 W~m2; b) descending s t r eam,  
p w = 3183 kg /m  z. sec,  t in = 25 C, Re = (11-40}.  103; 1) q 
1.7"106; 2) 3.16"106; 3.48"106; 4) 4.25"106; 5) q ~ 5 . 0 6 "  
10 6 W / m  2. 

an i nc r e a se  in the heat  flux the wall t e m p e r a t u r e  slowly i n c r e a s e s  and in some section along the length of the 
tube (usually above the midsec t ion)  a value approximately  equal to t m is reached.  With a fu r the r  i n c r ea se  in 
the heat  flux the wall  t e m p e r a t u r e  in this  sect ion grows with the appearance of maxima. It should be noted 
that with p = 50 b a r s  and an ascending s t r e a m  the re  is  one wall t e m p e r a t u r e  maximum along the length of  the 
tube, which is  usual ly obse rved  at x / d  ~ 50 f rom the tube inlet. With a descending s t r e am  the t em p e ra tu r e  
dis tr ibut ion along the length of the tube seems  at f i r s t  to have two max ima  (curves  2 and 3 in Fig. lb) ,  but 
with an i nc r e a se  in the heat flux density the na ture  of the wall  t e m p e r a t u r e  distr ibution changes somewhat 
anti One maximum with a weakly exp re s sed  c h a r a c t e r  remains ,  in these  t e s t s  the wail t e m p e r a t u r e  i nc rea se s  
s trongly in the init ial  sect ion of the tube ( x / d  < 20 ), then (20 < x / d  <~ 52) i ts  smooth growth is  observed,  and 
it  d e c r e a s e s  in the  las t  section of the tube (curves  4 and 5 of Fig. lb}. 

The  dependence of  the wall  t e m p e r a t u r e  on the heat flux density with about the same t e m p e r a t u r e  and 
flow veloci ty  of  the  liquid at the tube inlet  fo r  ascending and descending toluene s t r eams  of Re = i1"  103 and 
Re = 12" 103, respec t ive ly ,  and for  benzene with ascending movement  but lower  flow veloci t ies  of Re = 8.5" 
10 ~ i s  p r e s e n t e d  in Fig. 2. 

The se  graphs w e r e  plot ted for  the thermocouple  located at a dis tance x / d  ~ 50-52 f rom the entrance.  
It i s  seen f rom the f igure that the curves  have the same c h a r a c t e r  and r ep re sen t  a complex dependence t w = 
f ( q )  on the whole. In sect ion AB with t w < t m the graphs  have a s traight  charac te r ,  i .e . ,  like that for  o rd i -  
nary  convect ive heat exchange. After  point B the wall  t e m p e r a t u r e  grows slowly with an i n c r ea se  in the heat 

�9 " " 50 in flux density. For  example,  in the t e s t s  with toluene with p = ba r s ,  t I = 15~ and pw = 3168 kg /m 2. see,  
an i nc r e a se  in the heat  flux f rom q ~ 1.6" 106 W/m ~ to q ~ 3.0 �9 106 W / m  2 ( f rom point B to point C) led to an 
i n c r e a s e  of  about 40~ in the t e m p e r a t u r e  ( f rom 300 to 340~ It is  seen f rom a compar ison  of  sect ions AB 
and BC of the curve  that in section AB the wall  t e m p e r a t u r e  grows to about 300~ with an inc rease  in the heat 
flux to q ~ 1.5" 106 W/m 2. Evidently,  a f te r  point B the t e m p e r a t u r e  in the near -wal l  l ay e r  approaches  the 
pseuc 'ocr i t ical  t e m p e r a t u r e  of  the t es t  liquid. When this  happens the the rmophys ica l  p ro p e r t i e s  of the liquid 
chanL;e s t rongly (Cp r eaches  i ts  maximum}, which also p romotes  an improvement  in heat t r ans fe r .  At the end 
of this  sect ion (at point C) the wall  t e m p e r a t u r e  r e ach es  approximately  the pseudocr i t i ca l  t empera tu re .  

With constant values  of  t~ n and pw the slope of curve  BC depends on the p r e s su re .  With an i n c r ea s e  in 
the l a t t e r  the  slope of the curve  in this  sect ion inc reases .  In a major i ty  of  the t e s t s  some d ec r ea se  in the 
wall t e m p e r a t u r e  is  obse rved  at the end of  sect ion BC with an inc rease  in the heat  flux. This  is  explained by 
a sharp i n c r e a s e  in the heat capacity C~p at a nea r -pseudoc r i t i ca l  t empera tu re .  After  the wall  t e m p e r a t u r e  
r eaches  a value  equal to t m of the liquid, the wall t e m p e r a t u r e  grows with an i n c r e a s e  in the heat flux density 
and sect ion CD is  obtained, which is  somewhat like sect ion AB in ch a r ac t e r  and di f fers  only in the slope. 

With l a r g e r  heat flux densi t ies  and high wall  t e m p e r a t u r e s  the t r end  of the t e m p e r a t u r e  curve  ehanges 
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Fig. 2. Dependence of  wall t empera tu re  on heat flux 
density:  1} toluene, asqending s t ream,  p = 50 bars ,  
pw = 3168 kg /m 2 �9 sec,  t~ n = 15~ 2) toluene, descend-, 
ing s t ream,  p = 50 bars ,  pw = 3183 k g / m  2- sec, t~ n =  
25 ~ 3) benzene, ascen.ding s t ream,  p =60 ba r s ,  
pw = 2521 k g / m  2. sec,  t~ n = 22.5~ 

once again and section DEF is  obtained. In this section the graph of  wall t empera tu re  at f i rs t  dec reases  f rom 
the value cor responding  to point D to the value of E with an inc rease  in the heat flux and then (af ter  E) grows 
re la t ively  slowly with an i nc rea se  in the heat flux density. In some tes t s  the dec rease  in the wail t empera -  
tu re  f rom the value of D to that of E is slight and section DEF on the graph of t w = f ( q )  can be joined by a 
smooth curve. The cha rac t e r  of the var ia t ion in the t ~  = f ( q )  curve  depends on the mode of flow, pa r t i cu -  
la r ly  on the Reynolds number.  Curves of  the dependence t w = f (q )  for  l aminar  and turbulent modes  of flow 
with p > Pc r  and the i r  compar ison are  given in [9]. 

On the bas i s  of the plotted graph one can conclude that the curve of the dependence tw = f(@ changes 
severa l  t imes  (sect ions BC and DEF) and the heat t r a n s f e r  improves  twice. The initial improvement  can be 
explained by a s t rong change in the thermophys ica l  p roper t i e s  of the liquid, but the second change in the 
t rend  of the t empe ra tu r e  curve does not yield to a p rec i se  explanation. It is  possible  that the tes t  liquid 
breaks  down at high t empe ra tu r e s  and large  heat fluxes, forming gases  which intensify heat t ransfer .  How- 
ever ,  additional studies with o ther  liquids under different conditions are  requi red  for a decisive e~planation 
of this phenomenon. 

The indicated form of the dependence of t w on q was not observed  in the work of other  inves t igators  
with turbulent flow and p > Pcr" This per ta ins  especial ly  to the second change in the wall t empera tu re  ( sec -  
tion DEF) on the graph of t w = f(q).  There  are  some helpful data re lat ive to this section of the curve in the 
l i te ra ture ,  however. For  example, Kafengauz [1] in tes t s  with di isopropyl cyclohexane with p > Pcr ,  w = 6 
m / s e c ,  and t w > t m observed  f i rs t  a decrease  in the wall t empera tu re  and then i ts  gradual  growth with an 
inc rease  in q. The same fo rm of the ,dependence of tw. on q is descr ibed in [3] by Kaplan and Tolchinskaya 
in tes ts  with n-heptane with a veloci ty w = 10 m / s e c ,  t~ n =20~ and p = 40 bars .  The graph of t w = f(q} 
plot ted in [1, 3] show that for  these liquids t w f i rs t  grows with an inc rease  in q as in o rd inary  convective 
heat exchange and then when t w > t m the wall t empera tu re  falls by severa l  degrees  and goes on to grow 
slowly as q inc reases .  Tes t  data obtained with free movement  of the liquid in [8] and [6] indicate the poss ib i l -  
i ty of obtaining the section DEF on the curve  of  t w = f(q} for  carbon dioxide. The authors of these r e p o t s  
co r robora t e  the existence of bubble flow (pseudoboiling) with carbon dioxide 'at supercr i t ica l  p re s su re .  

We note that in the tes t s  the section BCDEF shown in Fig. 2 was accompanied by sounds of different 
tones,  the appearance of  which cor responds  to point B on the curve of tw .= f(q). At f irst ,  they had a per iodic  
charac te r ,  i .e . ,  now appearing now disappearing,  but as the heat flux inc reased  the tone of the sound became 
constant and s t ronger .  However,  this phenomenon depends on the value of Re, since the strength of the sound 
dec reases  with a dec rease  in the la t ter  [9]. The sound osci l la t ions are  accompanied by osci l lat ion in the wall 
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Fig. 3. Graphs of p r e s s u r e  and t e m p e r a -  
tu re  osci l la t ions.  Benzene, p = 60 ba r s ,  
pw=2521 k g / m  2. sec,  t~=22 :5~  Re = 
(8.5-40)" 103 , 
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Fig. 4. Dependence of wall t empera tu re  on heat flux den- 
sity for thermocouples  located at different dis tauces f rom 
tube inlet; p =45 bars ,  pw = 3168 k g / m  2- sec, t} n = 20~ 
Re =(11-48) �9 103; 1) x /d  = 20; 2) x /d  = 50. 

t empera tu re  (Fig. 3). Graphs of the p r e s s u r e  oscil lat ion,  measu red  in tes t s  with p = 60 b a r s  and an ascend- 
ing benzene s t ream,  are  also presen ted  in Fig. 3. Figure  3a cor responds  to section BC, while Fig. 3b c o r r e -  
sponds to sect ion CD of the curve of t w = f(q) .  It is  seen f rom the f igures  that the p r e s s u r e  oscil lat ion 
reach ~s 7 b a r s  while the t empera tu re  osci l la t ion compr i ses  15~ for  the most  par t .  In some cases  sharp 
p r e s s l r e  osci l la t ions were  accompanied by sharp osci l la t ions in the wall t empera ture .  In section DEF the 
tone ,~f the sound dec reased  f rom a loud whistle to a soft hiss ,  with the size of the pulsations in wall t e m p e r a -  
tu re  decreasing.  

Graphs of the dependence t w = f(q) at n e a r - c r i t i c a l  p r e s s u r e  (P/Pcr  = 1.07) for  an ascending toluene 
s t r eam are p resen ted  in Fig. 4. These  graphs  were  constructed f rom the readings of two thermocouples  lo-  
cated at different distances from the tube inlet ( x /d  = 20, 50), f rom which it is  seen that the curves  have a 
common nature  of var ia t ion but the i r  individual sect ions differ f rom one another. For  example, the sections 
BC have different lengths and sect ions CDEF differ in the value of  the wall t empera tu re  at the same heat 
fluxes. Thus, for  the initial section of the tube the sect ions CDEF are shifted to the right, i .e. ,  towards  
l a r g e r  values of q. 
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Thus,  max ima  in the wall t e m p e r a t u r e  and, accordingly,  minima in the b e a t - t r a n s f e r  coefficient: ~re ob- 
se rved  in severa l  sect ions of the tube on the g r ~ h s  of t w = f(x/d)  (Fig. l a ,  b) .  The graphs of the dependence 
t w = f(q)  show that the max ima  in wall t e m p e r a t u r e  along the length cor respond  to sect ions CD (Fig. 2). It 
follows f rom Fig. l a ,  b that a maximum in the wall t e m p e r a t u r e  is  not obse rved  in the readings of all the 
thermocouples  located at different  dis tances  along the length of the tube. But the graph of t w = f(q)  con- 
s t ruc ted  for  the rmocouples  located at different  dis tances  f rom the tube inlet (Fig. 4) shows that the sections 
CD where  t w grows with an inc rease  in q are  obtained for  all the thermocouples .  

Consequently, it i s  probably more  advisable to judge the mode of heat t r a n s f e r  not f rom the graph of 
t w = f ( x / d ) ,  but f rom the dependence t w = f (q) .  

N O T A T I O N  

tw, tl ,  t e m p e r a t u r e s  of wall and liquid, ~ t~ n, liquid t e m p e r a t u r e  at tube inlet,  ~ p, p r e s s u r e ,  bars ;  
t c r  , c r i t ica l  t empera tu re ,  ~ Pcr ,  c r i t ica l  p r e s s u r e ,  ba r s ;  q, heat flux density,  W/m2;  pw, mass  flow rate,  
k g / m  ~" sec;  7, t ime,  sec; t m, pseudocr i t i ca l  t empera tu re .  
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S E L E C T I O N  O F  S I M I L A R I T Y  C R I T E R I A  IN 

S T U D Y I N G  T H E  E F F E C T  O F  R O T A T I O N  ON 

H E A T  E X C H A N G E  IN T U R B I N E  B L A D E S  

V. A. T r u s h i n  UDC536.244:621 

The supplementary fac tors  affecting the na ture  of the flow and heat exchange in rotat ing turbine 
a r r a y s  and the supplementary c r i t e r i a  ref lect ing the effect  of rotat ion on heat exchange in t u r -  
bine blades  on the gas and a i r  sides a re  discussed.  

By now ra the r  extensive exper imenta l  data have been accumulated on the intensi ty of heat exchange be-  
tween a gas and rotat ing turbine  blades  [1-7]. In [1, 3] the exper imenta l  r e su l t s  a re  given without genera l iza -  
tion, but it  c l ea r ly  follows f rom them that rotat ion not only considerably intensif ies  but also causes  a r ed i s -  
t r ibut ion of  the hea t -exchange  coefficient  ove r  the contour of the prof i le  in a ro to r  a r ray .  In [2] the expeA-  
ments  a re  genera l ized  for  Conditions of nonisotherrnal  flow in the in terblade channels, while in [4, 5] they are  
genera l ized  for  cases  which a re  close to i so thermal .  In [6, 7] the heat exchange was es t imated  by an indirect  
method based  on measu remen t s  of the blade t e m p e r a t u r e s  with subsequent i nve r se  calculation. The effect of 
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