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The resul ts  of an experimental  investigation into the hydraulic res is tance  and p re s su re  
fluctuations of n-heptane ar is ing in the course  of heat t ransfer  under a hypercr i t ica l  
p r e s s u r e  are  presented  in relat ion to the p ressure ,  the rate of flow, and tempera tures  
of the wall and liquid. 

In fully-developed turbulent flow, heat t ransfer  takes place chiefly us a result  of molar  t ranspor t .  
An increase in the heat- t ransfer  intensity is associa ted with a loss  of energy by frict ion.  The existence 
of two modes of heat t r ans fe r  in the nea r -c r i t i ca l  state of the liquid was established in [1, 2]; in these two 
cases  the laws governing the changes in hydraulic res is tance  and hea t - t r ans fe r  intensity were incapable 
of being explained by the Reynolds analogy. 

A charac te r i s t i c  of the f i rs t  mode (w = 5-6 m/sec )  was s sharp r i se  in hydraulic resistance,  while 
the hea t - t r ans fe r  intensity remained  prac t ica l ly  constant.  An increase in the hydraulic res is tance  took 
place when the wall tempera ture  exceeded t m, the heat t ransfer  being accompanied by p re s su re  fluctua- 
tions with a fundamental f requency of 2000-3000 Hz; the intensity of the fluctuations increased together 
with the thermal  loading. The second mode was charac te r i zed  by an increase in the hea t - t r ans fe r  co-  
efficient {by more  than a fac tor  of 2), with hardly any r i se  in the hydraul ic  res i s tance .  This took place 
on increasing the rate of flow to above 15 m / s e c  and was accompanied by a r i se  in the p res su re - f luc tua -  
tion frequency.  

In this paper we shall present  the resul ts  of an experimental  investigation into the heat t ransfer ,  
hydraulic res i s tance  and p re s su re  fluctuations of a liquid as functions of the tempera ture  and p ressu re  of 
the liquid under var ious  hydrodynamic conditions. The working liquid was u-heptaue, P c r =  27.01 atm, 
tcr  = 267.01~ [3]. The work was ca r r i ed  out in the apparatus descr ibed in [4]. In these experiments  we 
used working tubes made of OKhlaN9T steel 2.02/2.52 and 2.4/3.0 mm in d iameter .  The total length of 
the working tubes was 160 mm, the heated part  in the middle of the tube was 40 mm long. The p res su re  
drop was measured  at a distance of 94 mm (33 mm f rom the tube inlet and outlet). The res is tance  in the 
cold par t s  was subtracted after  calculating its value f rom the Darcy equation. 

We studied the effect of the tempera ture  of the liquid on heat t ransfer  for flow ra tes  of 5, 10, and 
30 m / s e c  and a p r e s su re  of 40.2.10 s N/m 2. The resul ts  of the experiments  are presented in Fig.  1. 

We see that, for a flow rate  of 5 m/ sec ,  in the case of a cold liquid, the hydraulic res is tance  in- 
c reased  by approximately 8.5 t imes  for  wall t empera tu res  exceeding t m. On heating the liquid at the 
working-tube inlet to 140~ no such r i se  in hydraulic res is tance  was found. It was a charac te r i s t ic  feature 
that the intensity of the p r e s s u r e  fluctuations in the exper iments  with the hot liquid fell by approximately 
11 t imes by compar ison with the exper iments  with the cold liquid, while the fundamental frequency in- 
c reased  f rom 2500-3200 to 5100 Hz. The intensity of heat t ransfer  in the exper iments  with the hot liquid 
remained  unchanged over  the whole range of wall t empera tu res  studied (up to 560~ despite the fact that 
p r e s s u r e  fluctuations developed for t w _ tm. 

For  a flow rate of 10 m / s e c  (t/ = 20~ high-frequency p r e s s u r e  fluctuations with a fundamental 
f requency of 4060 Hz developed in the sys tem when the wall tempera ture  reached t m. The intensity of 
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Fig. I. Heat transfer and hydraulic resistance as functions 
of the rate of flow and the temperature of the liquid (P = 40.2 
�9 105 N / m  2, d =2 .02 /2 .52  ram): A) 5; B) 10; C) 30 m / s e c ;  1) 

20; 2) 90; 3) 140; 4) 170~ t w ~ q, W/m 2. 

heat t r a n s f e r  and the hydraul ic  r e s i s t a n c e  r ema ined  p r a c t i c a l l y  constant  up to t w ~ 480~ F u r t h e r  in- 
c r e a s e  of the the rmal  loading led  to a sharp  fall in wall t e m p e r a t u r e  (to 350~ accompanied  by a change 
in the spec t rum of p r e s s u r e  f luctuat ions;  ins tead of a fundamental  f requency of 4060 Hz, the higher  f r e -  
quency of 8130 Hz appea red .  The mode of heat t r a n s f e r  was unstable;  in individual c a s e s  for  a constant  
t he rma l  loading  the re  was a pe r iod ic  reduct ion and increment  in the wall t e m p e r a t u r e ;  the hydraul ic  r e -  
s i s tance  and p r e s s u r e  f luctuat ions changed co r re spond ing ly .  F u r t h e r  i n c r e a s e o f t h e  t he rma l  loading led 
to the e s t ab l i shmen t  of an improved mode of heat t r a n s f e r .  The intensif icat ion of the heat t r a n s f e r  was 
accompan ied  by a r i s e  in hydraul ic  r e s i s t a n c e .  However,  on inc reas ing  the t he r m a l  flux above 14-10 ~ 
W / m  2 the hydraul ic  r e s i s t a n c e  fel l  s l ightly,  while the intensi ty  of heat t r a n s f e r  continued r i s i ng .  

When the t e m p e r a t u r e  of the l iquid at the working tube inlet was r a i s e d  to 140~ hard ly  any changes 
in h e a t - t r a n s f e r  intensi ty and hydraul ic  r e s i s t a n c e  were observed,  despi te  the fact that the wall t e m p e r -  
a tu re  ro se  to 600~ F o r  va lues  of t w _> t m the heat t r a n s f e r  was accompanied  by f luctuat ions with a funda- 
mental  f requency of 5100 Hz. 

In individual c a s e s  there  was a ce r t a in  ins tabi l i ty  of the va lues  of t w, the hydraul ic  r e s i s t ance ,  and 
the s p e c t r u m  of the p r e s s u r e  f luctuat ions;  however,  i nc reas ing  the the rmal  load  did not l ead  to the e s t a b -  
l i shment  of any improved  mode of heat  t r ans fe r ,  such as o c c u r r e d  in the expe r imen t s  with the cold l iquid.  
The intensi ty of the p r e s s u r e  f luctuat ions in the e x p e r i m e n t s  with the hot l iquid was 2.6 t imes  lower  than 
with the cold.  

F o r  a flow ra te  of 30 m / s e c ,  expe r imen t s  were c a r r i e d  out with th ree  va lues  of the l iquid t e m p e r -  
a tu re  at the inlet into the working tube, 20, 90, and 170~ In the ease  of s cold l iquid we found s cons i -  
de rab le  intensif icat ion of heat t r ans f e r ;  the h e a t - t r a n s f e r  coeff ic ient  i nc r ea sed  by a fac tor  of 2.3 as com-  
p a r e d  with the value immedia t e ly  p reced ing  the onset  of the improvement  in heat t r a n s f e r .  The hydraul ic  
r e s i s t a n c e  rose  by a f ac to r  of 1.2 by compar i son  with the value obtained for  i so the rmal  flow. The heat 
t r a n s f e r  was accompanied  by p r e s s u r e  f luctuat ions with a wide f requency spec t rum (200-20480 Hz), the 
f luctuat ions with f requenc ies  of 200-2560 Hz being obse rved  even before  applying the the rmal  load.  On in- 
c r e a s i n g  the load  above 30.10 G W / m  z, u l t rason ic  osc i l l a t ions  appea red  at 60-70 kHz. I twas  a c h a r a c t e r -  
is t ic  fea ture  that the intensif icat ion of heat  t r a n s f e r  s t a r t ed  for  wall t e m p e r a t u r e s  of s l ight ly  below t m. 
On i n c r e a s i n g  the t e m p e r a t u r e  of the core  of the flow the degree  of intensif icat ion of the heat t r a n s f e r  
diminished,  and so did the intensi ty  of the p r e s s u r e  f luc tuat ions .  

The effect of p r e s s u r e  on the h e a t - t r a n s f e r  p r o c e s s  in the h y p e r c r i t i c a l  region was s tudied at t l 
= 20~ The p r e s s u r e  wes 29.4.105 or  88.2.105 N / m  2 for  a flow ra te  of 6 m / s e c ,  and 40.2.105 or  84.3.105 
N / m  2 for  30 m / s e c .  The r e s u l t s  of the expe r imen t s  a r e  shown in Fig .  2. We see that for  n e a r - c r i t i c a l  
p r e s s u r e  of P / P e r  = 1.08 and a flow ra te  of 6 m / s e c ,  for  which the wall t e m p e r a t u r e  exceeded t m, there  
was a sharp  r i s e  in the hydrau l ic  r e s i s t a n c e .  Fo r  a t he rma l  flux equal to 6.106 W / m  2 the hydraul ic  r e -  
s i s t ance  i nc r ea sed  by a f ac to r  of 30 by compar i son  with i ts value at q = 0. The inc rease  in hydraul ic  

1065 



t W 

4OO 

tm, 
2OO 

o 
~p 
A~ 
2~ 

M 

8 

- - - - - - - ~  I ~ 

/ I 
l f , \  

4 8 

. . . .  

i �84 

] 

...... i 

AP 

Fig.  2. Heat t r ans fe r  and hydraulic res is tance  as functions 
of the rate flow and static p r e s s u r e  (t/ = 20~ for A)d=2 .4  
/3.0; B) 2.02/2.52 mm: A) 6; B) 30 m/sec ;  1) 29.4. t0s; 2) 
88.2.10s; 3)40.2-10'~; 4) 84.3-10 ~ N / m  2. 

res i s tance  was accompanied by intense (up to 62 riB)* p r e s s u r e  fluctuations with a fundamental frequency 
of 2500-3200 Hz. For  a p r e s s u r e  of 88.2.10 "~ N /m 2 there was no ser ious  increase in the hydraulic r e s i s -  
tance;heat  t r ans fe r  at t w > t  m was accompanied by p re s su re  fluctuations at a fundamental frequency of 
4000 Hz. The maximum intensity of the fluctuations fell by a factor  of 4.1 on increasing the p r e s s u r e  f rom 
29.4.10 '~ to 88.2-10 s N /m 2. It should be noted that the wall t empera tu re  at which intensification of the heat 
t r ans fe r  began depended on the p r e s s u r e  and cor responded to t m.  

For  a flow rate of 30 m / s e c  the values of t w at which improved heat t r ans fe r  began depended ve ry  
li t t le on p res su re ;  the improved heat t r ans fe r  at high p r e s s u r e s  s tar ted for wall t empera tures  of under tm.  
The increase in the intensity of heat t r ans fe r  was accompanied by p re s su re  fluctuations with a wide spec-  
t rum of sound frequencies  (200-20000 Hz); the low-intensi ty fluctuations at a frequency of 200-5000 Hz ap-  
peared  even before application of the thermal  load.  An increase in p r e s su re  f r o m  40.2- l0 s to 84.3.105 
N / m  2 led to a reduction in the degree of intensification of heat t r ans fe r  in the range t w > t m.  At the same 
time there was a reduction in the intensity of the p re s su re  fluctuations. 

It follows f rom the experimental  mater ia l  presented that the sharp r ise  in the hydraulic res is tance  
encountered at low flow ra tes ,  and also the considerable increase  in the hea t - t r ans fe r  coefficient found in 
the case of high flow ra tes ,  took place mainly at low tempera tu res  of the liquid. On increasing the t emper -  
ature of the core of the flow, these cha rac te r i s t i c  changes in hea t - t r ans fe r  intensity and hydraulic r e s i s -  
tance appeared to l e s s  marked degree,  or  indeed not at all .  On increasing the tempera ture  of the liquid the 
intensity of the high-frequency p re s su re  fluctuations ar is ing in the course  of heat t ransfer  also diminished. 
Analysis of these data suggests  that one of the possible sources  of p r e s su re  fluctuations may be thermal 
motion in the liquid. It is well known that the cha rac te r  of  the thermal  motion in the liquid is due to its 
s t ruc ture .  In a cer ta in  t empera tu re  range close to the melting point the cha rac te r  of the thermal  motion 
in the liquid r emains  s imi lar  to that in the corresponding solid. Among the var ious  frequencies  of thermal  
vibrat ions  in solids (and par t ly  in liquids) both sonic and supersonic vibrat ions may occur  [5]. In liquids 
these vibrat ions should appear  mainly in the case of the rapid heating of individual moles of a relat ively 
cold liquid, i . e . ,  the case in which the heating time is shor ter  than the time of s t ructural  relaxat ion.  The 
fluctuations so ar is ing m a y  interact  with the medium in the boundary l aye r  (which exists  at a pseudocri t ical  
temperature) ,  as  a resul t  of which an increase in hea t - t r ans fe r  intensity takes place.  

If the thermal  motion in the liquid makes  a substantial contribution to the formation of the sonic 
wave for P > P c r ,  for p rec r i t i ca l  p r e s s u r e s  also (and for the same reason) we should expect a develop- 
ment of fluctuations, which under cer tain conditions might influence the t ranspor t  p roces ses .  An influ- 
ence of this kind would be expected under conditions promoting the rapid heating of individual moles of a 

* As zero  dB in the spec t romete r  we took 1 mV, which corresponded to a p r e s su re  of 353 N/m 2. 
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Fig.  3. Heat t r ans fe r  and hydraulic res is tance  
in relation to the flow rate and temperature  of 
the liquid at a precr i t ica l  p re s su re  (P = 10.8 
. 1 0 5 N / m  2, for 1, 2) d = 2 . 4 / 3 . 0 ; f o r  3) d = 2 . 0 2  
/2.52): A) 25; B) 100~ 1)5; 2) 16; 3) 30 m / s e c .  

re la t ively cold liquid. In o rde r  to ver i fy  the re l i -  
ability of this proposition, we ca r r i ed  out some ex- 
per iments  on n-heptane at a p recr i t i ca l  p re s su re  
P / P c r  = 0.4, for flow ra tes  of 5-30 m / s e c  and t em-  
pe ra tu res  of the liquid at the inlet of the working tube 
equal to 25 and 100~ The resul ts  of the exper i -  
ments are  shown in Fig .3 .  

We see that for  a liquid tempera ture  of 25~ (in 
the case of a flow velocity of 5 m/sec )  the increase 
in the hea t - t r ans fe r  intensity was accompanied by an 
increase in the hydraulic res i s tance  (AP ~ q0.7), cha r -  
ac te r i s t ic  of bubble-type boiling. The transi t ion f rom 
the bubble to the film type of boiling was accompanied 
by a sharp jump in wall temperature ,  and the exper i -  
ment ended in the burning-out  of the working tube. It 
should be noted that on the initial section of the bubble- 
type boiling charac te r i s t ic  no p re s su re  fluctuations 
occurred;  only for q = 3.5.106 W/m 2 did p r e s s u r e  fluc- 
tuations develop, with a fundamental frequency of 
1600 Hz and an intensity of 35-40 dB. For  flow ra tes  
of 16 and 30 m / s e c  the charac te r  of the relationship 

between the hydraulic res is tance  and the thermal  flux al tered.  The increase in the he~t - t ransfer  intensity 
for wall t empera tu res  exceeding t s was not accompanied by any increase in the hydraulic res i s tance .  For  
high flow ra tes  and a liquid tempera ture  of 25~ p re s su re  fluctuations were recorded  even before applica- 
tion of the e lectr ical  load. Thus at 16 m/sec ,  in the case of " isothermal"  flow, fluctuations with a fun- 
damental frequency of 10,000 Hz and a maximum intensity of 25 dB developed. On smoothly applying the 
e lec t r ic  load the intensity of the fluctuations then diminished, and in individual experiments  the fluctua- 
tions vanished for wall t empera tures  slightly below is, only appearing with a fundamental f requency of 6400 
Hz in the middle of the "plateau" at q = 7.0.106 W/m 2. The intensities of the fluctuations then increased 
with increasing thermal  load, the maximum value being 53 dB. The transit ion to the inferior mode of heat 
t r ans fe r  was not accompanied by any severe  change in the spectrum of p res su re  fluctuations detected. For 
a flow rate of 30 m / s e c  ("isothermal" flow) a spectrum of p r e s su re  fluctuations st f requencies  of 200-5000 
and 20,000 Hz was observed, with s maximum intensity of 20 dB. For  q -- 9.3-106 W/m 2 a wide spec t rum 
of sonic frequencies developed, the intensity of these increasing with increasing thermal load. The maxi-  
mum intensity of the p r e s s u r e  fluctuations was 40-45 dB. It should be noted that the degree of worsening 
of the heat t ransfer  at the c r i s i s  diminished with increasing flow rate .  For  a flow rate of 30 m / s e c  we 
found no sharp r ise  in wall t empera ture  (such as is charac te r i s t i c  of the transit ion f rom the bubble to the 
f i lm mode of boiling). For  a wall t empera ture  of over 300~ we again noted a region with inferior heat 
t r ans fe r .  However, when the tempera ture  of the liquid at the entrance into the working tube was increased 
to 100~ for a flow rate of 16 m/sec ,  the improvement in heat t ransfer  s tar ted being accompanied by the 
r ise  in hydraulic resis tance,  as charac te r i s t i c  of bubble-type boiling. The transit ion to the film type of 
heat t r ans fe r  led to a sharper  r ise  in wall tempera ture  in the case of the hot liquid. It should be noted that, 
in the exper iments  with the liquid heated to 100~ no p r e s s u r e  fluctuations were observed in the region of 
bubble-type boiling. For  " isothermal"  flow also no p re s su re  fluctuations were observed in this case .  Only 
on passing to the film type of flow did p re s su re  fluctuations 8rise at a frequency of 1250-2500 Hz, with a 
maximum intensity of 30 dB. 

We have thus demonstrated experimental ly that, even in the ease of a precr i t ica l  p ressure ,  under 
conditions conducive to the rapid heating of individual moles of relat ively cold liquid, severe  p res su re  
fluctuations set in, causing the hea t - t r ans fe r  p rocess  to acquire cer tain new charac te r i s t i c  features  (the 
laws governing the change in p r e s su re  drop on increasing the hea t - t r ans fe r  intensity differed f rom those 
hitherto discussed [6], and the hea t - t r ans fe r  c r i s i s  degenerated with increasing w). All this agrees  with 
the proposit ion that, under cer tain conditions, thermal motion in the liquid may be one of the sources  of 
the high-frequency p re s su re  fluctuations which exert  a substantial influence on t ranspor t  p roces se s .  

N O T A T I O N  

tw, Wall tempera ture ;  t/, t empera ture  of the liquid at the inlet into the working tube; is, sa tura -  
tion tempera ture  at the specified p res su re ;  tm, tempera ture  of maximum specific heat; Tcr ,  cr i t ical  
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temperature; P, static pressure in the working section; Pcr, critical pressure; Ap, pressure drop in the 
working section; q, specific heat flux, w, rate of flow; d, tube diameter. 
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