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RELATIVE INCREASE IN HEAT TRANSFER IN 

VISCOUS-INERTIAL REGIMES OF FLOW OF 

HELIUM AT SUPERCRITICAL PRESSURE IN 

A HEATED PIPE 

V. A. B o g a c h e v ,  V.  M. E r o s h e n k o ,  
a n d  L .  A.  Y a s k i n  

UDC 536.24 

Resu l t s  a re  p r e s e n t e d  f r o m  an expe r imen ta l  study of an i nc r ea se  in heat  t r a n s f e r  to a turbulent  
flow of supe rc r i t i ca l  he l ium in a pipe.  

It  follows f r o m  [1, 2] that ,  g iven suff icient ly high heat  f luxes on the wall,  the h e a t - t r a n s f e r  ra te  in the 
fo rced  turbulent  pipe flow of supe rc r i t i ca l  he l ium can i n c r e a s e  signif icantly in the case  of heat  exchange with 
constant  liquid p r o p e r t i e s .  According to the co r re l a t ions  in [3, 4], based  in the region Nu > Nu 0 on l imi ted  
data f r o m  [1], th is  effect  is  governed  by the specif ic  heat ra t io  ~p/Cpq. No specia l  conditions have been ob-  
s e r v e d  fo r  a re la t ive  i n c r e a s e  in heat  t r a n s f e r  in the case  of v i scous - ine r t i a l  r e g i m e s  of flow of superc r i t i ca l  
hel ium. The preser~t work  is  devoted to expe r imen ta l  invest igat ion of this question. 

The experimer~ts were  conducted on a c r y s t a l - t y p e  unit. H i g h - p r e s s u r e  hel ium t r ave led  f r o m  a r a m p  
through a r e d u c e r  and a cor~trol valve into the l iqu id-n i t rogen-f i l led  c ryos ta t .  The hel ium was cooled in the 
c ryos t a t  in two heat  exchangers  to about 80~ by ref lux flow of the hel ium with the vapor s  of the boiling n i -  
t rogen.  The he l ium was then sent to an a d s o r b e r  with ac t iva ted  charcoal  where  it was  cleaned and dried. It 
then t r a v e l e d  along a c ryogenic  pipeline tO a KG 60/300-1 c ryos ta t  with liquid hel ium. Here ,  i t  was f i r s t  
g radua l ly  cooled to 8-15~ in the main  heat  exchanger  by ref luxing with the liquid helium. Then it was cooled 
to 5-6~ in an in t e rmed ia te  heat  exchanger  by outgoing vapors  f r o m  boiling helium. Final ly ,  it was  cooled 
in a liquid heat exchanger  to 4,2 ~ The supercooled  he l ium en te red  a ver t ica l  sect ion located in a vacuum 
chamber  s u b m e r g e d  in liquid hel ium. The r e v e r s e  hel ium flow, a f t e r  throt t l ing and heating,  was  p a s s e d  
through a me te r ing  sect ion with a r ing and then d i rec ted  into a gas  holder .  

The working sect ion was  a s ta in less  s teel  pipe 1.8 m m  in d i ame te r ,  510 m m  in length, and 0.1 m m  in 
wall th ickness .  It  had a heated sect ion 490 m m  (222 d iamete r s )  long which p receded  the 78 -mm- long  unheated 
hydrodynamic  s tabi l izat ion section.  The walls  of the pipe were  heated by the p a s s a g e  of a d i rec t  e lec t r i ca l  
cu r ren t  through them f r o m  niobium stannide leads.  The wall t e m p e r a t u r e  was m e a s u r e d  at 15 s ta t ions along 
the working sect ion with TSG-2 g e r m a n i u m  r e s i s t a n c e  t h e r m o m e t e r s  ins ta l led 25 m m  (about 14 d iamete r s )  
apa r t  in ho lders  made of e lec t ro ly t i c  copper.  The ho lders  were  s ecu red  t ightly against  the heated pipe through 
a lavsan f i lm 10 #m thick. The m e a n - m a s s  t e m p e r a t u r e  of the hel ium at the inlet  and outlet  of  the working 
sect ion was m e a s u r e d  with s i m i l a r  t h e r m o m e t e r s  ins ta l led  in mixing chambers .  The t e m p e r a t u r e  of  the ou te r  
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Fig. 1. Change in re la t ive  heat t r a n s f e r  
along a pipe with different  t h e r m a l  loads: 
p = 0.246-0.248 MPa; Tin = 4.241-4.248~ 
G = 0.25 g / s e c ;  1) q = 187 W/m2; 2) 804; 
3) 1000; 4) 1280; 5) 1850; Rein = 5.2.104; 

) sect ion with T w = Tm;  # ) sect ion with 
m a x i m u m  Cp/Cpq. 

su r face  of the pipe was d e t e r m i n e d  f r o m  m e a s u r e m e n t s  of  the wall t e m p e r a t u r e  and heat flux and data on the 
t h e r m a l  conductivity of the s ta in less  s teel  f r o m  [1]. The p r e s s u r e  was m e a s u r e d  with a s tandard m a n o m e t e r  
with 0 .003-MPa graduat ions .  

The potential  d i f ference  on the r e s i s t a n c e  t h e r m o m e t e r s  was m e a s u r e d  with an F-30  digital v o l t a m m e t e r ,  
while the cu r r en t  through the t h e r m o m e t e r s  was de te rmined  f r o m  the voltage drop on a s tandard r e s i s t ance .  
In the absence  of a t h e r m a l  load, the m e a s u r e d  wall t e m p e r a t u r e s  were  located in the range  * 0.002~ re la t ive  
to the t e m p e r a t u r e  of the hel ium at the inlet. When the pipe was heated,  the heat  balance agreed  with an ac -  
cu racy  no wor se  than 5%. The reproducib i l i ty  of the exper imenta l  data on the h e a t - t r a n s f e r  coefficient was 
within the range • In r e g i m e s  with sl ight var ia t ion of the hel ium p r o p e r t i e s  a c r o s s  the flow, heat  t r a n s f e r  
was  desc r ibed  to within about 10% by the equation of Petukhov and Kir i l lov  [5], which se rved  as p roof  of the 
re l iab i l i ty  of the exper imen ta l  data obtained. 

The e x p e r i m e n t s  were  conducted with a r i s ing  hel ium flow in the following p a r a m e t e r  ranges :  p = 0.23- 
0.30 MPa,  Tin = 4.21-4.24~ < Tin; G = 0.19-0.26 g / s e c  and q = 100-1850 W / m  2. The local  Reynolds  number s  
ranged  f r o m  3.6"10 ~ to 9.0-104. The p a r a m e t e r  G r / R e  2 was ~ 10 -2, which allowed us to c lass i fy  the inves t iga -  
ted h e a t - t r a n s f e r  r e g i m e s  as  v i scous - ine r t i a l ,  i . e . ,  without the effect  of f r ee  convection [6]. We invest igated 
48 r e g i m e s  a l toge ther ,  cor responding  to 720 empi r i ca l  points.  

The following was es tab l i shed  regard ing  the s tabi l i ty  of the h e a t - t r a n s f e r  r eg imes .  As long as the local 
t e m p e r a t u r e  of the liquid within the heated  sect ion was below the pseudocr i t i ca l  value T m ,  the readings  of the 
r e s i s t a n c e  t h e r m o m e t e r s  and m a n o m e t e r  were  marked  by the i r  Mgh stabil i ty.  When the t e m p e r a t u r e  T m  was 
f i r s t  r eached  in the boundary  l aye r  of the liquid, at the pipe outlet ,  weak low-frequency w a l l - t e m p e r a t u r e  f luc-  
tuat ions genera l ly  occu r red .  These  f luctuations inc reased  as  the t h e r m a l  load inc reased  and the zone of the 
t e m p e r a t u r e  T m shifted away f r o m  the wall  and ups t ream.  Final ly ,  when the m e a n - m a s s  t e m p e r a t u r e  of the 
liquid at the outlet  r e a c h e d  T m,  the readings  of the ot~let t h e r m o m e t e r  and m a n o m e t e r  - which sensed the 
p r e s s u r e  at the inlet  of the working s e c t i o n - b e g a n  to undergo low-f requency  osci l la t ions .  In such r e g i m e s ,  
the p s e u d o c r i t i c a l - t e m p e r a t u r e  zone c ros sed  the ent i re  flow f ie ld,  f r o m  the wall at the inlet  to the core  of the 
flow at the outlet.  A fu r the r  i nc rea se  in e l ec t r i ca l  power  led to such s t rong osci l la t ions  of all of the m e a s u r e d  
t e m p e r a t u r e s  (except the inlet  t e m p e r a t u r e )  and p r e s s u r e  that m e a s u r e m e n t s  became  imposs ib le .  

The m e a s u r e m e n t s  were  analyzed on an ES-1033 compute r  with a p r o g r a m  for  calculat ing the t h e r m o -  
phys ica l  p r o p e r t i e s  of he l ium [7] using the data in [8]. The h e a t - t r a n s f e r  cha rac t e r i s t i c  employed was the 
ra t io  of the local  Nusse l t  num be r  to Nu 0, calculated with the equation of Petukhov and Kir i I lov the case  of cons-  
tant  liquid p r o p e r t i e s .  The the rmophys i ea l  p r o p e r t i e s  in the Nu, Re,  and P r  number s  were  de te rmined  f r o m  
the m e a n - m a s s  t e m p e r a t u r e  of the hel ium in c r o s s  section. 

F igu re  1 shows typical  curves  of the  change in re la t ive  heat  t r a n s f e r  along the pipe with different  heat  
f luxes  on the wail. I t  i s  apparen t  that  at f i r s t  an inc rease  in q leads  to a monotonic i nc r ea se  in Nu/Nu 0 within 
the er~tire heated pa r t  except  for  the t he rma l  init ial  sect ion ( reg ime 2). A dist inct  m a x i m u m  ( reg imes  3-5) in 
the  dis t r ibut ion of re la t ive  heat  t r a n s f e r  appea r s  beginning with a ce r ta in  the rmal  load. This  m a x i m u m  is 
located  quite a bit  downs t r eam f r o m  the sect ion where  the wall  t e m p e r a t u r e  T w is  equal to the pseudocr i t i ca i  
t e m p e r a t u r e  of the he l ium T m (this i s  designated in the f igure by a downward arrow).  I t  should be noted that 
the d i f ference  between T w and T m  in the sect ion with m a x i m u m  re la t ive  heat  t r a n s f e r  m a y  r each  0.2~ The 
m a x i m u m  moves  u p s t r e a m  with an i nc r ea s e  in q, the value of the m a x i m u m  changing little. Pass ing  through 
the m a x i m u m ,  the ra t io  Nu/Nu 0 begins  to smoothly dec rea se  and, at ce r ta in  values  of q, p a s s e s  into the r e -  
gion of Nusse l t  n u m b e r s  lower  than Nu 0. I t  f inally r e aches  a m in imum at Tq ~ Tin, a f t e r  which the sect ion 
of inc reas ing  re la t ive  heat  t r a n s f e r  ( reg ime 5) begins again. The r e su l t s  obtained he re  show that  the d i s t r ibu-  
t ion of Nu/Nu0 along a pipe m a y  be sinusoidal if  the pipe is  long enough and the t e m p e r a t u r e  of the liquid ~t 
the inlet is  below Tm.  
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Fig. 2. Relative increase in heat t r ans fe r  in relat ion to 
the specific heat ratio 5p/Cpq: i) p = 0.23 MPa; 2) 0.25; 
3) 0.30 (our experiment); 4) [I], p = 0.25 MPa; a) Eq. (I); 
b) Eq. (2). 

Analysis of the experimental d~ta shows that in the region Nu/Nu 0 > I the distribution of relative heat 
transfer along the pipe roughly follows the change in the ratio of specific heats ~p/Cpq, i.e., an initial in- 
crease to a maximum and a subsequent decrease to unity. This fact can be explained by analyzing heat transfer 
in the boundary region of the flow, where there is a fundamental change in the temperature of the liquid. If we 

ignore the change in the total heat flux near the wall [9] and do not consider the contribution of the molecular 
mechanism to the heat transfer, we obtain 

1 e m bT 
q ~ q t = - - ~ t c p  . . . . . . . .  . 

Pr t v Og 

In the investigated range of p a r a m e t e r s  with Nu/Nu 0 > 1, the change in absolute viscosi ty  # ac ros s  the flow 
is slight compared  to the change in specific heat Cp, while the flow was not sufficiently i so thermal  (Pq/Pw < 
3, ~ = 1 + flq(T w - Tq) < 2, T w / T  q < 1.1) to have an appreciable effect on the distribution of the dimension-  
less  coefficient of turbulent t ranspor t  e.m/V. We then find f rom the above express ion for  heat flux that,  in 
this case ,  an increase  in Cp near  the wall should lead to a reduction in the tempera ture  gradient  in the bound- 
a ry  layer ,  i .e. ,  to a decrease  in wall t empera tu re  and an increase  in heat t r ans fe r  relat ive to quasi isothermal  
conditions at the level Tq. We took 6p = (h w - h q ) / ( T  w - T q )  as the express ion for  the mean specific heat of the 
liquid layer ,  which determines  the heat t ransfer .  It should be noted that the maximum of the dimensionless 
p a r a m e t e r  Cp/Cpq is located between the sections with Tw = T m  and the maximum ratio Nu/Nu 0 (this location 
is denoted in Fig. 1 by an upward arrow).  

The above provides  a basis  for  represent ing  data on heat t r ans f e r  in the region Nu/Nu 0 > 1 in the fo rm 
of a dependence on the ratio of the specific heats ~p/Cpq. Such a general izat ion was f i rs t  made for  super-  
cr i t ical  liquids (CO 2 and H20 ) by Protopopov [10], who obtained the equation 

Nu/Nuo = (c-p/Cpq)o.3s. (1) 

In a similar correlation for helium [4], the exponent was equal to 0.28. A single-valued relation is obtained 
between 'the ratio Nu/Nu 0 and the parameter 5p/Cpq at low Tw/T q < i.! with the following equation for super- 
critical helium from [3], which in the present ease can be represented by an asymptotic expression 

Nu/Nu0 = 2/(I 4- cpq ~c-p). (2) 

It must be kept in mind that the value of Nu 0 in the equations in [3, 4] was calculated from the Dittus-13olter 
relation. 

Figure 2 shows all of 'the data we obtained for Nu/Nu 0 > !, as well as the experimental results from [i]. 
It can be seen that all of the experimental points are grouped around curves described by Eqs. (I) and (2). The 
scatter of the data relative to Eq. (i) is 4- 20%. We also foundthat the equation in [4] is sufficiently accurate. 

The heat-transfer regimes investigated with Nu > Nu 0 should be interpreted as "normal" [9] rather than 
"improved, " since the heat-transfer coefficient and wall temperature in the regimes changed monotonically 
along the pipe, and the pattern of change in Nu/Nu 0 can be explained on the basis of common representations 
of 'the heat-transfer mechanism in turbulent flows. 
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The resu l t s  of the completed study allow us to conclude that,  with values ~p/Cpq > 1, heat t r a n s f e r  in 
v i scous- iner t ia l  r eg imes  of supercr i t i ca l  hel ium flow can be calculated e i ther  f rom the equations r e c o m m e n -  
ded in [4] o r  f rom the equation (1) of V. S. Protopopov.  

NOTATION 

T, t empera tu re ;  p, p r e s su re ;  G, flow rate;  q, heat flux; p, density; h, enthalpy; Cp, specific heat at 
constant p r e s su r e ;  fi, coefficient of cubical expansion; #, absolute viscosity;  ~,, kinematic viscosity;  d, 
d iameter ;  Nu, Nussel t  number;  P r ,  Prandt l  number;  Re,  Reynolds number;  Gr = gpd3(1 - Pc/Pl)/v~, Gra-  
shof number.  Indices: w, wall; q, liquid, m e a n - m a s s  value; 0, constant p roper t i es ;  t ,  turbulent;  m, pseudo-  
critical value; in, inlet. 
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