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An approximate equation is proposed for estimating the heat transfer 
to supercritical freons. 

The p r o m i s i n g  outlook for f reon power plants  r a i s e s  
the ques t ion  of de t e rmin ing  the opt imum p a r a m e t e r s  of 
the h e a t - t r a n s f e r  su r faces .  

In this Connection in the case of ce r t a in  heat  ex-  
�9 changers  i t  is  n e c e s s a r y  to e s t ima te  the heat  t r a n s f e r  

to f reons  with s u p e r c r i t i c a l  p a r a m e t e r s  i n the  p r e sence  
of forced  mot ion  in the tubes.  

The use  of c r i t e r i a l  fo rmulas  [1-3]  for  this purpose  
r e q u i r e s  a knowledge of the phys ica l  p roper t i e s .  How- 
ever ,  in mos t  cases  the lack of n e c e s s a r y  data p r e -  
cludes the use of c r i t e r i a l  f o rmu la s .  

At the same t ime,  f a i r l y  accura te  in fo rmat ion  [4, 5] 
on the p r inc ipa l  t he rmodynamic  c h a r a c t e r i s t i c s  Pcr ,  
Tcr ,  and p is avai lable  for  a l l  the f reons  of in t e re s t .  
Accordingly ,  r e l a t ions  that  make  i t  poss ib le  to e s t i -  
mate  the coeff icient  of heat  t r a n s f e r  to f reons  on the 
bas i s  of the ava i lab le  in fo rmat ion  on Pcr ,  Tcr ,  and # 
acqu i re  spec ia l  s igni f icance .  

Fo r  the coeff ic ient  of heat  t r a n s f e r  c~ to subs tances  
with s u p e r c r i t i c a l  p a r a m e t e r s ,  in the case of forced 
mot ion in  tubes,  we can wr i te  

, ( a ,  w, d, q, ~ ) =  0. (1) 

By analogy with [7-9],  Eq. (1) can also be r e p r e -  
sented  in  the form 

a = A w ~' d ~-" q~ L"' ~1 "~ ..., (2) 

In our  case,  the p r inc ipa l  r eg ime  p a r a m e t e r s  a re  
the veloci ty  of forced  mot ion  and the geomet r i c  c h a r -  
ac t e r i s t i c  of the h e a t - t r a n s f e r  su r face - - the  ins ide  d i -  
a m e t e r  of the tube. 

It follows f rom [1-3,  11, 12] that the exponent  of w 
m u s t  be not less  than 0.8. McAdams [2] found thatn~ -- 
= 0.89 bes t  co r re sponds  to the expe r imen ta l  data.  In 
the co r r e l a t i ons  of S w e n s o n - C a r v e r - K a k a r a l a  and 
Bishop [2], the exponent  of w is  equal to 0.923 and 0.9, 
respec t ive ly .  In this case n2 -~ - 0 .1 .  

Using the S w e n s o n - C a r v e r - K a k a r a l a  c o r r e l a t i o n  [2], 
we obtain the following va lues  of the exponents  in  (4): 
nl  = 12/13; n2 = - 3 / 2 6 ;  na = - 1 / 1 3 ;  m t =  - 1 / 1 3 ;  m2 = 
= -27 /26 ;  m3 = - 2 3 / 2 6 ;  m4 = 3/26. 

Thus,  Eq, (4) takes the form 

~012/13 R~ ''26 --crD27/26 
= A f (= ,  ~, K .  K..). (5) 

d3/26 1 / 1 3  T23/26 qi/13 

Here,  the quant i t ies  have the following d imens ions :  
w, m / s e c ;  d, m; q, W/mS; mo l e c u l a r  m a s s  p, Nsec~/m; 
Pc r ,  N/m2; Tcr ,  ~ a ,  W/m S. deg. 

We denote 

~ 2 7 / ' 2 6 / .  1/13 T23/2B] 
] I  : Fc r  / ([Lt --ca" J; (6) 

then 

W12/13 R~,'26 
,z = A - r f ( = ,  ~, K1, K~). (7) 

d3,,26 qm3 

where X, ~?, etc. a re  phys ica l  p rope r t i e s ;  A is a con-  
s tan t  coeff ic ient  de t e rmined  f rom the expe r imen ta l  
data. 

The theory of t he rmodynamic  s i m i l a r i t y  [4, 7-10]  
e s t ab l i shes  the gene ra l  approximate  fo rm of notat ion 
for  any phys ica l  cha rac t e r i s t i c :  

X = ~ ( ~ t ,  Pc,, Tcr, Ro) f(n, x, K~, K2). (3) 

Using (3); we reduce  r e l a t i on  (2) to the form 

a = A w , ~  dn~. qn3 m ,  pcmr ~. Tcmr3 R ~  f(~, "V, K1, K~).(4) 

In (4) the en t i r e  complex preceding  the funct ion f 
m u s t  have the d imens ion  of the h e a t - t r a n s f e r  coeff i-  
cient.  The exponents n and m for all  the fac tors  i n th i s  
complex can be de t e rmined  by d imens iona l  ana lys i s .  

However, the exponents  for  the r eg ime  p a r a m e t e r s  
mus t  be taken f rom the expe r imen ta l  data [9, 10]. 

The quant i ty  Y (table) is  a u n i v e r s a l  m u l t i p l i e r  and 
c h a r a c t e r i z e s  the effect  of p, P c r '  and Tcr  on the hea t -  
t r a n s f e r  p roces s .  

The rmodynamic  C ha r a c t e r i s t i c s  and Values 
of the Un ive r sa l  Mul t ip l ie rs  of Cer ta in  Sub- 

s t ances  

Working Pcr" lO-S' Tcr 
medium N/m 2 ~ ~ Y" 10"4 

H20  
F-11 
F-12 
F-21 
F-22 
F-142 
F-I14 
F-C318 
F-12B1 
F-12B2 
F-114B2 
F-31-10 
F-113 

221.4 
43.7 
41.2 
51.7 
49.4 
41.9 
32.8 
28.1 
41.2 
40.9 
35.7 
23.3 
34.2 

647,3 
471.0 
385.0 
451.6 
369.0 
410.0 
419,0 
388,5 
428.0 
471.0 
487.0 
386.3 
487.2 

18.0 
137.4 
121.0 
103,0 
86.5 

100.0 
171.0 
200.0 
165.4 
210.0 
260.0 
238.0 
387.4 

11,07 
2.33 
2,69 
2.94 
3.40 
2.58 
1.88 
1.69 
2.35 
2.10 
1,74 
1.38 
1.71 
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The funct ion f is  u n i v e r s a l  fo r  t h e r m o d y n a m i c a l l y  
s i m i l a r  subs t ances  and c h a r a c t e r i z e s  the e f fec t  of the 
r e d u c e d  p a r a m e t e r s  on hea t  t r a n s f e r .  

A s ign  of t h e r m o d y n a m i c  s i m i l a r i t y  is  the equa l i ty  
of a m i n i m u m  of any two s i m i l a r i t y  c r i t e r i a  [4]. In 
this  c a se  Ri and (rcr a r e  c h a r a c t e r i s t i c  [7]. 

Then for  t h e r m o d y n a m i c a l l y  s i m i l a r  s u b s t a n c e s  
f r o m  (7) we obta in  

(ct/Y)~,+ , ,t. q, ~, ~, ~i, % r  --~ idem. (8) 

In r e a l i t y ,  d i s c r e p a n c i e s  in  Ri  and a c r  a r e  unavo id -  
able .  Consequent ly ,  s u b s t a n c e s  with a p p r o x i m a t e l y  the 
s a m e  va lues  of the c r i t e r i a  a r e  a s s u m e d  t h e r m o d y -  
n a m i c a l l y  s i m i l a r  [4]. 

To e s t i m a t e  the hea t  t r a n s f e r  to f r eons  f r o m  Eq. 
(8) i t  is  n e c e s s a r y  to have su i t ab le  s i m i l a r  b a s e  s u b -  
s t a n c e s ,  for  which the p h y s i c a l  p r o p e r t i e s  in  the i n -  
v e s t i g a t e d  r a n g e  of the p a r a m e t e r s  a r e  ava i l ab l e .  In 
p r a c t i c e  i t  is  d i f f icu l t  to emp loy  (8) b e c a u s e  the n e c -  
e s s a r y  da ta  a r e  l ack ing  for  m o s t  of the po ten t i a l  b a s e  
s u b s t a n c e s .  

F o r  an a p p r o x i m a t e  e s t i m a t e  of the hea t  t r a n s f e r  
in a c c o r d a n c e  with (8), i t  m a y  be  s a t i s f a c t o r y  to use  
an a p p r o x i m a t e  b a s e  subs t ance ,  i . e . ,  subs t i tu t e  fo r  the 
equa l i ty  of two l ike  s i m i l a r i t y  c r i t e r i a  the condi t ion  
that  the d i f f e r ence  be tween  them be  "not too g r e a t . "  

Below i t  wi l l  be shown tha t  in th is  c a se  a c c e p t a b l e  
r e s u l t s  can  be obta ined  fo r  f r eons  if  w a t e r  i s  u sed  as  
the b a s e  subs t ance .  

Equat ion  (8) i s  then w r i t t e n  in  the f o r m  

(EtF,/CtH_~O) g . . . . .  d.q = Y F / Y H , o .  (9) 

The d e t e r m i n i n g  c r i t e r i a  Ri and ~ e r  fo r  wa te r  d i f -  
f e r  f r om the c o r r e s p o n d i n g  c r i t e r i a  fo r  f r eons  by not 
m o r e  than 15% [4]. 

To check Eq. (9) we ca l cu l a t ed  the coef f ic ien t  of 
hea t  t r a n s f e r  to w a t e r  ( f igure)  fo r  the fol lowing s t a r t -  
ing data:  ~ = 1.01; �9 = 0 .683-0 .847;  d = 0.0094 m; w = 
= 6.3" 103 m / h r .  As the b a s e  s u b s t a n c e s  we took F -113  
and F - 1 2 .  The p h y s i c a l  cons tan t s  needed  fo r  the c a l -  
cu la t ion  we re  t aken  f r o m  [4, 5] for  F -113 ,  while  fo r  
F - 1 2  they we re  d e t e r m i n e d  by  e x t r a p o l a t i o n  with a c -  
count fo r  the r e c o m m e n d a t i o n s  of [4, 6]. 

The coef f i c ien t s  of rheat t r a n s f e r  to the f r eons  we re  
c a l c u l a t e d  f rom the S w e n s o n - C a r v e r - K a k a r a l a  c o r r e -  
l a t ion  [2] 

{Nu/I (Vr)~ (+)~ ] } = 4"59" I0-+' Re~ (10) 

In Eq. (10) the v i s c o s i t y  and t h e r m a l  conduct iv i ty ,  
which d e t e r m i n e  the c r i t e r i o n  P--r, have been  r e f e r r e d  
to the t e m p e r a t u r e  of the inner  face  of the wall;  the 
i s o b a r i c  spec i f i c  hea t  i s  equal  to the r a t i o  of the e n -  
tha lpy  d i f f e r ence  at  the t e m p e r a t u r e s  at  the inne r  face  
of the wa l l  and in the f low co re  to the d i f f e r ence  of 
those  t e m p e r a t u r e s  c a l c u l a t e d  for  the subs t ance s  in 
ques t ion  s t a r t i n g  f r o m  equa l i ty  of the spec i f i c  hea t  
f luxes .  The quant i ty  V is  d e t e r m i n e d  by  the r a t i o  of the 
spec i f i c  vo lume  in the f low co re  to the spec i f i c  vo lume 
a t  the t e m p e r a t u r e  at  the inne r  face  of the wal l .  

o - ~  ( ~ t  A 
2.4 a --  b a /  

O - - c  / 

/ 1 " /  

z'I++.'9o +.+ 5.o0  .o5 tp m+ 
C o m p a r i s o n  of the coef f i c ien t s  +H+O a c -  
co rd ing  to [2] (a) and those  c a l c u l a t e d  
f r o m  Eq. (9) (b and c), b a s e  subs t a nc es  
F - 1 1 3  and F - 1 2 .  A=lglNu/(Pr~ v~)'231)1. 

C l e a r l y ,  the (~H20 obta ined  f rom Eq. (9) a r e  in s a t -  
i s f a c t o r y  a g r e e m e n t  with the e x p e r i m e n t a l  va lues  of 
~H~O [2]. The s t a r t i n g  da ta  for  F -12  a r e  l e s s  a c c u -  
r a t e ,  e s p e c i a l l y  at  high T; t h e r e f o r e ,  the m a x i m u m  
dev ia t ion  in the r e g i o n  in ques t ion  r e a c h e s  25.7%. 

Thus,  the hea t  t r a n s f e r  to F - 1 2  and F -113  can be 
a p p r o x i m a t e l y  e s t i m a t e d  f rom f o r m u l a  (9). 

The s a t i s f a c t o r y  fu l f i l lmen t  of the condi t ions  of 
t h e r m o d y n a m i c  s i m i l a r i t y  be tween  f r eons  [4] sugges t s  
that  for  them,  too, the hea t  t r a n s f e r  can a l so  be  e s t i -  
m a t e d  f rom (9). 

The nex t  s t ep  i s  to r e f ine  f o r m u l a  (9) on the b a s i s  
of a g e n e r a l i z a t i o n  of the e x p e r i m e n t a l  da ta .  

NOTATION 

P e r  i s  the c r i t i c a l  p r e s s u r e ;  T c r  i s  the c r i t i c a l  
t e m p e r a t u r e ;  p i s  the m o l e c u l a r  weight; R 0 is  the un i -  
v e r s a l  gas  constant ;  go is a d i m e n s i o n a l  m u l t i p l i e r  
c o m p o s e d  of p, the m o l e c u l a r  m a s s ,  n u m e r i c a l l y  equal  
to the m o l e c u l a r  weight ,  P e r ,  Tc r ,  and R0; f i s a  d i -  
m e n s i o n l e s s  funct ion of the r e l a t i v e  p r e s s u r e  ~, the 
r e l a t i v e  t e m p e r a t u r e  v, and the two s i m i l a r i t y  c r i t e r i a  
KI, K2; ~ = P / P e r ,  ~" = T/Tcr;  P , T  a r e  v a r i a b l e  p r e s s u r e  
and t e m p e r a t u r e ;  ~ is  the h e a t - t r a n s f e r  coeff ic ient ;  
w is  the ve loc i ty ;  q is  the spec i f i c  hea t  flux; d is  the 
in s ide  d i a m e t e r  of tube; e is  a funct ion of the p h y s i c a l  
p r o p e r t i e s  d e t e r m i n i n g  hea t  t r a n s f e r ;  Ri = (0~/DT)v=_ I 
i s  the R ide l  number ;  fief = PPcrVcr/(RoTer)  is  the c r i t -  
i c a l  coeff ic ient ;  F i s  f r eon .  
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