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This  a r t i c l e  p r e s e n t s  the r e su l t s  of an exper imen ta l  invest igat ion of heat  t r a n s f e r  during 
boi l ing of n-butane  in tubes.  We i so la ted  the zones in which the pr inc ipa l  p a r a m e t e r s  (heat 
flux densi ty  and effect ive liquid velocity) affect  the heat  t r a n s f e r  ra te .  Appropr ia te  equa-  
tions a r e  r e c o m m e n d e d  fo r  calcula t ing the heat  t r a n s f e r  constant .  

At p r e sen t ,  the l i t e r a tu r e  contains ve ry  few publicat ions devoted to r e s e a r c h  on heat  t r a n s f e r  during 
boil ing in c o m p r e s s e d  hyd roca rbons .  The re  a r e  only a few expe r imen ta l  data  on the boil ing of heptane and 
pentane in ve r t i ca l  tubes under  na tu ra l -convec t ion  conditions [1]. Study of heat  t r a n s f e r  dur ing boiling of 
c o m p r e s s e d  hydroca rbons  in tubes under  fo rced-convec t ion  conditions is of g rea t  in te res t .  

The expe r imen t s  we re  conducted in an ac -hea ted  ve r t i ca l  tube with p r e s s u r e s  of 145 and 330 k N / m  2, 
c i rcu la t ion  r a t e s  w 0 = 0.2-1.2 m / s e e ,  heat  flux dens i t ies  q = 5000-136,000 W / m  2, and flow m a s s  vapor  con-  
tents  x of up to 0.91. P r e l i m i n a r i l y  pur i f ied  n-butane  was used;  i ts  res idua l  impur i ty  content did not ex-  
ceed  3 vol. %. 

The working sec t ion  cons i s ted  of a ve r t i ca l  tube fabr ica ted  f rom OKh18N10T s ta in less  s teel  with an 
inside d i a m e t e r  of 7.75" 10 -3 m and a heated  length of 0.99 m.  Fif teen c o p p e r - c o n s t a n t a n t h e r m o c o u p l e s  
were  ins ta l led in o r d e r  to m e a s u r e  the t e m p e r a t u r e  of the outer  tube wall  at ten c r o s s - s e c t i o n s  (0.1 m 
apar t ) .  The t e m p e r a t u r e  of the liquid at the tube inlet and the v a p o r -  liquid mixture  inside the tube was 
m e a s u r e d  with four the rmocoup les  cen te red  along the channel axis .  The the rmocoup les  were  ca l ib ra t ed  
to within 0.1~ The thermoeouple  emf  was m e a s u r e d  with a po ten t iomet r ic  c i rcui t  that included a low-  
r e s i s t a n c e  R-306 po ten t iomete r  (c lass  0.015), a no rma l  e l emen t  (class  2), and an 1V[ 17 /1  m i r r o r  galvano-  
m e t e r .  The p r e s s u r e  at the inlet  and outlet  of the expe r imen ta l  appara tus  was m e a s u r e d  with s tandard  
m a n o m e t e r s  (class  0.35). 

i '  

The vol tage drop in the working sec t ion  of the tube was  m e a s u r e d  with an E-59 v o l t m e t e r  (c lass  0.5), 
while the cu r r en t  was m e a s u r e d  with an ELA a m m e t e r  (class  0.2) connected in through a UTT-5  t r a n s f o r m e r .  
Hydrodynamic  s tabi l iza t ion sec t ions  with a length of 35 d were  provided at the inlet  and outlet  of the w o r k -  
ing sect ion.  The liquid was supplied to the exper imen ta l  sect ion in an a lmos t  sa tu ra ted  s ta te  during the ex -  
p e r i m e n t s .  The c i rcu la t ing- l iquid  flow ra te  was  de te rmined  by the vo lumet r i c  method to within • In 
o r d e r  to ve r i fy  the expe r imen ta l  method,  we f i r s t  conducted expe r imen t s  to de te rmine  the heat  t r a n s f e r  
constant  be tween the wall  and nonboiling n-butane;  these  showed the re l iab i l i ty  of the bas ic  m e a s u r e m e n t s .  

The p rocedure  employed  made  it  poss ib le  to de te rmine  the local  heat  t r a n s f e r  constant  a during 
boil ing of n-butane  in the tube. 

The m a x i m u m  poss ib le  e r r o r  in the de te rmina t ion  of ~ was =~20%. 

In m o s t  of our  s tudies ,  the c i rcu la t ion  ra t e  w 0 was used  as the p a r a m e t e r  for  evaluat ing the influence 
of fo rced  liquid convect ion on heat  t r a n s f e r  during boiling. 

However ,  the c i rcu la t ion  ra te  could be ut i l ized to appra i se  this effect  only in the region of low vapor  
contents .  The convect ive heat  t r a n s f e r  at  high vapor  contents is  de te rmined  by the t rue  flow veloci ty  of the 
liquid in the channel ([2], Appendix). 
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Fig .  1. Loca l  heat  t r a n s f e r  cons tan t  a as  a func -  
t ion of  t rue  l iquid ve loc i ty  wt (a) and heat  flux den -  
s i ty  q (b) at p = 145 k n / m 2 :  a] 1) q = 5250 W / m 2 ;  
2) 10,100; 3) 20,200; 4) 39,000; 5) 79,500; I) f r o m  
Eq.  (4); b] 1) wt = 0.6 m / s e c ;  2) 1.2; 3) 2.4; 4) 3.7; 
I) f r o m  data  in [5]; II) f r o m  a u t h o r s '  data.  

The p r o p o r t i o n  of  the c r o s s  sec t ion  q~ occupied  by the mov ing  vapor  flow was  eva lua ted  on the b a s i s  
of  A r m a n d ' s  da ta  [3], as  p r o c e s s e d  by  M a m a e v  and Od i sha r iya  [4]. The volume vapor  content  was  d e t e r -  
m i n e d  f r o m  the equat ion  

i~ = xp' 
xp' + p"(1 - -x )  (i) 

In c o n f o r m i t y  with [4], we used  the equat ion 

q~ = 0.818 [1 - -  exp (--2.2 ~/F-~c )j , (2) 

fo r  ;3 -< 0.9 and the a v e r a g e d  cu rve  ~ = f(3) given by  A r m a n d  [3] fo r  ;3 > 0.9. The t rue  l iquid ve loc i ty  wt 
was  ca l cu la t ed  f r o m  the equat ion 

wo (1 - -  x)  
w t  = - -  (3 )  

1 - - ~  

The expe r i m e n t a l  da ta  w e r e  r e p r e s e n t e d  in the f o r m  of the dependence  of a on wt with q = coas t  and 
of  a on q with wt = cons t  (for p = 145 kn /m  2, Fig .  1). 

I t  can  be seen  f r o m  Fig .  l a  that  the inf luence  of the t rue  ve loc i ty  on the heat  t r a n s f e r  cons tan t  g r a d -  
ua l ly  d e c r e a s e d  with i n c r e a s i n g  q and b e c a m e  a l m o s t  independent  of  the ve loc i ty  at c e r t a i n  hea t  f luxes .  In 
these  i n s t ances ,  a was  whol ly  d e t e r m i n e d  by  the value of q,  as  can be seen  e s p e c i a l l y  c l e a r l y  in Fig.  lb .  

The dependence  of a on the t rue  ve loc i ty  b e c a m e  m o r e  p ronounced  as wt i n c r e a s e d  and q d e c r e a s e d .  
At c e r t a i n  ve loc i t i e s ,  a was  whol ly  gove rned  by the f o r c e d  convec t ion  and can be ca lcu la ted  f r o m  the equa -  
t ion 
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Fig. 2. P rocess ing  of experimental  data with S te rman ' s  equa- 
tions: 1) p = 145 kn/m2;  2) p = 330 kn/m2; l) f rom S te rman ' s  
equations. 

a = - -  0.023Re0. 8 Pr ~ (4) 
d 

introducing the true l iquid-phase velocity w t into the Reynolds number Re. 

Figure  l a  also shows the calculated curve for convective heat t ransfer  f rom a nonboiling liquid, de-  
termined f rom Eq. (4); Fig. lb (curve l) gives the corresponding graph for n-butane boiling in a large vol-  
ume,  based on the data of Kltmenko and Kozitskii [5]. 

Curve IT in Fig. lb was plotted f rom the data in the present  ar t ic le  for the zone in which the heat 
t r ans fe r  constant depends solely on q(a ~ q0.7). The dash lines in Fig. lb cor respond  to extrapolation of 
our experimental  data to the region where ~ is determined f rom Eq. (4). 

Similar  relat ionships were obtained at a p r e s s u r e  p = 330 k N / m  2. In the region where the influence 
of the velocity was slight and ~ ~ q0.7, an increase  in the p r e s s u r e  led to a r i se  in a of about 40%. 

The influence of the p r e s s u r e  on the heat t r ans fe r  rate was small in the region where a was governed 
principal ly by forced convection. 

As can be seen f rom Fig.  lb, our experimental  data for the region where ~ ~ q0.7 at p = 145 k N / m  2 
(curve lI) lay above those of Klimenko and Koznitskii [5] (curve I) by an average of 18%. 

The observed  d iscrepancies  reached 37% at a p r e s s u r e  p = 330 k N / m  2, 

In our opinion, these differences were due to the difference in the heat t r ans fe r  conditions during 
boiling of a liquid in a large  container  and full boiling in tubes, even in the region where the influence of 
the liquid velocity was slight. In our  exper iments ,  this region was charac te r i zed  by high values of fi (fl 
> 0.7) and boiling probably occu r r ed  under an annular or  d i spersed-annular  regime with a higher heat t r a n s -  
fer  rate than for boiling in a large  volume. 

Similar  conclusions were drawn by other authors [6, 7]. They have been confirmed by experimental  
data [8]. 

According to the resul ts  of a number  of other experimental  studies,  however,  par t icu lar ly  those by 
Miropol 'ski i  and Shitsman [10] and Alekseev [9], vapor content was not found to have any influence and the 
values obtained for the heat t r ans fe r  constants a during boiling in tubes did not exceed those for boiling in 
a large container.  

We therefore  cannot preclude the possibi l i ty that the d iscrepancies  we found may also be due to the 
fact that Klimenko and Kozitskii [5] used technica l -grade  n-butane,  in which the possible impuri ty content 
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(up to 10%) is ve ry  impor tant  f rom the standpoint of i ts effect  on heat t r ans fe r ,  while the n-butane in our 
exper iments  was subjected to additional purif ication.  The heat t r ans fe r  constant for  a mixture  boiling in 
a large  container  is known to be lower  than for  the pure  mixture  components.  In this connection, fur ther  
r e s e a r c h  is requ i red  to reso lve  the question of the manner  in which the vapor  content affects the p rocess  
during boiling in tubes. 

The exper imenta l  data we obtained were  p ro ce s sed  in the form of the c r i t e r i a l  re la t ionship proposed 
by Sterman and in Col l i e r ' s  fo rewerd  [11, 2] (Fig. 2). 

It can be seen f rom Fig. 2 Lhat the exper imenta l  data are  genera l ized  by the relat ionship 

Nub = f ( I i )  (5) 
Nunb 

to within =~30%. The average dash line in Fig. 2 is approximated by the equation 

Nub = 5540ii0,7, (6) 
Nunb 

where  the coefficient  5540 differs  f rom that adopted by Sterman (6150) by 10%. 

Equation (6) is valid when 7r > 0 .45.10 -5. When 7r < 0 .45 .10  -5, Nu b = Nunb and ~ is calculated f rom 
Eq. (4). 

Equations (4) and (6) can be used to de termine  the heat t r an s f e r  constant during boiling of compressed  
hydrocarbons  in ver t ica l  tubes. 

In conclusion,  the authors wish to thank L. S. Sterman for  his in teres t  in this work and his helpful 
comments .  

Wo 
q 
d 
wt 
0~ 

Re 
P r  
p", p' 
r 

Cp 
Ts 

X 

F r c  

Nu b 
Nunb 
II 

1. 

2. 

3. 

4. 

NOTATION 

is the c i rcula t ion ra te  (m/sec ) ;  
is the heat flux density (W/m2); 
is the inside d iamete r  of tube (m); 
is the t rue l iquid-phase veloci ty  (m/ sec ) ;  
is the heat t r ans fe r  constant (W/m 2. ~ 
is the coefficient  of thermal  conductivity of liquid (W / re .  ~ 
Is the Reynolds number;  
is the Prandt l  number;  
a re  the densi t ies  of vapor and liquid (kg /m 3) 
is the heat of vaporizat ion (J /kg);  
1s  

1s  

1s  

1s  

1s  

I s  

1s  

i s  

i s  

the heat capaci ty of liquid ( J / k g .  ~ 
the saturat ion t empera tu re  (~ 
the volumetr ic  flow vapor  content; 
the t rue volumetr ic  vapor content; 
the mass  flow vapor  content; 
the Frude  number  of mixture;  
the Nusselt  number  for  liquid boiling in tube; 
the Nusselt  number  for nonboiling liquid, de te rmined  f rom Eq. (4); 
the complex,  II = q / r p " w t  (p"/p ') 1.45 ( r / c p T s )  ~ 
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