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The distribution of ~o along the tube, and the distribution of 
friction and acceleration losses, are evaluated from the known 
distribution of a values in the boiling of liquids in tubes under 
conditions where the process of vapor generation has no effect On 
the intensity of heat transfer. 

It is known that the in tens i ty  of heat t r a n s f e r  dur ing  
boi l ing under  condit ions of d i rec ted  motion of a l iquid 
depends on the ra t io  between the rate  of vapor iza t ion  
q / r y "  and the veloci ty  of forced motion of the liquid 
w [1]. The influence of m a s s  t r a n s f e r  due to the process  
of vapor iza t ion  on the in tens i ty  of heat  t r a n s f e r  to the 
boi l ing liquid is evaluated  by the p a r a m e t e r  Kw = 

= ( q / r 7 " ) / ~ .  
Fo r  each liquid there  exis ts  a m i n i m u m  value of 

Kw = Kwmi n at which the influence of vapor iza t ion  
on the in tens i ty  of heat t r a n s f e r  cases .  Fo r  s t r e a m  
volume vapor  content  values  close to zero,  the value 
of Kwmi n is  found from the condit ion 

If �84 

( q ~ )  (~._~__~ 1 "45( r 10.33 
~,"~, ..~,~\ ,: : \c-~-~: =o.4.1o- ' .  (1) 

Kw < Kwmi,,, (2) 

then, for vapor  content  close to zero,  ~ = ~conv [2]. 
The same also applies to sur face  boil ing [3]. In this 
region of the r eg ime  p a r a m e t e r s  the i nc r ea se  in 
heat t r a n s f e r  coefficient  in boi l ing over its value in 
convective heat t r a n s f e r  in a s ing le -phase  medium 
may poss ib ly  be due only to the vapor  content r e s u l t -  
ing from inc rease  of the t rue  veloci ty  of motion of 
both phases.  

If we adopt this point  of view, it is then possible  
to cons t ruc t  a curve of d i s t r ibu t ion  of t rue  vapor  
content f rom the known d i s t r ibu t ion  of local  values  
of the heat t r a n s f e r  coefficient  along the v a p o r - g e n -  
e r a t i ng  tube. In fact,  in s ing le -phase  flow under  t u r -  
bulent  condit ions the heat t r a n s f e r  coefficient  is 
propor t ional  to fluid veloci ty  to the power 0.8. T h e r e -  
fore,  f rom the value of the heat t r a n s f e r  coefficient  
~conv r at some t rue  volume vapor  content  r  we 
can de te rmine  the mean  t rue  veloci ty  of motion of 
the liquid phase w'" 

~conw /aconv = (:~"/W0) ~ s. (3) 

while the c i rcu la t ion  veloci ty is connected with the 
reduced phase veloci t ies  w~ and w~ by the re la t ion  

Thus 

Wo=W~+w3(~"l~' ). (5) 

wo -- w0y"/y' ~, = (6) 

Subst i tut ing the value of w' into (3), we obtain 

whence 

~___onv___~c = [ Wo_W~o7,,/7 , ]o.s, (7) 

%onv (1 -- r  wo 

wo _ wo 7,/7, ( ),.25 r = 1 ~___conv__ . (8) 
~o aconv~ 

F o r  low values,  when y " / 7  << 1, (8) may be t r ans -  
fo rmed to 

. ~{.25 
q~ = 1 -- (aconv/aconvv) . (9) 

The acce le ra t ion  r e s i s t ance  in the flow of a two- 
phase s t r e a m  is de t e rmined  from the fo rmula  [4] 

,2 
APace= 7w~ 

g 

rr ~2 , ,2 ] 

,2 
7 rZo 

g 

. ,2 , ,2 I 
~p+(l--~o)',/'Wo/7 Wo . 

-- qo 2 J" 
(1o) 

F or  zero in i t ia l  vapor  content and conditions of 
sur face  boiling, when unheated liquid en te r s  the tube, 
w o and r are  equal to zero in the in i t ia l  sect ion.  Then 

(i0) reduces  to the form 

[ .... j 
APace = yw0 ~ ~ + ( 1 - - ~ ) 7  wo/y w o - - I  . (11) 

g q0 - -  q: 

In boi l ing under  low p r e s s u r e  condit ions,  the losses  
in acce le ra t ing  the vapor  phase do not exceed 10% 
of the losses  in acce l e ra t i ng  the liquid, even with an 
appreciable  t rue  vapor  content  at the exit, owing to 
the s m a l l  mass  of the vapor  phase. If the losses  in 
acce le ra t ing  the vapor  phase are  neglected,  then from 
(11) we obtain 

A Pacc - -  ~ w~ ~ (12) 
g l--q0 

The mean  t rue  veloci ty  of the liquid w' is de t e r -  
mined  in t e r m s  of its reduced veloci ty w0, 

w' = ~'o/(I - ~) ,  (4)  

In adiabat ic  flow of a two-phase s t r e a m ,  the f r i c -  
t ion losses  in the case of a turbulent  regime of mo-  
t ion of the liquid fi lm may be calculated from the 
following formula  [4]: 



q, kJ /m 2 �9 
�9 SeC 

236.! 
236.1 
152.35 
148.86 
15235 
152.35 
233.76 
151,2 
233.76 
238.4 
145.4 
151.9 

1.2 
1.2 
1.5 
1.5 
1.2 
1.2 
1.5 
1.5 
1.5 
1.2 
1.5 
1.21 

Pin, kN/m2 

160.25 
167.3 
151.9 
167.5 
150.4 
151.6 
147.3 
148.8 
1496 
148.6 
244.2 
155.9 

Charac ter i s t i c s  of the S team-Generat ing  Tubes 

Tin, ~ APin, k N / m  2 

376.87 [ 0.127 
379.6 I 0.  127 
379.15 / 0.127 
383.65 0. 127 
375.95 0,127 
378.55 [ 0.127 
374.85 ] 0.186 
377.45 O. 177 
374.95 0. 186 
369.75 ] 0.127 
392.65 0. 182 
371.55 0.132 

&Pout, kN/m2 

1.425 
1 . 4 4 4  
O. 588 
2.609 
0.352 
0.613 
0.686 
0.417 
0.637 
0.819 
0.314 
O. 265 

]APfr, k N / m  2 

2.423 
3. 175 
2. 050 
4.992 
0.675 
1. 525 
1.407 
1. 020 
1 . 6 1 8  
O. 736 
O. 628 
2.452 

ZXPac c, k N / m  2 

2. 383 
3.089 
1.667 
4. 707 
O. 956 
1.373 
1. 520 
0.961 
1 .844  
O. 726 
0.628 
1 .618  

&Ptheor, kN/m:  

6,080 
7. 836 
4.491 

i2.671 
2. 650 
3.913 
4. 148 
3.227 
4. 786 
2.285 
2. 452 
4.467 

APexp, kN/m2 

6. 139 
7. 404 
4. 325 

12,671 
2.687 
3. 844 
4. 492 
2.687 
4. 796 
2.452 
2,207 
4. 923 

4 3 5  

h Pfr/hPo = 1/(1 __ q~)2.3 . (13) 

It was shown in [4] that this function is  not v e r y  
sens i t i ve  to the r e g i m e  of motion of the l iquid f i lm.  

On the bas i s  of (8), {11), and (13), we may  es tab-  
l i sh  d irect ly  the connect ion between the intens i ty  of 
heat transfer  and the hydraul ic  re s i s tance  due to 
fr ict ion and acce l era t ion  of the s t ream,  if  condition 
(2) i s  f u l f i l l e d .  

r- 

Fig.  1. Layout of the exper imenta l  rig. 

An e s p e c i a l l y  s i m p l e  re lat ion is  obtained at low 
pressure .  Then (9), (12), and (13) are val id,  from 
which we obtain, by s i m p l e  transformat ions  

h Pfr/h Po = (~conw/~com )285, (14)  

a Pfr = h Po (aconw/aconv)-~.85, (15) 

From (6), (11), and (13), for conditions sa t i s fy ing  
(2), we may  der ive  the distr ibut ion of ~ ,  APfr ,  and 
& Pacc,  if  local  va lues  of the ratio C%onv ~0/~conv 
are known. At low p r e s s u r e ,  for condition (2), the 
distr ibution of ~0 and of p r e s s u r e s  along the tube 
are obtained from (9), (14), and (16). 

We earr ied  out an inves t igat ion  of hydraul ic  r e -  
s i s tance  under condit ions of surface  and developed 
boi l ing  of water at p r e s s u r e s  of 147 and 245 k N / m  2. 

The tes t s  were conducted on a r ig  (Fig. 1) in the 
form of a c losed  c i rcu i t  cons i s t ing  of an exper imenta l  
t e s t  s ec t ion  1, a separator  2 with condenser  3, c i r -  
culat ing pump 4, coo ler  5, and heater  6. The cooler  
and the heater  were  used to control  the water t e m -  
perature at the inlet  to the tes t  sect ion.  The p r e s s u r e  
in the s y s t e m  was created with the aid of a supple-  
mentary  vapor generator  9 with an e l e c t r i c  heater�9 

The rate of c irculat ion  of the liquid was contro l -  
led by a va lve  on the pump bypass  l ine.  The m a s s  
flow rate was m e a s u r e d  with a twin standard or i f i ce  
7, which was p r e v i o u s l y  cal ibrated.  The p r e s s u r e  
drop over  the or i f i ce  was measured  by a di f ferent ia l  
m a n o m e t e r  8, f i l l ed  with dichloroethane.  

The separator  had a b low-of f  va lve  for d i scharge  
of air  in d egas s in g  of the liquid. The exper imenta l  
sec t ion  took the form of a hor izonta l  brass  tube, 
heated by a low-vo l tage  ac current.  The inner dia-  
m e t e r  of the tube was 0�9 m, the wall  th ickness  
0.0005 m,  and the length of the heated sec t ion  0.522 
m. The dis tance  between p r e s s u r e  taps was 0.670 m�9 

-The length of the inlet  and exit  unheated sec t ions  
was about 0.070 m. The hydrodynamic  s tab i l i z ing  
sec t ion  ahead of the heated sec t ion  of the tube had a 
length of roughly 100 d iameters .  

The p r e s s u r e  drop in the exper imenta l  sec t ion  
was m e a s u r e d  on a di f ferent ia l  m a n o m e t e r  f i l led  
with te trabromoethane (y = 2.96 g/cm3),  and the ab- 
solute  p r e s s u r e  at the tube entrance was m e a s u r e d  
with a standard manometer .  To pick off p r e s s u r e  
at the entrance  and exit  of the tube, holes  of d iameter  
0.0009 m (for around the sect ion)  were dri l led,  and 
interconnected by a r ing-shaped  manifold.  

Copper-constantan thermocouples  were used to 
m e a s u r e  the s t r e a m  temperature  at the entrance and 
exit ,  and a lso  the t emperatures  of the tube wall  in the 
heated sec t ion  (at thirty points) .  Pr ior  cal ibrat ion 
tes ts  with i s o t h e r m a l  flow showed that the e x p e r i m e n -  
tal tube may  be regarded as absolute ly  smooth.  

Tes t  va lues  of the r e s i s t a n c e  coef f ic ient  over  the 
whole range of Re numbers  (Re up to 105 ) showed good 
agreement  with values  calculated according  to the 
B l a s i u s  formula ,  the deviat ion not exceed ing  • 3%. 

Calibration tes ts  were  also  run to e s tab l i sh  the 
inf luence  of heat flux on hydraul ic  r e s i s t a n c e  in a 



436 INZ HENERNO- FIZ ICHESKH ZHURNAL 

~ / 2 3 4 5 6 7 a ~ fo t /  /2 x3 

-----------_._ R I I I LI I I I I v 

t8 I ' 

L n i ~P 

F - - - , . , ~ ~ ~  1111 iiiIi 

2.0 t ~ 

t.2i o ! .~.  ' .3 

0 O.f 0.2 0.3 0.4, 0.5 Z 
Fig. 2. Distribution of (~conv~p/(~c'onv, pressure ,  and hydraulic losses 
due to friction and acceleration along the vapor-generating tube: 1) p res -  
sure losses in isothermal flow; 2) friction pressure  losses in boiling; 3) 
pressure  losses due to flow acceleration in boiling; 4) pressure  dis t r i -  

bution; 5) distribution of ~conv(P/~conv (according to tes t  data). 
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s i n g l e - p h a s e  med ium.  The r e s u l t s  showed good 
a g r e e m e n t  with the known r e l a t i o n  

~h = ~o(~wl~l )o.14. (17) 

A series of principal tests was carried out. In 
each series the specific heat flux, and the velocity 
and pressure at the tube entrance~ were kept con- 

stant, while the liquid temperature at the tube en- 
trance was varied. The series began with tests 

without boiling, and ended with tests in which the 
liquid was in a saturated state at the entrance. 

The distribution of pressure loss along the tube 
due to friction and acceleration was checked against 

the distribution of ~eonvq)/~conv. For this purpose, 
the total length of the tube was divided into sections 
of length 0.05 m, and the friction resistance of each 
section was calculated according to (15) from the 

mean local value of ~conv~/~conv. The acceleration 
losses were determined from (16). The resistance 

in the unheated entrance section was determined 

from the usual formula for single-phase flow. In all 
of the tests, the liquid temperature at the exit of the 
heated section was equal to the saturation tempera- 
ture, and vapor condensation was not observed. 
Therefore, at the exit section the acceleration resis- 

tance was taken to be zero, while the friction resis- 
tance was determined from (15) with the value of 

~eenv~/~eonv at the tube exit,i.e., from the value 
of q~ at the exit of the heated section of the tube. 

The t e s t  r e s u l t s  a r e  shown g r a p h i c a l l y  in F ig .  2 
for  the fo l lowing condi t ions :  a) q = 233.76 k J / m  2 �9 
�9 sec ,  ~ =  1 . 5 m / s e e ,  P i n =  1 4 7 . 3 k N / m  2, T i n =  
= 374.85 ~ K (F ig .  2a); b) q = 236.1, ~.v = 1.2, Pin  = 
= 167.3, Tin = 379 ~  2b); e) q =  152.35, w = 
= 1.5, P in  = 151.9, Tin = 379.15 ~ K (Fig .  2c). 

The loca t ions  of the  t h e r m o e o u p l e s  m e a s u r i n g  the 
tube wal l  t e m p e r a t u r e  in the hea ted  s ec t i on  a r e  in-  
d i ca t ed  in F ig .  2 by  the n u m b e r s  1-13o 

The c u r v e s  a r e  d rawn  to beg in  at  point  A, which 
c o r r e s p o n d s  to the  s t a r t  of i n c r e a s e d  hea t  t r a n s f e r .  
The h o r i z o n t a l l y  shaded  a r e a  c o r r e s p o n d s  to i n c r e a s e d  
p r e s s u r e  l o s s e s  f r o m  f r i c t i o n  due to v a p o r i z a t i o n .  
The v e r t i c a l l y  shaded  a r e a  ind ica t e s  the growth of 
p r e s s u r e  l o s s e s  due to f low a c c e l e r a t i o n .  The to ta l  
p r e s s u r e  d r o p  in the  tube (curve 4) was d e t e r m i n e d  
by  s u m m i n g  the f r i c t i o n  and a c c e l e r a t i o n  l o s s e s .  

The r e s u l t s  of the  ca l cu l a t i ons  fo r  a n u m b e r  of 
t e s t s  a r e  shown in the t ab le .  

It m a y  be s e e n  f rom the tab le  tha t  the c a l c u l a t e d  
p r e s s u r e  d r o p  va lues  d i f fe r  f rom those  m e a s u r e d  by 
no m o r e  than 10%. 

NOTATION 

q - - s p e c i f i c  hea t  flux; w - - v e l o c i t y  of fo rced  mot ion  
of l iquid;  ~o - - c i r c u l a t i o n  ve loc i ty ;  ~' - - m e a n  t r u e  
ve Ioc i ty  of mot ion  of l iquid phase;  w~ and ~0 - - r e d u c e d  
v e l o c i t i e s  of mot ion  of l iquid and v a p o r  pha se s ,  r e -  
spec t ive ly ;  T s - - s a t u r a t i o n  t e m p e r a t u r e ;  T i n - - i n l e t  
t e m p e r a t u r e ;  P i n - - i n l e t  p r e s s u r e ;  A F 0 - - p r e s s u r e  d rop  
fo r  i s o t h e r m a l  l iquid  flow; A P i n - - p r e s s u r e  d rop  ove r  
unheated  s e c t i o n  at  tube en t r ance ;  A P o u t - - p r e s s u r e  
d r o p  ove r  out le t  unhea ted  sec t ion ;  A P a c c - - p r e s s u r e  
d rop  due to f low a c c e l e r a t i o n ;  A P f r - - p r e s s u r e  d rop  
due to f r i c t i o n  with e ~ 0; A P t h e o r - - c a l c u l a t e d  p r e s -  
s u r e  d rop  in t e s t  sec t ion ;  A P e x p - - e x p e r i m e n t a l  p r e s -  
s u r e  in t e s t  sec t ion ;  ~0 and ~ h - - r e s i s t a n c e  coef f i c ien t s  
for  i s o t h e r m a l  flow and f lew with heat ing;  ~ - - t r u e  
vo lume  v a p o r  content ;  c~-heat t r a n s f e r  coef f i c ien t  
with boil ing;  ~conv and ~conv ~ - - h e a t  t r a n s f e r  co-  
e f f i c i en t s  in f low without  bo i l ing  at  ~ = 0 and at  ~ 

0; R e - - R e y n o l d s  number ;  re Cp, % T ' - - l a t e n t  hea t  
of v a p o r i z a t i o n ,  hea t  c apac i t y ,  and d e n s i t y  of l iquid  
and v a p o r  p h a s e s  c o r r e s p o n d i n g  to the s a t u r a t e d  
s ta te ;  Pw and p l - - d y n a m i c  v i s c o s i t i e s  a t  wa l l  and 
l iquid  t e m p e r a t u r e s  a v e r a g e d  o v e r  the length; l - -  
length.  S u b s c r i p t s :  1 - - in i t i a l ,  2 - - f i n a l  s e c t i o n s .  
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