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Data re la t ing  to the h e a t - t r a n s f e r  coeff icients  assoc ia ted  with the boiling of viscous  solutions 
in tubes and annular  channels  (covering wide ranges  of t he rma l  f luxes and apparent  levels) 
under conditions of na tura l  c i rcula t ion  a re  p resen ted  and genera l ized.  

Invest igat ions into the the rmohydrodynamica l  c h a r a c t e r i s t i c s  of evapo ra to r s  and concen t ra to r s  a re  
usually c a r r i e d  out in s ingle- tube ve r t i c a l  evapora t ion  c i rcu i t s  [1-3]. The manner  in which the local hea t -  
t r a n s f e r  coeff icients  (~2 va ry  along the tube is e x t r e m e l y  compl ica ted [1-3]; it depends on a la rge  number  of 
p a r a m e t e r s  and cannot a lways be descr ibed  by t radi t ional  re la t ionships  [4, 5], nor  can it be explained by 
exis t ing s implif ied models  of heat  t r a n s f e r  in s t eady- s t a t e  two-phase  flows. In tubes and annular  channels  
there  is a ma rk ed  fall in ~2 toward the tube outlet  [1-3] for  compara t ive ly  low the rma l  fluxes (heat flows) q, 
even for  apparent ly  favorable  the rmohydrodynamica l  conditions (low g r a v i m e t r i c  vapor  contents x). 

This effect ,  which takes place for  low and modera t e  t he rma l  f luxes,  may  be explained by the par t ia l  
or  comple te  loss  of contact  between the hea t -emi t t ing  wail  and the liquid [6]. 

A d i spersed  annular  type of two-phase  flow usually occurs  in the outlet  sect ions  of a reasonably  long 
s t e am-gene ra t i n g  channel at  low p r e s s u r e s  or  in vacuo~ In this case  the m a s s  balance of the liquid in the 
fi lm close  to the wall  is de te rmined  by three  p r o c e s s e s :  the evapora t ion  of the liquid f rom the f i lm,  the 
ca r ry ing  away of liquid f rom the fi lm (by the gas) ,  and the a r r i v a l  of drops  f rom the core  of the flow by 
v i r tue  of diffusion. 

In accordance  with these three  p r o c e s s e s ,  r e s e a r c h  w o r k e r s  have proposed three models  of the hea t -  
t r a n s f e r  c r i s i s  [7] (there a re  actual ly m o r e  models  than this ,  but we shall  only d iscuss  the m o s t  impor tan t  
cases) :  1) the drying of the fi lm; 2) the rupture  of the film; 3) the diffusion of drops .  

The model  based on the rupture  of the f i lm as a r e su l t  of the de tachment  of liquid pa r t i c l e s  has no 
c l e a r  expe r imen ta l  foundation. The fact  is that,  when the boundary film thins, the waves  in it vanish,  and 
liquid pa r t i c l e s  a r e  no longer  c a r r i e d  away by the gas .  Even at supersonic  veloci t ies  of the mix tu re  there  
is a liquid m i c r o l a y e r  at the tube wail.  When heat  a r r i v e s  and there  is little or  no diffusion of liquid drops  
f rom the gas co re ,  the mic ro f i lm  may  dry  up. 

Visual  examinat ion [6] shows that the fi lm does not dry up at once. F i r s t  of all  individual dry spots 
appea r ,  their  boundar ies  changing continuously. Between the dry spots the liquid flows in the fo rm of r i -  
vulets .  

Exper iments  show the exis tence of a fa i r ly  wide range of working p a r a m e t e r s  in which drops  a r r iv ing  
f rom the co re  a re  unable to mainta in  an adequate supply to the liquid fi lm close to the wall  [6]. This r e -  
s t r i c t s  the range of applicabil i ty of the diffusion model .  

The computing re la t ionships  de te rmin ing  the conditions for  the development  of the h e a t - t r a n s f e r  
c r i s i s  based on the diffusion model  and the model  of film drying re la te  to the medium and high p r e s s u r e s  
normal ly  associa ted  with the motion of s t e a m - a n d - w a t e r  flows. 
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Fig. 1. Chart  represent ing the operat ion of an evaporating c i r -  
cuit under conditions of natural  circulation.  

Fig. 2. The c~ 2/a2H = f (Wmixrp /q)  relationship in the absence 
of well-defined low-frequency pulsations in the evaporating 
circuit .  The charac te r i s t i c s  of the experiments  and the c o r r e -  
responding notation are  indicated in Table 1. 

The relationship c loses t  to our own conditions is 

X b ..... o.uz~" t,)W(,}- , (1) 

which is recommended for the conditions P = b-50 k g f / c m  2 and oW 0 = 500-2000 k g / ( m  2. sec) [8]. 

The experimental  values of Xy x obtained in a c i rcui t  with natural  c i rculat ion (l = 5 m, d = 28 mm) 
[8] were found to be 6.5-7.5 times lower than the limiting (boundary) vapor contents X~) at which the hea t -  
t r ans fe r  c r i s i s  of the second kind occurred (i.e., at which the film dried up, no exchange of liquid taking 
place between the film and the gas core). The differences between the values of Xy x and X~) are due f irs t ly 
to the presence  of low-frequency pulsations, and secondly to the large specific volumes of the vapor at 
a tmospher ic  p ressure .  These lat ter  are  so great  that the c r i t ica l  velocit ies of the vapor for which liquid 
is pulled strongly away from the boundary film are attained for  very low mass  contents of the vapor (N 
< 0.1). 

Table i indicates the charac te r i s t ic  features of the experiments  which were used for analysis  and 
generalization.  

On analyzing the resul ts  of these experiments ,  we come to the conclusion that the operation of a 
ver t ica l  evaporating c i rcui t  under conditions of natural  circulat ion may be qualitatively expressed in the 
form of a map or  char t  (Fig. 1). The line 1 defines region I, involving slight pulsations in the flow of 
liquid. In region II, low-frequency pulsations with a period of the same order  as the time required for the 
liquid to pass through the tube appear and extend very  rapidly. Region II is also charac te r ized  by the fact 
that ~2 s ta r t s  falling in the outlet sections of the tube. Region III may be called the region of well-defined 
c r i t i ca l  phenomena: in the outlet sections a 2 fails sharply (on the left-  and right-hand branches of curve 2), 
while the wall temperature  increases  (on the right-hand branch of curve 2). The pulsations in region HI 
(on the right-hand branch of curve 2) are  so well developed that liquid and vapor are ejected from the tube 
into the space beneath it. Region I is very limited; evapora tors  and concent ra tors  often work in the  region 
of vibrational instability II on the left-hand branch of curve 2. 

In considering heat t ransfer  over a fair ly wide range of hK and q it is essent ia l  to make proper  allow- 
ante  for effects associated with the hydrodynamic instability of the circuit .  

Figure 2 employs the coordinates 

a., (Wrni• rp ) 
cJ~2EI q 

in o rder  to express  the resul ts  obtained in the absence of well-defined low-frequency pulsations. We see 
f rom the figure that local data regarding heat t ransfer  to water  and sugar solutions may be described by 
the well-known relationship [4] 

3 1 

O~2H 
(2) 
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Fig. 3. The r = f(K) relationship for 
the boiling of water and solutions in 
tubes and annular channels of an 
evaporation circuit with natural circu- 
lation. The characteristics and nota- 
tion of the experiments  are  indicated 
in Table 1. 

When low-frequency pulsations appear,  the local a 2 s ta r t  deviating from the calculated values. 

A worsening of the heat t ransfer  usually appears  f i rs t  of all in the outlet sections of the tube, i.e., 
c r i t i ca l  phenomena develop pr imar i ly  in these regions. 

A model  for  the hea t - t r ans fe r  c r i s i s  in a s team-genera t ing  tube was proposed in [9] for the case of 
low p re s su re s  and pulsations inthe flow of liquid. In construct ing this model,  attention was paid to two 
facts:  the flow perturbat ion took a cer ta in  time to pass down the tube, i.e., the pulsations of the medium at 
the tube inlet and outlet were shifted in phase; the pulsations in the flow of medium at the tube outlet were 
smoother  than those at the inlet. 

Under these conditions, waves corresponding both to an increase  and to a decrease  in the rate of flow 
of the medium travel  along the s team-genera t ing  tube. At the outlet sections of the tube the film close to 
the wall may become ext remely  thin during the propagation of the diminishing-flow wave as a resul t  of the 
imbalance between the inflow and outflow of liquid, and breaks may accordingly appear  in the film. Thus, 
in addition to the known factors  determining the onset of cr i t ica l  phenomena (the droplike decomposition of 
the film, the detachment of liquid from the film as a resul t  of the pull of the gas,  and the drying of the film) 
we now have another,  namely,  the "diminishing-flow wave," which, like the f i lm-drying phenomenon, leads 
to the formation of dry spots; these dry spots (we believe) are  less stable than those formed as a resul t  of 
the drying of the film alone. 

These spots will c lear ly  vanish af ter  the passage of the wave of increased flow along the channel, 
i .e. ,  their  time of existence is commensurable  with the period of the pulsations. Perhaps  we should draw 
attention to a slight a rb i t r a r iness  involved in dividing the dry spots into two ca tegor ies  according to the 
principle of their  formation.  The fact is that the film breaks  when it is so thin and the model of f i lm- 
drying and the instability model are  quite indistinguishable. 
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Fig. 4. The a 2 H / a  0 = f(O~oo/%) 
re la t ionship  for  the boiling of 
w a t e r  and solutions in tubes and 
annular  channels.  The c h a r a c t e r -  
i s t ics  of the expe r imen t s  and the 
notation a r e  indicated in Table  1. 

In set t ing up an analyt ical  re la t ionship  descr ib ing  heat  t r a n s f e r  with unstable v a p o r - l i q u i d  flows, 
the decis ive  fac tor  reducing heat  t r a n s f e r  is that of the dry spots  per iodica l ly  appear ing  and vanishing under 
conditions of low-frequency pulsat ions.  

Let  the re la t ive  a r e a  of the dry spots  at a ce r t a in  instant  of t ime be propor t iona l  to: 

Fd .s Iboil 
Fboil ~film' (3) 

while the re la t ive  per iod of exis tence of these spots is p ropor t iona l  to the re la t ive  per iod of the pulsat ions 

where  

T* T (4) 
T 

�9 , q  

Taking the period of low-frequency pulsat ions  T as propor t iona l  to the t ime spent by the liquid in the tube 
we obtain 

T* --~ 9v/Sfilm (6) 

The p a r a m e t e r  de te rmin ing  the degree  of use of the sur face  under conditions of low-frequency pu l sa -  
tions takes  the fo rm 

K = - F d ' s "  z* IboilV~ (7) 

Fboil 8~ilm 

or  on putting 5ill m ~ R(1--~0av) for  a tube and 6film ~ (R - r e x ) ( 1  - q a v )  for  an annular  channel we have in 
genera l  

/boil.V~ K (s)  
- ( R  - r ~ )  ~ (1 - ~ ) ~  

where  

6 ~ Icx(1 - -  q~ex) -~ (/ex-- lboi~l~av 
W0 

We de te rmine  ~av  for  Wmi x < 50 m / s e c  f rom the n o m o g r a m s  of [10], and for  Wmi x > 50 m / s e c  f rom the 
r e su l t s  of [11]. 

Under  conditions of low-frequency pulsat ions the quantity a2 /~2H depends on the p a r a m e t e r s  Wmixrp 
/q;  /boi lV#/[(R - rex)2(1-CPav)  ~] and Eq. (2) takes the fo rm 

3 1 

= �9 (9) 
(Z2~ 

Figure  3 gives the r  re la t ionships  in tubes and annular  channels  for  the evapora t ion  of wa te r  and 
suga r  solutions (the c h a r a c t e r i s t i c s  and the notation of the expe r imen t s  a re  indicated in Table 1). The 
hor izonta l  pa r t  of the curve  0 - I  c o r r e s p o n d s  to the f i r s t  region in Fig. 1, pa r t s  I - I I  and I I - I I I  cor respond  
to the second region,  with different  deg rees  of development  of the pulsat ions ,  pa r t s  I I I - I V  and IV - V  to the 
third region,  in which c r i t i ca l  phenomena a re  c l e a r l y  developed.  
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In o rder  to make proper  use of Eq. (9) we require  data regarding a2H. In o rder  to calculate a2H in. 
the case of the boiling of water  cer ta in  recommendat ions  a l ready exist  [4]. In analyzing the experiments  of 
Table i and Fig. 3 we made use of the experimental  values of O~2H. 

Figure  4 uses the coordinates  

ao \ ao / 

to r epresen t  the experiments  general ized in Fig. 3. The data relat ing to O~2H values in tubes are  described 
by an interpolation equation proposed by S. S. Kutateladze: 

~ _ V f l ~ _ ( a o _ _ ~ % / ~ ,  
a0 \ ao / 

a00 = 0.7al. v [4]. 

(lO) 

Data relating to the boiling of sugar  solutions (30 and 60% dry mater ia l  or  DM), extracted from [2] 
and presented in Fig. 4, lay 50% above the curve. Data relating to annular slots [3] were  sat isfactor i ly  
descr ibed by Eq. (10) on replacing el2H by 

%~ ~ .  \ D - - ~ t /  " 

The coefficient at. v. was calculated [12] by means of the equation 

Nu= 1,04. ~'O-~Pe ~ ~_ia~176 , 

where 

( l la )  

= l --,ql 3 . K v _  P 
Nu = aL---Y-v " P% rqy,-Z - . - "  G a -  v'-' ( l lb) 

' a ' V~-(v '  - ~") 

Equation (9) enables us not only to calculate heat t ransfer  in a channel of specified geometr ica l  size 
and shape within a wide range of the flow pa ramete r s  but also to find the optimum geometr ica l  size and 
shape of the channel for  a liquid of specified physical  proper t ies .  

The hydrodynamic charac te r i s t i c s  and the intensity of heat t r ans fe r  are  related to one another more 
closely in evapora tors  and concent ra tors  than in s team genera tors .  The general izing equation (9) c lear ly  
ref lec ts  this relationship. 

P 

q 

hK 

~2 
Oq.V.  

O~ o 

s 

C~2H 
X 
r 

P 
T', T" 

a 

ff 

g 
DM 

NOTATION 

zs the p res su re ;  
is the thermal  flux (heat flow); 
,s the apparent  p iezometr ic  level in the evaporator ;  
is the hea t - t r ans fe r  coefficient between the liquid and the wall of the tube; 
is the hea t - t r ans fe r  coefficient in a large volume; 
~s the hea t - t r ans fe r  coefficient in a s ingle-phase flow; 
is the hea t - t r ans fe r  coefficient for boiling in tubes within a region in which the rate of c i r -  
culation has no influence on the intensity of heat t ransfer  in the course  of boiling; 
is the hea t - t r ans fe r  coefficient at the beginning of the boiling section, in which ~2H = f(q, W0); 
is the grav imet r ic  vapor  content; 
is the latent heat of vaporization; 
is the density of the liquid; 
are  the specific gravity of water  and steam; 
is the kinematic viscosi ty of the liquid; 
is the thermal  diffusivity; 
is the surface tension at the l i q u i d - v a p o r  interface;  
is the thermal  conductivity; 
is the accelera t ion of Ear th ' s  gravi ty;  
is the percentage of dry mater ia ls  in the solution; 
is the l inear dimension; 
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W0, Wmix 
d , /  
R 

rex 

5 

Daut 
Fds 
/boil,  Fboil 
5film 

(Pav 
T 

T 

is the rate  of c i rcula t ion of the mixture  in the apparatus;  
are the d iamete r  and length of boiling tube; 
is the internal  radius of heated tube; 
is the external  radius of inner tube ( inser t ion-piece in the annular channel); for  a tube with 
no inser t ion-piece  rex  = 0; 
is the width of the annular  channel; 
is the a r b i t r a r y  or  effective automodel d iamete r  (according to [3] Dau t = 20 mm); 
is the a rea  of dry  spots in the tube at a ce r ta in  instant of time; 
are  the length and a rea  of the boiling section of the tube; 
is the thickness of the liquid film averaged along the boiling par t  of the tube if all the liquid 
were  concentrated at the heating wall; 
is the t rue volumetr ic  vapor content averaged along the boiling par t  of the tube; 
is the t ime for  the evaporat ion of the liquid boundary (wall) film; 
is the period of the low-frequency pulsations in the flow of liquid in the s team-genera t ing  tube; 
is the t ime spent by the liquid in the tube. 
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