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Universa l  re la t ions  a r e  der ived  for de te rmin ing  the l imi t s  of c r i s i s - f r e e  operat ion in a v e r -  
t ica l  evapo ra to r  s y s t e m  where  liquid solut ions with var ious  physica l  p r o p e r t i e s  vapor ize  
under a tmosphe r i c  p r e s s u r e .  

It has been es tabl i shed exper imen ta l ly  [1, 2] that  in a ve r t i ca l  f r ee - c i r cu l a t i on  s y s t e m  under low 
p r e s s u r e  or  vacuum it is poss ib le ,  at  a ce r ta in  combination of an en t i r e ly  modera t e  t h e r m a l  flux q and 
some  apparen t  liquid leve l  h (in t e r m s  of weight),  to find a reduced coeff icient  of heat  t r a n s f e r  between the 
wall  of the hea te r  tube and the boiling liquid in the exit  zone. 

In a f r e e - c i r cu l a t i on  s y s t e m  the functions O~2m = f(h) and a2m = f(wo) a t  q = const  o r  At = const  have a 
m a x i m u m  [1]. When a t u b e o p e r a t e s  in the op t imum mode (maximum a 2m), thon a d e c r e a s e  in h(wo) a t A t  = const  
or  in q at  h = const  may  cause  a s h a r p  drop  in a 2m and an apprec iab le  reduct ion in ~ 2 at the tube outlet.  

It is to be noted that this c r i s i s  in the h e a t - t r a n s f e r  p r o c e s s  is quite spec i f ic  in na ture ;  it occurs  
when q d e c r e a s e s .  A c r i s i s  a s soc i a t ed  with an increas ing  q can a lso  occur  in a s t e a m  gene ra to r  [3, 4]. 

In this s tudy the au t ho r s '  a im was to revea l  the c h a r a c t e r i s t i c s  of c r i s  is development  in a ve r t i ca l  
evapo ra to r  s y s t e m  during f r ee  c i rcula t ion  and then, based on these  c h a r a c t e r i s t i c s ,  to de r ive  universa l  
re la t ions  fo r  de te rmin ing  the l imi t s  of  c r i s i s - f r e e  opera t ion of s t e a m  g e n e r a t o r s  and of evapo ra to r s .  Both 
exper imen ta l  and s e m i e m p i r i c a l  methods were  used for this purpose .  

The exper imenta l  pa r t  of the study was done in a t e s t  stand consis t ing essen t ia l ly  of a ve r t i ca l  s i ng l e -  
tube c i rcula t ion s y s t e m ,  with the boi le r  tube made of copper  d = 28 /32  m m  in d i ame te r  and l = 5 m long. 

During the tes t s  under conditions of f r ee  c i rcula t ion the total  t e m p e r a t u r e  drop At between the heating 
vapor  and the boiling liquid va r i ed  f r o m  5 to 95~ the m a s s  flow ra te  of wa te r  pw 0 was var ied  f rom 0 to 
850 k g / m  2 - s e c ,  and the apparen t  level  h f r o m  20 to 160%. The re la t ive  e r r o r  in m e a s u r i n g  q, pw o, and 
oL 2 a t  q > 20,000 W / m  2 did not exceed 4.5, 9.0, and 7.0%, r e spec t ive ly .  

Low- f r equency  pulsat ions  were  r eco rded  on a model N-700 osc i l lograph.  According to o sc i l l og rams  
of the flow ra te  and to visual  observa t ions  through sight  windows at  the lower -end  co l lec tor ,  a deve lop-  
ment  of c r i s i s  is n e c e s s a r i l y  accompanied  by a development  of low- f requency  pulsa t ions .  At full c r i s i s ,  
when ~2 is d is t inct ly  low in the exit  zone, the pulsat ions become  so s t rong  that  all  the liquid is pe r iod ica l ly  
pushed out of the tube into the space  below and l a rge  vapor  bubbles a r e  expel led a t  the s a m e  t ime .  Known 
methods of prevent ing  pulsat ions  and thus avoiding c r i s e s  have not yielded s a t i s f a c t o r y  r e su l t s  in a ve r t i ca l  
f r e e - c i r cu l a t i on  s y s t em .  

It mus t  be noted that ,  under a low p r e s s u r e ,  pulsat ions in two-phase  s t r e a m s  were  obse rved  a t  any 
veloci ty  of the mix tu re  flow [5]. 

F o r  analyzing the c h a r a c t e r i s t i c s  of c r i s  is development  in a ve r t i c a l  evapora to r  s y s t e m  under a t m o -  
sphe r i c  p r e s s u r e ,  we used data f rom s eve ra l  s o u r c e s .  These  data a r e  l i s t ed  he re  in Table 1, name ly  the 

t ,  lengths and the d i a m e t e r s  (l, d) of boi ler  tubes along with the ranges  of h, q, w0, w0, and x values  at  the 
l imi t s  of c r i s i s - f r e e  opera t ion.  
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TABLE I .  Tes t  P e r f o r m a n c e  C h a r a c t e r i s t i c s  of Evapora to r  Systems 
at  the L imi t s  of C r i s i s - F r e e  Operat ion 

�9 ~ q. 10 "~ { 
~ ~ m W/m 2 I ~ 

byTeSts II t33, 7 
.Water 5 28 60--100 210--240 0,28--0,40 [14--131 0,20--0,24 I author 

of[g] I Water 3 22--37 17--76 0,01--0,05 L,6---21 0,25--0,28 II 

30~/osugar 
solutibn 3 311136--69 10--63 0,01--0,066 .),7--17 0,138--0,148 III 

60~/osugar 
solutiim 4 5 - - 7 7  10--45 0,02--0,08 !,7--12, 0,063--0,066 IV 

[3,4] Water 19 27--100 210--695 0,70--2,35 g0--168 0,0~2-=0,043 V 
33 35--100 128--545 0,40--1,85 18--76 0,025--0,027 VI 
45 38--100 90--465 0,30--1,55 9--47 0,019--0,02 VII 

p 20~ NaC1 
solution 19 50--100 210--695 0,70--2,35 50--16~ 0,038 VIII 

i" NH4N03 I 
[ solution II 19 50--100 210--440 0,70--1,44 50--I0~ ),036--0,037 IX 

The l imi t ing  values of these  p a r a m e t e r s  co r respond  in [3, 4] to conditions where  the O~2m = f(q) 
curve  fo r  h = eonst  bonds sharp ly ,  while in [2] they co r r e spond  to the point where  ~2m begins to d e c r e a s e  
with d e c r e a s i n g  h a t  q = const  o r  At = const .  In analyzing the t e s t s  p e r f o r m e d  with a s y s t e m  compr i s ing  
a boi le r  tube (d = 28 m m  and l = 5 m),  the au thors  not iced a c r i s i s  developing s lowly at a r a t e  which could 
be  e s t ima ted  f r o m  the shape of the q = f i a t ) ,  ~2 = f([), and A t e / A t  i = f(q) curves .  

According to our data,  the curves  in Fig. i co r re spond  to conditions where  the ra t io  r . t e / A t  i in- 
c r e a s e s  sharp ly ,  i .e . ,  where  the t e m p e r a t u r e  of the tube wall  r i s e s  apprec iab ly  in the exit  zone. 

In Fig. 1 we have plot ted,  accord ing  to the data by var ious  authors ,  the boundary  curves  which 
s e p a r a t e  c r i s i s  and c r i s i s - f r e e  opera t ion of the s y s t e m  during f ree  c i rcula t ion.  

C r i s i s  begins to develop when the p a r a m e t e r  values  fall  below the range  marked  by these  cu rves .  In 
o r d e r  to effect  a c r i s i s  accord ing  to curves  1-3 for  d h / d q  < 0, it is n e c e s s a r y  that  one of the two p a r a m -  
e t e r s  h and q or  both s imul taneous ly  d e c r e a s e .  

A c r i s i s  accord ing  to curves  4 -9  for  d h / d q  > 0 can occur  if h and or  q i nc r ea se s .  

The combined effect  of changes in q and h can va ry ,  depending on both s ta t ic  and dynamic  s y s t e m  
c h a r a c t e r i s t i c s .  At the s a m e  t ime ,  the cause  of a c r i s i s  development  within the ranges  of d h / d q  < 0 and 
d h / d q  > 0 curves  is the s ame :  a breakdown of the contact  between boiling liquid and heating tube wall.  

The s implified concepts  which have  been developed in the technical  l i t e r a tu r e  per ta in ing  to cr  isis 
deve lopment  in s t e a m  g e n e r a t o r s  and in evapora to r s  (film breakdown by  action of the vapor s t r e a m ,  o r  
reduct ion of  l iquid supply r e s e r v e )  do not fully explain the given phenomenon; genera l iza t ions  on the bas i s  
of  these  concepts alone a r e  l imi ted  in scope.  

In [6-9 et al . ] ,  on the c r i s i s  in heat  t r a n s f e r  under high p r e s s u r e s ,  definite conclusions were  drawn 
concerning the ef fec t  of  pulsat ions  on the c r i t i ca l  t he rma l  flux. Under low p r e s s u r e ,  when the pulsat ions 
a r e  s t ronges t ,  they s imp ly  mus t  be cons idered  in any a t tempt  to analyze the t he rma l  and the hydrodynamic  
a spec t s  of this p r o c e s s .  

In [10] for  the f i r s t  t ime  se r ious  attention was paid to the effect  of instabi l i ty  on the t h e r m o - h y d r o -  
dynamics  in bo i l e r  tubes of s t e a m  g e n e r a t o r s .  In this s tudy he re  we p ropose  a model of the h e a t - t r a n s f e r  
c r i s i s  in an evapora to r  tube trader low p r e s s u r e  during pulsat ions of the liquid flow ra te .  

As a rule ,  the h e a t - t r a n s f e r  de t e r io ra t e s  f i r s t  in the exit  zone. When this happens during s t rong  
pulsa t ions ,  it can be  explained as  follows. A change in the flow r a t e  at  the tube ent rance  is in phase  
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Fig. 1. Curves represent ing  the l imits  of c r i s i s - f r e e  operation,  
in h (%)-q (W/m 2) coordinates (designated according to the las t  
column in Table 1). 

opposition to the change of the flow rate  at the tube exit [9]. In view of this, it is valid to assume that 
waves of increases  and dec reases  in the flow rate t ravel  continuousIy through the tube. 

While such a wave is t ransmit ted ,  the liquid fi lm at the tube wall may become very  thin at the tube 
exit and, as a resul t ,  may break  down in some places.  

Under low p r e s s u r e  or  vacuum the vapor velocity in s team genera tor  or  evaporator  tubes becomes 
high. A cr i s i s  develops most  often when the mixture flows in the f i lm-emuls ion mode. 

The mass t r ans fe r  during a f i lm-emuls ion flow is shown schemat ica l ly  in Fig. 2a. Along a tentatively 
singled out tube exit segment  of length Al at t ime ~" = 0 the thickness of the liquid film at the wall is 6}. 
Through section I - I  there  flows a volume of liquid V 1 into the film and through section I I - I I  there  flows 
a volume of liquid V 2 out of the film. Liquid evaporates  f rom the film surface  at a rate v = q / ( rp )  and 
amount Jt in the form of droplets  is ca r r i ed  away by the vapor s t r eam,  while an amount J2 in the form 
of droplets precipi ta tes  f rom the vapor s t r e a m  into the film. 

On this given segment  Al we assume,  to the f i rs t  approximation,  the simplified law of change of 
flow rate  V (Fig. 2b). Wi th the t ime  delay taken into account, V 1 and V~ are  related as follows: 

Av 
"r - -Vl=  - A~, (1) 

T/4 

where AT may be roughly est imated on the basis of the relation 

AT (2) 

Since Al represen ts  the length of a definite exit zone in the tube, hence AT should be sma l l e r  than 
by an o rde r  of magnitude. 

We now consider the change in the quantity of liquid within the t ime interval f rom 0 to T / 4 .  At �9 = 
T / 4  there  remains  in the fi lm 

I'/4 T/4 T/4 

AQf = Acq - .i ( v 2 -  v~) d~ - f ~eA~d~--  f (sl - % a~, (3) 
o 0 0 

of liquid. 

In Eq. (3) 

0 
5Q~ ----- 6f udM, (4) 

AQf = 6f udAl. (5) 

* * 6~vdA/), the film breaks  down. After integrating Eq. (3), considering also As soon as AQf = AQf (AQf = 
(1), (2), (4), and (5), we obtain the condition for the s ta r t  of a c r i s i s :  

J1 - -  J~ T T 1 A~_v ( l - - q ) ) - -  �9 - -  v 
(6 ~ - - 6 f  ) - -  z~--d " w o ~dAl 4 4 

(6) 
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Fig. 2. Schematic  d iagram of mass t r a n s f e r  during f i lm-emuls ion  flow. 

ff 

Fig. 3. General izat ion of c r i s i s  data in coordinates  x Rei /a (v l /v2)  i /2 ,  v$/d(1 
- x ) :  1) general iz ing curve  (designations according to Table 1); 2) h = 100%; 3) 
60%, based on our data; 4) At = 20~ 5) At = 9~ based on data in [2]. 

The quantities on the lef t -hand side of (6) a r e  l i t t le  known even under nonpulsating conditions. 

Some information about how (p, 6~, 6~,  Zl, and J2 vary  t~der  low p r e s s u r e  is given in [11-13 et al.].  
On the bas is  of these  data,  per ta ining to the pe r fo rmance  of s team genera to r s  and of evapora tors ,  we 
assume  that 

[ (6of ~ 6*f ) __ ~--dl . Avwo (1--(P)--~J~--J2"'T]"(l--x)df( Re, v2v--k~, We) ,  

and then, according to [9], we es t imate  

where  

(7) 

T 

4 

= l (1-- Cm~ + leePm 

~0 

The dimensionless  complex defining the l imi t  of c r i s i s - f r e e  operation is h e r e  

(1--x) df (x, Re, "_A ,v~ We) 

wg' 

(9) 

(io) 

The resu l t s  of tes t  data evaluation (see Table 1) in coordinates  

I ~ \.1/2 
l _ / v~ " (11) 

a r e  shown in Fig. 3. The Weber  number  is not included in this general izat ion,  inasmuch as the sur face  
tension a varied only ve ry  sl ightly in all the tes ts  (see Table 1). 

In general izing,  bes ides  the ea r l i e r  known dimensionless  p a r a m e t e r s ,  we have introduced a new 
p a r a m e t e r  Kp = (1 -x )d /3600v~  charac te r iz ing  the development  of a c r i s i s  under pulsating conditions. 

The deviation of most  tes t  points f rom the averaging curve does not exceed • Two points fall 
outside the range of this general izat ion,  namely  those corresponging to q = 10,000 W / m  2, w~ = 2.7 m / s e c ,  
fo r  30 and 60% sugar  in wate r  [2]. 

In this case  the flow in the tube becomes ball is t ic  and the ent i re  p rocess  pat tern differs  f rom our 
model.  F u r t h e r m o r e ,  increas ing the pulsation per iod has a marked effect  on the c r i s i s  development only 
up to a cer ta in  length of this per iod [8]. The dwell t ime of liquid in the tube at q = 10,000 W / m  2 for  30 
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or  60~ sugar  in wa te r  (~ = 45 or  32 sec ,  respec t ive ly)  exceeds  app rec i ab ly  a cer ta in  l imit ing pulsation 
pe r iod  (T = 6 sec) indicated in [8]. 

Curves  2 and 3 (our t e s t  data  with d = 28 m m  and 1 = 5 m) in Fig. 3 co r respond  to h = eonst  and, as 
q i n c r e a s e s ,  they approach  the tmiversa l  cu rve  1 and in te r sec t  it at  ce r ta in  values of q. Curves  4 and 
5 (according to the da ta  in [2]) c o r r e s p o n d  to At = const  and, as h d e c r e a s e s ,  they approach curve  I and 
in te r sec t  it at  ce r ta in  values (optimum) of h. 

When 

x Re 1/4 (v~/v~) 1/2 K~ '~ _~> 0,0054 (12) 

then c r i s i s  effects  occu r  in the evapora to r  s y s t e m  and develop to the extent that they can be r eco rded  by  
techniques shown h e r e  e a r l i e r .  Relation (12) is valid when the s y s t e m  opera tes  along curves  on the le f t  
and on the r ight  side in Fig. i .  

It  mus t  be noted,  in conclusion,  that  our c r i s i s  model explains the causes  of a reduced a 2 in the 
exit  zone in bo i le r  tubes  of s t e a m  g e n e r a t o r s  and of evapora to r s  when the r e s e r v e  of liquid supply s e e m s  
fa r  f r o m  cr i t i ca l  [1, 2]. 

Relat ion (12) a g r e e s  qual i ta t ively  with the t e s t  data  which per ta in  to operat ion without low-f requency  
pulsat ions [6-91. In this case  the re  occur  only h igh- f requency  pulsat ions with a per iod  sho r t e r  by an o rde r  
of magnitude. /11 accordance  with (12), c r i s i s  occurs  at a higher t h e r m a l  flux leve l  when the pulsat ion 
per iod  T d e c r e a s e s .  

In (12) the per iod T is exp re s sed  in t e r m s  of ~. 

T 

T 

P 
v i ,  12 2 

r 

a2m 

At 
Ati,  At e 

W 0 

wg 
AV 
lee 

6}, 

AQf, AQ~, AQ~ 

X 

Om 
Re = wod/v t 
We 

N O T A T I O N  

is the t ime ,  see;  
is the per iod of flow r a t e  pulsa t ions ,  sec; 
is the dwell t ime  of liquid in the bo i le r  tube,  sec;  
is the densi ty  of liquid, kg/m~;  
a re  the k inemat ic  v i scos i ty  of liquid and of vapor ,  r e spec t ive ly ,  mZ/sec;  
is the la tent  heat  of evapora t ion ,  J/l~g; 
is the m e a n - o v e r - t h e - l e n g t h  coeff icient  of heat  t r a n s f e r  f rom tube wall  to liquid, W 
/ m z. deg; 
is the t e m p e r a t u r e  drop  f rom the heat ing vapor  to the boiling liquid, ~ 
a r e  the t e m p e r a t u r e  drop f r o m  the tube wall to the boiling liquid in the initial boiling 
zone and in the exit  zone, r e spec t ive ly ,  ~ 
is the c i rcula t ion  veloci ty ,  m / s e c ;  
is the r e f e r r e d  veloci ty  of vapor  at the tube exit ,  m / s e c ;  
is the ampl i tude of flow r a t e  pulsat ions  in the liquid at  the exit ,  m3/sec;  
is the length of economizer  zone, m; 
a r e  the th ickness  of liquid f i lm along segment  Al at T = T / 4 ,  at 7 = 0, and at the in- 
s tant  of breakdown,  m; 
a r e  the volume of liquid in the film along segment  ~I  at  7 = T / 4 ,  at  T = 0, and a t  the 
instant of breakdown,  m3; 
is the m a s s  vapor  content a t  the tube exit; 
is the t rue  volume content of gas  at the tube exit  ( segment  A/); 
is the m e a n - o v e r - t h e - l e n g t h  (boiling zone) volume content of gas; 
is the Reynolds number ;  
is the Weber  number .  

i. 

2~ 
3. 
4. 
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