
374 INZH E NE RNO-FIZICHESKII ZHURNAL 

DYNAMICS OF PARALLEL BOILING CHANNELS 

V. I. Budnikov and A. V. Sergievskii 

Inzhenerno-Fizicheskii  Zhurnal, Vol. 1O, No. 5, pp. 632-637, 1966 

UDC 536.423.4 

The stability of paral lel-connected boiling channels is examined in 
the case of slight deviations from stationary equilibrium conditions. 

The conditions for stability are deduced and the influence of the 

parameters on the location of the stability limits is defined. 

The stability of a system of boiling channels was 
examined in [1], where the p ressu re  drops in the 
heated part  of the parallel  channels were considered 
negligible as compared with the pressure  drops in the 
unheated parts .  

Fig. 1. Block diagram of the system of parallel  
boiling channels. (1, 2 are the external parts  of 

the system. ) 

This paper deals with the stability under stationary 
conditions of a sys tem (Fig. 1) consisting of parallel  
boiling channels and external (upstream and down- 
stream) par ts  for any ratio of the p res su re  drops in 
the heated part  of the channels (be) and in the r e s i s -  
tances (ab), (cd) lumped at the ends of the channels. 
The external par ts  (1, 2) of the sys tem may represent  
pumps, pipes, or  turbines. P re s su re  at the inlet and 
outlet of the sys tem is assumed constant, while the 
heat flux supplied to each of the boiling channels is 
assumed sufficient to effect the complete evaporation 
of the liquid entering the channel. 

To simplify the system of partial  differential equa- 
tions describing the process  of heat and mass  t r ans -  
fer  in the boiling channels, the following assumptions 
were made: 

1. The tempera ture  of the external heater ,  and the 
density and specific heat of the liquid and the vapor 
are constant. 

2. In the evaporating zone the volume of liquid is 
negligibly small in compar ison with the volume of 
vapor. The mean velocity of the mixture in the evap- 

orating zone is assumed to be equal to the velocity 
of the vapor at the outlet. (In the range of working 
conditions of pract ical  interest,  this assumption 
results  in a certain rese rve  of stability. ) 

3. The heat t ransfer  coefficient for the walls of the 
boiling channels is constant, and their specific heat 
is negligibly small. 

The following boundary conditions were used: 
1. The temperature  of the liquid flowing into the 

inlet of the boiling channel is constant. 
2. The p ressu re  in the inlet header is given. 
The boiling channels are assumed to be identical, 

i.e., the magnitudes of all the parameters  charac ter -  
izing the stationary regime are taken to be independent 
of the number j of the channel. 

In the case of small  deviations from the stationary 
equilibrium state, the equations of heat and mass 
t ransfer  are solved in the same way as in [1]. With 
the above assumptions and boundary conditions, the 
solution of these equations (length of economizer zone 
and vapor velocity at outlet of boiling channel as func- 
tions of liquid velocity at channel inlet and saturation 
pressure)  can be written as follows: 

h h e .  i 1 -- exp (-- k) & Win j 
%.~ = ~ ~in.o + X-P,j, (1) 

A Wout.i = 
Wout.o 

A Win.J (1 -- ~) ),A P--]S, (2) = [cr + ( 1 --  or) exp (--),)1 Win. ~ 

syzcl  In ~l-@in ) , = z r  e, P i s  where ~ - Yv re -- 

the dimensionless pressure ,  

p ._ p ( dp~ '/ (~,--  ,~,o)1~ ~ - ~n  {3) 

Neglecting the inertia proper t ies  of the external 
parts  of the system, we can represent  the relation 
between the p re s su re  drop across  these par ts  and 
the mass flow rate in the form of certain functions 
pl(G*) and p4(G*). Linearizing these relations and 
assuming turbulent se l f - s imi la r  flow conditions in 
the channel, we obtain 

N / 
-AP--,  = vt N ino; 

j~t 

N 

]=1 

(4) 



where  
N 

v, =-<[  ( 
]=1 

The l i n e a r i z e d  equat ions  of mot ion  of l iquid and 
vapor  in the boi l ing  channels  a r e  wr i t t en  thus:  

a & - , ~ , h  - (u, + G) ~ + 

+ (G + G)-WTo  .-7 + �9 h e . o  ' 

A Win i Ahe i API-'APs] ~ ( U I @ U ~ ) ~  @ Uo.e heo" ," 

he ~ 
U ] = 2 ( P ~ - - P o . ) o ;  a = ~ ( h e . o ) h e ,  o 2 t" ~(x)dx; 

U.. = 2 (P.. - -  P~)o; 

Ua = 2(Ps-- Pa)o; Ua = 2(Pa--P4)o- (5) 

Then the characteristic equation of the system, ob- 
tained from the condition that there exist a nontrivial 
solution to Eqs. (1)-(5), has the following form (F I 
defines the stability of the system in the small with 
respect to interchannel pulsation, F 2 with respect 
to pulsation in the boiler as a whole): 

(Y,) N-1 .& = O; 

F,, = --  A~ [I - -  exp (--  L)J/L --  B, ), + C~ exp ( - -  ;~) + t; 

A~ = (1 - -  ~) dPLJ(':I),~, + ~ in , , ) ( r  + ~., , , ) ;  B,., ~- A,, m,, ~| 

C,, = A,, o m .  @2,,l@in; m,, -~ @j,,Is U~; n = 1, 2; 

~ n  = UI § U< ~12 = ~ n  I- V~; 

r = Ua + U,~; r --  O0~ -F G.  (6) 

Thus,  the s t a b i l i t y  a n a l y s i s  r e d u c e s  to a s tudy of the 
r o o t s  of the equat ion  

- A l l - - e x p ( - - ) ) l / } ~ - B k + C e x p ( - - k ) +  1 = 0 .  (7) 
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m, 
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F ig .  2. Qua l i t a t ive  p i c t u r e  of the  
D - p a r t i t i o n  of the  space  of the 

p a r a m e t e r s  r r m .  

C a r r y i n g  out a D - p a r t i t i o n  of the space  of the p a r a m -  
e t e r s  A, B, C, we find that  the  c h a r a c t e r i s t i c  equa-  
t ion (7) does  not have  r o o t s  with a p o s i t i v e  r e a l  p a r t  
if  p a r a m e t e r s  A, B, C be long  to the r e g i o n  M 
bounded by the s u r f a c e  of the D - p a r t i t i o n  

si n a) 
C--= I +(,~B 

l --- C05 u, 

and by the s i n g u l a r  p l anes  

r 

�9 o d . , - %  2= 

A ~  1 '--C, B----O. 

C 

/ 
I 

O! 02 o3 o~ o 2 

Fig .  3. Inf luence of the  p a r a m e t e r  a 
on the l oca t i on  of the boundary  of the 
s t ab i l i t y  r e g i o n  Do: 1) with r = r 
Pe t rov*s  c r i t e r i o n ;  with (r = 0; 3) a = 

= 0.079. 

(s) 

(9) 

The ques t ion  of which  of the s ides  of the bounding s u r -  
f aces  i s  e x t e r n a l  to the  r e g i o n  M is  d e t e r m i n e d  by 
the ha tch ing  ru l e  [2]. 

It is  n e c e s s a r y  to note that  the s t ab i l i t y  r e g i o n  
ob ta ined  cannot  be ful ly r e a l i z e d  in the s y s t e m  in-  
v e s t i g a t e d ,  b e c a u s e  the a s s u m p t i o n s  e m p l o y e d  r e -  
s t r i c t  the se t  of p e r m i s s i b l e  va lues  of the p a r a m e t e r s .  
T h e s e  r e s t r i c t i o n s  r e d u c e  to s a t i s f a c t i o n  of the  con-  
d i t ion  

; H - - h e ' ~  cz(O,--~s~ l n t ~ l - - ~ i n >  1. 

Since the p a r a m e t e r s  r r  m a r e  m o r e  conven ien t  
fo r  eng inee r ing  c a l c u l a t i o n s ,  i t  i s  exped ien t  to map  
the s t ab i l i t y  r e g i o n  M into  the  space  r r m at  a 
f ixed  va lue  of aE (0, 1). F r o m  (6) we obta in  the  fo l -  
lowing c o n v e r s i o n  f o r m u l a s :  

rn 2 + m [ A . B  + , : C  ~ - - (1 - - , : )C] /AC~ + B / A ~  = O; 

cIh = B/C, ~ = B/mA o. (10) 

We sha l l  c o n s i d e r  only p h y s i c a l l y  r e a l i z a b l e  

p a r a m e t e r s ,  

�9 1 > 0 ,  q h P 0 .  (11) 

Then the boundary  su r f a c e  of the D - p a r t i t i o n  of the  
space  of the p a r a m e t e r s  r Cv  m,  a qua l i t a t i ve  p i c -  
t u r e  of which i s  g iven  in Fig .  2, i s  d e t e r m i n e d  f rom 
(8), (10) with 0 _< w ~ 7r. F o r  a g iven m each  s e c t i o n  
of the space  r r m, cons t i t u t e s  a mapping  of the 
s u r f a c e  of i n t e r s e c t i o n  of the  space  A, B, C with the  
r u l e d  s u r f a c e  def ined  try the equat ion  

B = mC [( l - - ~ ) / ( C  i" mA) --- ~1- (12) 

As fo l lows f rom (8), (9), (11), and (12), t h e r e  e x i s t s  
a va lue  m* = (1 - ~y)/a such tha t  for  m < m* the s t a -  
b i l i ty  r eg ion  is bounded both by the s u r f a c e  of the 

/l = ,,,(~ Bcos(o + sin0~) 
1 + cos ~o 
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D - p a r t i t i o n  and by the  s i n g u l a r  s u r f a c e  co = 0 (when 
m < m* both a p e r i o d i c  and o s c i l l a t o r y  i n s t ab i l i t y  a r e  
p o s s i b l e ) ,  w h e r e a s  fo r  m > m* the s t ab i l i t y  r e g i o n  is  
bounded only by the s u r f a c e  of the  D - p a r t i t i o n  (when 
m > m* only o s c i l l a t o r y  i n s t ab i l i t y  can  occur ) .  

It wi l l  be shown tha t  a p e r i o d i c  i n s t ab i l i t y  wi l l  be  
p r e s e n t  in  the  s y s t e m  if  and only if the o p e r a t i n g  po in t  
(the point  c h a r a c t e r i z i n g  the  s t a t i o n a r y  r eg ime)  l i e s  
on the d roop ing  b r a n c h  of the  s t a t i c  h y d r a u l i c  c h a r -  
a c t e r i s t i c  of the  boi l ing  channel .  

Indeed,  the equat ion ~of the s t a t i c  h y d r a u l i c  c h a r -  
a c t e r i s t i c  can  be w r i t t e n  in  the  f o r m  

r = f ( G ,  Ps ) ,  w h e r e  r = r  r 

Then the condi t ion  fo r  the absence  of a d roop ing  
b ranch  is  w r i t t e n  

d q) 0 a) 4- Od) dP_~ >10. (13) 
dG OG OP~ dG 

Inequal i ty  (16) can  be r e w r i t t e n  thus:  

(i) 4- --U2 (cIh ~-~ ~ u  4- a - -  1) >/0. (14) 
IJ 

At the s a m e  t i m e ,  (14) co inc ide s  with the  condi t ion  
r e q u i r i n g  [as fo l lows f r o m  (7)-(9)1 that  the  d e p a r t u r e  
of the  s y s t e m  f r o m  the  s t a b i l i t y  r e g i o n  not be a c -  
c o m p a n i e d  by the a p p e a r a n c e  of a z e r o  r o o t  ( ape r iod i c  
i n s t ab i l i t y ) .  

Thus ,  a p e r i o d i c  i n s t a b i l i t y  is  p o s s i b l e  only when 
the o p e r a t i n g  po in t  is  l o c a t e d  on the d roop ing  b r a n c h  
of the  s t a t i c  h y d r a u l i c  c h a r a c t e r i s t i c  of the  channel .  

It fo l lows  f r o m  Eqs.  (8)-(12)  tha t  the  c y l i n d r i c a l  
s u r f a c e  r  r (r m),  whose  g e n e r a t o r  i s  p a r a l l e l  
to the  m ax i s ,  whi le  i t s  d i r e c t r i x  co inc ide s  with the  
boundary  of the  s t a b i l i t y  r e g i o n  at  m = ~ (e = 0), l i e s  
above (Fig .  2) the  boundary  s u r f a c e  of the  D - p a r t i t i o n  
r = r162 m < + ~ ,  co ~ 0). T h e r e f o r e  to exc lude  
the p o s s i b i l i t y  of o s c i l l a t o r y  i n s t a b i l i t y  in the  s y s t e m  
i t  i s  su f f i c i en t  fo r  the p a r a m e t e r s  r and r to be -  
long to the  r e g i o n  D~, i . e . ,  

(q)~, aP2) ~ DO, (15) 

l o c a t e d  in  the  f i r s t  q u a d r a n t  of the  p l ane  r r and 
above  the c u r v e  r = r (r m = oo) def ined  by the fo l -  
lowing  equa t ions :  

cI)~ = sin ~/~o, 

(I)e ~ sin ~/co [c~ -~- ( 1 - -  ~) cos ~o], 

r, + a r c c o s  cr <2.r (16) 
2 1 - - ~  

F r o m  (16) i t  fo l lows  tha t  the  loca t ion  of the  bound-  
a r y  of the  r e g i o n  D* depends  only on the one p a r a m -  
e t e r  a, which i s  u s u a l l y  much  l e s s  than  unity.  (It 
a l so  fo l lows f r o m  (16) tha t  the r e g i o n  D O wi l l  occupy 
the  e n t i r e  f i r s t  q u a d r a n t  of the  p lane  r Ct, if a _> 
>_ 1/2.  ) The magn i tude  of the  p a r a m e t e r  a has  a 
m a j o r  in f luence  on the  l o c a t i o n  of the  s t a b i l i t y  l i m i t  

only when co is  c l o s e  to r./2, i . e . ,  when ~2 >> 1 (Fig.  
3), F o r  th is  r e a s o n ,  in mos t  c a s e s  of p r a c t i c a l  
i m p o r t a n c e  (r < 1, co ~ ~r), i n s t ead  of (16) it  is  p o s -  
s ib l e  to  u se  a much s i m p l e r  r e l a t i o n  of the f o r m  

~Pl = sin~ho, q~ ~ --  tg~o/~o, 

~/2 -(.. ~ -~.. ~, (17) 

which is  n e v e r t h e l e s s  suf f ic ien t ly  c l o s e  to (16). 
It wil l  be noted that  as  co ~ % the condi t ion  de -  

t e r m i n i n g  the s t ab i l i t y  of the  s y s t e m  in a c c o r d a n c e  
with f o r m u l a  (17) goes ove r  into the f a m i l i a r  c r i -  
t e r i o n  of P.  A. P e t r o v  [3]. 

The fo l lowing conc lus ions  m a y  be d rawn  on the 
b a s i s  of an a n a l y s i s  of the  r o o t s  of the  c h a r a c t e r i s t i c  
equat ion (17): 

1. The r e g i o n  of s t a b i l i t y  of the  s y s t e m  grows  with 
i n c r e a s e  in  the p r e s s u r e  in  the boi l ing  channel  and 
the r e s i s t a n c e s  l umped  in the in le t  p a r t  of the s y s t e m  
and at the  in le t  to the bo i l ing  channel ,  and with de -  
c r e a s e  in the  hea t  t r a n s f e r  coef f ic ien t ,  subeool ing  
of the l iqu id  at the  channel  in le t ,  and the r e s i s t a n c e s  
l umped  at  the  ou t l e t  f r om the  boi l ing  channel  and in 
the  out le t  p a r t  of the  s y s t e m .  

2. The p e r i o d  of the  o s c i l l a t i o n s  o c c u r r i n g  in the 
s y s t e m  on d e p a r t u r e  f r o m  the s t ab i l i t y  r e g i o n  a c r o s s  
the  boundary  D - c u r v e  is  of the s a m e  o r d e r  of m a g n i -  
tude as  the  t i m e  t a k e n  by the  l iqu id  to p a s s  through 
the e c o n o m i z e r  zone.  

Thus ,  to e n s u r e  s t ab i l i t y  of the  s t a t i o n a r y  r e g i m e  
in a s y s t e m  c o n s i s t i n g  of p a r a l l e l - c o n n e c t e d  boi l ing  
channels  and e x t e r n a l  p a r t s ,  i t  i s  suf f ic ien t  if  the  fo l -  
lowing c o n d i t i o n s  a r e  s a t i s f i ed :  

1. The po in t s  d e t e r m i n i n g  the s t a t i o n a r y  r e g i m e  of 
the  s y s t e m  as  a whole and of the indiv idual  channe ls  
m u s t  be l o c a t e d  on the  a scend ing  b r a n c h e s  of the 
c o r r e s p o n d i n g  s t a t i c  h y d r a u l i c  c h a r a c t e r i s t i c s .  

2. The  p a r a m e t e r s  r and r m u s t  belong to a , 
r e g i o n  D o l o c a t e d  in  the f i r s t  quadran t  of the p lane  

(r r and above the c u r v e  r = r162 m = ~),  def ined 
by f o r m u l a  (16). 

In conc lus ion ,  the  au thor s  would l ike  to take  the  
oppor tun i ty  to e x p r e s s  t h e i r  thanks  to E. F.  Sabayev 

fo r  h i s  va lued  adv ice .  

NOTATION 

Pl, P4--P ressures in the inlet and outlet headers, resp. ; pz--pressure 
beyond the resistance concentrated at the inlet end of the boiling 
channel; ps--Saturation pressure; pr-pressure ahead of the resistance 
concentrated at the outlet end of the boiling channel; G--mass flow 
rate; W-- velocity; y-- density; k--heat transfer coefficient; c-specific 
heat; 8--temperature; ffl and 1~ s temperature of external heater and 
on saturation line; r--latent heat of evaporation; s--area of channel 
cross section; g--hydraulic friction coefficient; H--length of heated 
channel section; he--length of economizer zone; N--number of 
boiling channels; z--Laplace transformation parameter. Subscripts: 
in--inlet; out--outlet; /--liquid; v--vapor; o--stationary value in 
the neighborhood of which linearization is performed; A--deviation 
of variable from its statio__ nary value; Laplace transforms of variables 
are denoted by a bar (AW--transform of ZXW). 
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