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The stability of the equilibrium steady-state regime is examined "in the small" for a system of parallel 
boiling channels connected to common headers. The necessary and sufficient conditions of stability are 
obtained. 

A number of papers [1-3] have been devoted to the conditions of existence of instability in a system of parallel 
steam-generating channels. The present paper gives a solution of the problem of the stability of identical boiling chan- 
nels, connected in parallel, the headers joining them, and the external parts of the network, - supply pipes, - (the 
"source") and a load (steampipes, turbines, condensers, e tc . )  (Fig. 1). 

Neglecting the inertial properties of the external parts of the network, we may represent them as equivalent 
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Fig. 1. Block diagram of the system of parallel boi l-  
ing channels and the external parts of the network: 1), 
2) equivalent lumped resistances (inlet and outlet). 

lumped resistances (inlet and outlet), 

The pressure drop in the heated part of the chan- 
nels (bc) will be considered negligibly small compared 
with that in the unheated parts (ab) and (cd), We shall 
represent parts (ab) and (cd) by equivalent lumped re- 
sistances. 

The heated part of the channel is assumed to be 
long enough for the liquid heat-transfer agent, which ar- 
rives at the channel entrance at constant temperature, to 
be heated and evaporated and leave the channel in vapor 
forrn. 

The system of dynamic equations of section (bc) 
will then consist of three groups, describing the dynamics 
of the economizer, evaporator, and superheater zones, 
and a system of boundary conditions determining the con-  
tinuity of variation of the parameters of the heat-transfer 
agent as it passes from zone to zone. 

We shall describe the dynamics of each zone by a system of heat balance and continuity equations 

0 G i + S  O - - ~  y i = S q ,  

o a + s  o 
Ox 0-7 

(1) 

We shall also assume that the temperature of the external heater, the heat transfer coefficient, density and heat 
capacity of the liquid and vapor, and flow cross section of the heated part of the channels are constant, and that the 
heat capacity of the channel wails is negligibly small. 

Let us examine one of the channels of the system. With the above assumptions, the dynamic equations of the 
heated section of the channel may be written as follows: 

Economizer Zone 

0 0 k 
w t i  z + i z = (x, t)], 

Ox Ot - ~  

0 ~ x < hec(t),wz:(t ) = Win(t), it: ~- c ~ t ,  

i l (0, t) = / i n  = const ,  i l [hec(t), t] = i s (t). 

(2) 
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c7 '  in - -  where Z e c - -  k 

Linearizing (2) [4] and using the Laplace transform method with zero initial conditions [5], we obtain 

A ' h e c - -  ( diSdp~ 'o ) /e~Vin';(~l - -  t%s)o Y' A--~2 -~- -/-1 ( 1 - - e x p ( - - k ' e c ) ] A ~  ~in,  (3) 

8 1  - -  ~in 
is the t ime  taken by the heat transfer agent to pass through the economizer  zone, 

4}~ - -  ~,~o 
Evaporator Zone 

0 
0 [Wv~,% iv + ~v~ v' (1--~)i~] + ~ [v"cp i v + y'(1 - -  ~) is] - q, 

Ox 

o -2 -O-~--[WvV"q~ 4- w l V'(1 - -  (P)I 4- [v"q~ 4- Y' (1 - -  ~) l  = O, (4) 

w z [hev(t),t] = win, Wv -- Wv(WZ, p~, ~p . . . .  ) ,  q = k [e~ -- ~ (t)], 

[hec(t),t] = O, ~ they(0, t] = 1, hec(t)~ x ~ hev(t ). 

The state of the flow of heat transfer agent in the evaporator zone will be characterized by the mean  volume 
steam content for the zone ~ n o ,  determined from (4) for the conditions of the init ial  equilibrium steady-state regime 
( r  = const), Integrating (4) with respect to x over the interval hec(t ) -< x -< hev(t ), l inearizing the resulting equation, 
going over to Laplace transform variables with zero initial  conditions, and taking (3) into account, we finally obtain 

A w v ( h e v )  - -  Lt(X) AP2 + L2 (k) ' ~Win  (5) 
~Ov0 Win.n ' 

where 

L~0,)---- B ( 1 - -  :) ),~! [k~x(1 + A )  -[-~], 
1 -i- k% 

L2 (>% = ~ + (1 - -4 )  exp (--X~ee), 
1 + kzt 

A = ~  t - - - ~ - m 0  - -  ' t d . , / 0  , [ d i , ] o  B =  - - ,  

(1 - -  ~ m o )  V' 1" 
~ l  ~ 

k (~1 - -  t%)o 

(11 -"- - -  ~ m o + ( 1 - ~ m o )  e i v  o v "  

- -  1 - - ~ m o  dis /oJ  ' 

Replacing A w v (hev) by A w v (H) = A Wex in (5) (the validity of this substitution follows from the assumed 
constant density of the vapor in the part of the superheater zone hey(t) ~ x -~ H ) we obtain the dynamic equation of 
the heated section of the boiling channel: 

A w e x  (H) = __ L t  0') A--P2 + Le (k) .Awi__ n (6) 
W e x ,  o ~:Q3in, o 

fo rm 

The linearized hydraulic equations of the unheated sections of the channels, the source, and the load have the 

_ _  _ _  z [ A Win.i A ~, e,~.i ] 
i=l (~in./)0 i=l (Wex .i)oJ 

A-P21 = A-P1 - - 2 U l i  - -  
A ~Jin./ 

(Win.])o ' 

- -  2V1 ~-~ A win . i ,  
- -  A Pl. - -  /V~  ~ (Win, i)o 

( 7 )  

(8) 
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where 

: :N 
2V= A w ex- i 

- ex4)o' i=t 
(9) 

V~ --  2 \ OG* ] o V2 ~ V  o' 

1 

U,i - -  
2 

0 p,;) = 1 O;o [ p . ) ] .  - - - a i  k o-d, ]o 'U,; 2" " 0 4  ]o 

N 

G o ~ " = E G i o ,  ] = 1 ,  2, 3 . . . .  , N .  
/=I 

If the heat transfer agent reaches the inlet header through a pipe connected to the main in which the pressure p 0 = 
= const and if this pipe, the unheated sections of the channels, and the load are turbulent resistances (turbulent self- 

similar flow regime), then Vl = (P0 - Pl)0, V2 = (Ps - P 4 ) o ,  U I j  = ( P l  - P2 j )o ,  U2j  = (P'aj - Pa)0, where (Ps - P4)0 is 
the steady-state pressure drop at the load, 

Characteristic Equation. Stability. 

The hydraulic characteristics of the unheated sections (ab) and (cd) and the &lj will be assumed to be identical 
for all N channels. Then the mass flow of the heat transfer agent, the length of the zones, and the values of all the 
other parameters characterizing the equilibrium steady-state regime will not depend on the channel number j. In this 
case the characteristic equation of system (6-9) will have the form 

(El) N - '  F= --*-- 0, 

F m = 2L1 (I)lrt2 4- L2 qb2,~ + qb,m, 
where 

m = 1,2; cPx, = U1, cP~I = U=, 

V1 V~ 
r - + U1, qb22 - ~- U2, 

N 2 N 2 

F 1 determines the stability of the system ("in the small") in relation to so-called interchannel (inter-loop) pulsation, 
and F 2 in relation to general boiler pulsation*. It is thus necessary and sufficient for the stability of the system under 
examination to achieve stability with respect to both types of possible pulsations: interehannel and general boiler. 

Since the operators F 1 and F 2 differ only in the values of the parameters, to determine the conditions of steady- 
correction made has created more space below insert 803 e directly above. Please redistribute this space. 

2L1 (I)1(I)9 -~- L2qb2 + qbl = 0. (lo) 

Carrying out a D-partition [6-7] of the plane of the parameters ~a and ~1, we find that all the roots of (10) have 
a negative real part if ~ and ~l lie in region D0, located in the first quadrant of the (~a, ~1) plane, and above the 
curve determined by the following equations: 

qb~ = (sin ~ e c  + ~ cos  mZec ) X 

X [2B ~zl {(1 - -  a) my, (1 + A) sin m~ec-- ~ [,,~ + (m~:l) 2 (1 + A)] - -  

- (1 - o) cos  (11) 

Ski tO~e e --}- ~% COS ~ e e  ,-v 

*In the case of general boiler pulsation, fluctuations in the mass flow of heat transfer agent occur synchronously in 
the individual channels. "Interchannel" pulsation is characterized by constant mass flow of heat transfer agent through 
the source and load and asynchronous fluctuations in the individual channels .  
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It is therefore necessary and sufficient for the s tabi l i ty  of the system that points (~1 ,  c>n) and (r 
region Do, i. e . ,  

(cb21, On), (qb~, 4~,~)~ Do. 

When N = 1, (F1) N-I = 1, so the stabil i ty condit ion for a single channel has the form 

Cn) belong to the 

(12) 

(qb2.% qbl~) ( Do. 

It follows from (12) that  

1) the stabil i ty of the equilibrium steady-state  regime depends appreciably on the hydraulic characterist ics of 
the channels, their number, and the characterist ics of the external  parts of the network; 
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�9 Fig. 2. Boundary of stabil i ty region Do: 
a) for ~Omo = 0. 85 (1, 2, 3 ,4  - 8] = 512, 472, 432, 392~ respectively); 

b) for ~ in  = 4~/2~ (1, 2, 3 ,4,  5 - Cmo = 0. 09, 0.47, 0. 65, 0. 85, 1 respectively).  

2) the stabil i ty of the system with respect to interchannel  pulsations is not, in general ,  determined by its s tab- 
i l i ty  with respect to general  boiler  pulsations (the special  case of V z = 0 examined in [3] is an exception); 

3) there is a c r i t ica l  value  of the parameter  UI ~" = U:I ~: (P20,/in, k, ~1), such that for al t  U 1 > Uf, the system will  

be stable for any N, V 1, V 2 and U2; 

4) the period of the oscil lat ions developing in the system on passing through the boundary of the stabil i ty region 
(11) is of the same order as the t ime  taken by the heat  transfer agent to pass through the economizer  zone. 

The locat ion of the boundary of the s tabi l i ty  region Do for the case in which the heat  transfer  agent is water  at 
Pz0 = 3.92 M n / m  2 and q = const, is shown in Fig. 2. 

r The results of s imi lar  calculat ions show that  for other 
values of the pressure P20 (0.28 ~ P20 -<; 9 .8  Mn/m 2) the 
shape of the region Do and the dependence of the loca t ion  

of its boundary on 9mo and ~i  are qual i ta t ive ly  s imi lar  to 
those in Fig. 2. 

The dependence of the s tabi l i ty  of the system on the 

number of channels is of interest. Let us take an example .  

Assume that V 1 and V~ do not depend on N. For V 1 = (P0 -- 

" Pi)0 and V2 = (Pa - P4)0 the condit ion V 1 = const, V 2 = 
= const indicates that ,  as the number of channels changes, 
the hydraulic  characteris t ics  of the supply l ine and load a l -  

so change, in such a way that the s teady-s ta te  pressure 

drops (P0 - Pl)0, (P3 - P4)0 and the quantities P0 and P4 remain  unchanged. Note that  for VI = eonst and V 2 = eonst 

lira qbs2(N ) = qb~=(oo) = qb21 ' lira qbl~,(N) = qble(OO)=cb n .  
N ~ o  N~*o 

Hence the conditions of s tabi l i ty  of the s teady-s ta te  regime may  be written in the form * 

[r (N), ~b~, (N)I ~. Do, 
[0~2(~), 4)~2 (~)11s Do, 

% 

Fig. 3. Variants of the re la t ive  locat ion of l ine 

segment (13) and curve (11) - -1 ,  2, 3a, 3b, 4. 

*As was pointed out, for N = 1 the s tabi l i ty  condit ion may  be written [~P~2 (1), aPl~ (!)] ~ Do. 
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When N varies from 1 to infinity, the points [qbez (N),qbz2 (N)] l ie on the line segment: 

% = v 1 %  + % ~ ( ~ ) _  Vl %,(~) .  
v2 v2 

r ~ q:,~ ~. V~ + q~  (~c). 

(13) 

Depending on the relative location of segment (13) and curve (11) in the plane (r r the following possibilities, 
in particular, may be realized (see Fig. 3): 

1) If segment (13) lies entirely above curve (11), the system is stable for any N. 

2) If segment (13) lies entirely below curve (11), the system is unstable for any N. 

3) Segment (13) intersects curve (11) once. Then: 

a) if the right end of the intercept lies below the curve, a number m 1 exists such that, for all N �9 ml,  the system 

is stable, but it is unstable for N < m 1 (for N < m 1 the stability condition with respect to general boiler pulsations is dis- 
turbed, but the system remains stable in the small with respect to interchannel pulsations); 

b) if the left end of the intercept lies below the curve, then for N = 1 the system is stable, but it is unstable for 
N --> 2 (for N -- 2 the stability condition with respect to interchannel pulsations is disturbed; the system may be stable 

with respect to general boiler pulsations). 

4) If segment (13) cuts curve (11) twice, the system is either stable for any N, or numbers m S and m 3 exist, such 

that for m S < N e m s the system is unstable, and for N < m 2 and N �9 m s it is stable (for m z < N < m s the stability con-  

dition with respect to general boiler pulsations is disturbed). 

NOTATION 

Pl, P2, and Ps - pressure at header inlet, in heated part of channel, and at header outlet; G - mass flow rate of 
heat transfer agent; pz(G*) and ps(G*) - functions determining the dependence of pressure in the headers on the mass 

flow rate of heat transfer agent in sections 1 and 2, respectively; j - number of boiling channel; w - velocity of heat 

transfer agent; ), - density of heat transfer agent; 7' - density of liquid; 7" - density of vapor; q - heat flux to 

unit volume of heat transfer agent; c - heat capacity of liquid; 1~ z - temperature of external heater; I> i and I~ s - t em-  

perature of heat transfer agent at channel  inlet  and at saturation line; i - enthalpy; A - deviation of a variable from its 

steady-state value; ~0 - fraction of flow cross section occupied by vapor; r - mean  volume steam content over evap- 
oration zone; S - cross section of channel; x - coordinate calculated from beginning of heated section; hec - coordinate 

of boundary between economizer and evaporator zones; hey - coordinate of boundary between evaporator and superheat- 

er zones; H - length of heated section of channel; t - t ime; k - Laplace transform parameter, Subscripts: 0 - refers to 

values of variables in the equilibrium steady-state regime in the neighborhood of which l inearizat ion is carried out; l - 
liquid heat transfer agent; v - vapor; in - inlet; ex - outlet. 
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