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Abstract-Systems consisting of parallel boiling channels coupled with an external loop are studied. The 
theory of perturbation of parameter-dependent linear operators is applied. This method permits the analysis 
of asymmetric systems. Simple analytical criteria are found which greatly reduce the complexity of the 
analysis required for coupled parallel channels. In addition, it is possible with this analysis to explain many 

of the seemingly contradictory results of prior experiments. 

INTRODUCTION 

MANY experimental and analytical studies have been 
performed in order to understand instability mech- 
anisms in boiling channels. As a consequence, the 
density-wave instability phenomenon is rather well. 
understood in single channels and in boiling loops. In 
contrast, our understanding of instability mechanisms 
in coupled parallel channels is not well developed. 
Different experiments carried out in multichannel sys- 
tems have often yielded seemingly contradictory 
results [l-6]. In particular, different results have been 
reported concerning the modes of oscillation. 

Gerliga and Dulevski [7] derived the characteristic 
equation for multichannel stability. Fukuda and 
Htasegawa [8] analyzed oscillation modes using a 
matrix technique. A general procedure for the stability 
analysis of multichannel coupled systems, such as 
boiling water nuclear reactors, was developed in ref. 
[9]. Taleyarkhan et al. [lo] developed a theory to 
analyze ventilated parallel channels. In refs. [ 1, 11, 121 
parallel channel-to-channel oscillations were analyzed 
in the time domain. Guido et al. [13] analyzed the 
stability of two parallel channels using a parameter 
perturbation technique. 

It is the purpose of this paper to quantify the insta- 
bility modes which may occur when boiling parallel 
channels interact with each other and with the 
hydraulic loop in which they are installed. A symmetric 

t Present address : Rensselaer Polytechnic Institute, 
Department of Nuclear Engineering and Engineering 
Physics, Troy, NY 12180-3590, U.S.A. 

system of identical parallel channels was taken as a 
reference case. The theory of parameter perturbation 
was applied to generalize the results to asymmetric 
cases. 

ANALYSIS 

Let us consider a system consisting of a set of boil- 
ing parallel channels, having common inlet and outlet 
plena, which are coupled with an external loop. Such 
a system is shown schematically in Fig. 1. Let us 
assume the validity of either a one-dimensional homo- 
geneous equilibrium or drift-flux model, applied to 
a system operating at constant pressure. Using the 
equation of state, variations in the fluid density can 
be incorporated as variations in the fluid enthalpy. 
Choosing as state variables the enthalpy, pressure and 
flow rate, we have 

h(z, t) = h,(z) +Ah(z, t) (la) 

P(Z> 4 = PO(Z) + AI-+, 0 (lb) 

w(z, f) = w,,(z) +Aw(z, t) (14 

where ho,po and w0 are the local steady-state enthalpy, 
pressure, and flow rate, respectively, and Ah, Ap and 
Aw are the corresponding perturbations. Equations 
(1) can be used to linearize the conservation 
equations. The solutions of the linearized equations 
can be written as 

Ah@, t) = 6h(z, s) es* (2a) 

Ap(z, t) = 6p(z, s) est (2b) 

Aw(z, t) = Sw(z,s) est (2c) 
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NOMENCLATURE 
! 
I 

cross-sectional area 
transfer function defined in equation (12) 
transfer function defined in equation (8) 
friction coefficient 
transfer function defined in equation (3) 
gravity 
transfer function defined in equation (6b) 

enthalpy 
function defined in equation (2a) 

perturbation of the enthalpy about the 
steady state 
transfer function defined in equation (6a) 
transfer function defined in equation (3) 
control parameter characterizing each 
channel 
average value of the control parameter 

parameter perturbation defined in 
equation (23) 
number of channels 
pressure drop 
power per unit axial length 
solution of the characteristic equation 
perturbation of the solution of the 
characteristic equation, defined in 
equation (24) 
time 
fluid velocity 

specific volume 
flow 

function defined in equation (2b) 
perturbation of the flow about the steady 
state 
axial position. 

Greek symbols 
i, boiling boundary 

P density 
0 real part of the solution of the 

characteristic equation 
0 imaginary part of the solution of the 

characteristic equation 

Q parameter defined in equation (A8). 

Subscripts 
C boiling channel 

ZZ 
exit 

two-phase part of the external loop 
f liquid phase 
I single-phase part of the external loop 
i channel i ; inlet 

.i channel j 
N Nth channel 
n nth mode 
st stable channel 

un unstable channel 
0 steady state 
1 tirst channel 
2 second channel 
w evaluated for s = iw. 

Superscripts 
(n) nth mode 
(1) first mode 

(2) second mode 
0 system with identical channels. 

where s is, in general, a complex number. Substituting 
equations (2) into the linearized conservation equa- 
tions of mass, energy, and momentum [14] and inte- 
grating in space, the pressure drop perturbation in 
each component of the loop can be related to the 

KO”T “E” 

COOLING 
WATER 

DOWNCOMER 

6Ap,(s) = G,(s)Sw,(s) +J,(s)Gh,(s) (31 

where 6wj and 6hj are the values of 6h(z, s) and &(z, s) 
evaluated at the inlet of component j of the loop. 
Expressions for G,(s) and J,(s) for a variety of com- 
ponents are available in the literature [14, 151. More- 
over, the Appendix presents a derivation of these 
transfer functions for a boiling channel. 

In this study, constant enthalpy is assumed in the 
adiabatic single-phase part of the loop. Then, pressure 
drop perturbations in the system shown in Fig. 1 can 
be written as 

6ApI = G,(s) f dw, 
i= I 

FIG. I A loop containing parallel boiling channels WP, = G&W+ +.MWE 

flow and enthalpy perturbations at the inlet of each 
component. The resultant expressions are similar to 
those obtained by Laplace transforming the linearized 
conservation equations. For example. for any com- 
ponent j 

(4a! 

Cab) 
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6Apc = G&)&v, (i = 1,2,. . , , N) W) 

where wr is the summation of all channel exit flows, 
and the average enthalpy, he, is defined by 

f hE,iWE,i 
+i=L___, 

wE 
(5) 

Perturbing and integrating (in space) the equations 
of mass and energy conservation, the enthalpy and 
flow perturbations at the exit of a boiling channel can 
be related to the flow perturbations at the inlet by 

ijWE,i = Z,(s)?iw, (6a) 

6hE,i = Hi(S)GWi. (6b) 

Expressions for the transfer functions Ii(s) and Hi(s) 
can also be found in the literature 114, 151. 

Perturbing equation (5) and using equation (6) and 
(4b) yields 

Wp, = 5 Ei(s)Gwi (7) 
i=, 

where 

E,(s) JE(s) 4 GE(S)+ G S wEi,OHi(s) f (b3,O -hE,O)li(s) 1 
(8) 

and subscript ‘0’ refers to the steady-state condition. 

The characteristic equation 
The pressure drops satisfy the Kirchhoff law along 

the hydraulic loop 

SApi + SApc + 6Ap, = 0. (9) 

Since the parallel channels have the same imposed 
pressure drop, equation (4~) may be used to obtain 

(10) 

Combining equations (4a), (7) and (10) with equation 
(9) yields 

(11) 

where 

G(s) 
C,(s) a G,(s) + N -I- E,(s). (12) 

Due to the fact that the pressure drops are the same 
for all parallel channels, equation (4c) yields 

G,(s)Sw, = G,(s)Ga. (13) 

Equations (11) and (13) comprise a system of N 
homogeneous equations with the N unknowns, 6w,. 
In matrix form this system of equations can be written 
as 

c2 

-G2 

G2 

c3 
0 

--G3 

c, . . c, 
0 . . . 0 

0 . . . 0 
. . . . . . . . . . . . . . . . . . 

GN-, -GN 

r 

M6w=O. (14b) 

(1W 

In order for equations (14) to have a non-zero solution 
for 6w = (6w,, c?w2,. . . , 6~,)~, it is necessary and 
sufficient that the determinant of matrix M be zero. 
This, in turn, yields the following characteristic equa- 
tion of the coupled multichannel system and the 
associated external loop 

2 C,(s) fl G,(s) = 0. 
is= 1 j#i 

(15) 

The roots of equation (15) are in general complex (i.e. 
s, = a,+iw,,). Stability of the system requires that all 
roots have negative real parts (i.e. a, c: 0). Cor- 
responding to each solution, s,, of equation (15), there 
is a phasor w(“‘: which satisfies equations (14). 
However, since equation (14a) is a homogeneous 
system, an arbitrary constant remains undetermined. 

The general solution of the problem of N-parallel 
channels coupled with an external loop is given by a 
linear combination of functions of the form given by 
equations (2), where s is replaced by the solutions, s,, 
of the characteristic equation. The initial conditions, 
h(z, 0) and wi(0), for each channel are needed to deter- 
mine the coefficients in the general solution. 

At the neutral stability threshold, there are two 
conjugate roots of the characteristic equation with 
null real parts (i.e. s = kiw). All other roots must 
have negative real parts, and thus the exponentials in 
equations (2) for these roots tend to zero as time 
increases. Then, the behavior of the system for large 
times is given by equations (2) evaluated at s = &- iw. 
The asymptotic response of the inlet flow of each 
channel is thus given by 

sw(t) = A Re (w, e”“‘) (16) 

where A is determined by the initial conditions. The 
phasor, w,, is obtained by solving the equation 

M(io)w, = 0. (17) 

Systems having identical channels 
If all the parallel boiling channels in the system are 

identical (i.e. Gi(s) = G(s) and C,(S) = C(S), for all i), 
then equation (15) reduces to 
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C(s)@” - ’ (s) = 0. (18) As = s--s” (24) 

Equation (18) yields two sets of solutions. The first where so is a solution of the characteristic equation 
set satisfies the equation for k = k” = kin all channels. 

1 
To first order, the transfer functions G, = G(s, k,) 

C(s) g G,(s)+ -G(s)+ E(s) = 0. 
N 

(19) and C, = C(s. k,) in equation (15) are given by 

Since G,(s) = G(s), and remembering that the phasors 
are only determined to an arbitrary constant, we may 
choose nzi = 1, thus the corresponding phasor, w(“), for 
any solution, s,. of equation (I 9) is given by equations 

(13) as 

(2%) 

(25b) 

Wln) = (l,l..... I)‘. (20) where superscript ‘0’ means evaluated at s = 5’ and 
k = k” = k. 

Equation (20) indicates that for this mode, all parallel 
channels asymptotically oscillate in-phase with the 
same amplitude. 

Channel-to-channel stab&l, 

The second set of solutions of equation (18) satisfies 
Let us now consider the ‘out-of-phase’ modes, 

the equation 
corresponding to the characteristic equation 
Go = G(s”, k”) = 0 in the identical channels case. 

G(s) = 0. (21) Combining equations (2.5) with equation (15) yields 

This is just the characteristic equation of a single 
boiling channel subjected to a constant pressure drop 
boundary condition. The components, w~“‘~ of the 
corresponding phasor, w”), must satisfy equation 
(12). That is, since C,(s) = C(s), we have for the out- 
of-phase components 

(22) 

Equation (22) is the only restriction that the phasor 
w(“) must satisfy. which means that there are N- I 
degrees of freedom. In fact w’~) can be thought as’an 
‘out-of-phase’ subspace of dimension N- 1. This is 
similar to a semi-simple degeneracy in the classical 
matrix eigenvalue problem. Physically it means that 
any mode which satisfies the constraint given by equa- 
tion (22) is possible. Thus we see that the mode of 
oscillation is entirely determined by the initial per- 

turbation. 

x 

Taking only the lowest order terms leads to 

(27) 

The functions iiG/ak(” and aG/a.si” are known pro- 
vided that the solution of the identical channel system 
is known. Thus the only unknown is As. Equation 
(27) is a polynomial of order (N-l), which gives 
(N- 1) roots, Ascnl (n = I, 2.. . N- 1). 

Let us define a new variable. k’“‘, such that 

?G 0 

PARAMETER PERTURBATION ANALYSIS 

Let us now consider a system consisting of similar 
Ak’“’ = k’“’ _k = __ ?_. As, 

c?G1° 
(28) 

parallel channels differing slightly in the value of one 
parameter, k (e.g. power level, inlet loss coefficient, 
channel diameter, etc.). It is not unreasonable to 
assume that the solution of this problem will be similar 
to the solution of a system of identical channels. 

Let us define the deviations from the average value 
of the control parameter 

N 

I?= c k,lN 

as 

Ak, = k,-l?. (23) 

For a given set of Ak;, any solution of the charac- 
teristic equation. equation (15), is perturbed as 

Combining equations (23), (27) and (28) we see that 
k’“’ is the lath modal solution of the characteristic 
equation for the ‘out-of-phase’ modes 

-f n (k, - k”‘)) = 0. (29) 

Equations (28) and (29) lead to (N- 1) solutions 
of the characteristic equation, equation (24). The mul- 
tiple solution, so, which occurs in the identical chan- 
nels case splits into (IV- 1) different values, cor- 
responding to the various values of k’“‘. Using 
equations (24) and (28), these solutions can be written 
as 
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aGl” 

p dkl = SO_ _(k’“‘--kO). 

aGl” 
(30) 

To understand the physical meaning of equation 
(30), let us consider the characteristic equation of a 
single channel subjected to constant pressure drop 
boundary condition 

G(s,k) = 0. (31) 

Equation (31) defines a curve, s = f(k), in the planes- 
k, passing through the point (so, k’). If the parameter k 
changes from k” to kc”), we have, to first order 

s=s”+$‘(k’“‘-k’). 

Differentiating equation (3 1) yields 

(33) 

Thus from equations (32) and (33) 

Comparing equations (34) and (30), we see that, to 
first order, each s(“) can be thought of as being the 
solution of the characteristic equation 

G(s, kc”‘) = 0 

where k(“) is given by equation (29). 
Dividing equation (29) by 

(35) 

, fi, 6% - k’“‘) 

we have 

&$=o. 
Figure 2 shows the left-hand side of equation (36). It 
can be seen that all the solutions kc”) of equation (29) 
are such that 

(37) 

where the ki are ordered from smaller to larger values. 
Equation (35) leads to an important conclusion 

concerning the analysis of parallel boiling channel 

Fto. 2. An evaluation of equation (36). 

instabilities. That is, to first order, the stability of each 
mode in coupled channel-to-channel oscillations is 
equivalent to the stability of an equivalent single 
channel subjected to a constant pressure drop. The 
parameter of the equivalent channel is given by equa- 
tion (29). This observation is very significant since it 
greatly reduces the complexity of the analysis 
required. 

Moreover, knowing how a certain parameter affects 
the stability of a single channel, one can predict which 
mode will be more unstable, and thus prevail 
in coupled channel-to-channel oscillations. Finally, 
equation (37) indicates that any channel-to-channel 
oscillation mode, is as stable as, or more stable than, 
the most unstable channel, and as unstable as, or more 
unstable than, the most stable one. 

Another significant conclusion is that, to first order, 
the external loop does not influence the stability of 
coupled channel-to-channel oscillations. The influ- 
ence of the external loop on the stability of channel- 
to-channel oscillations is a second-order effect and 
thus will only be seen for large differences between the 
channels. 

Channel-to-channel modes of oscillation 
For a system of identical channels, it has been 

shown that there exists an ‘out-of-phase’ subspace of 
order (N- 1). This subspace is defined by equation 
(22). When the channels are not identical, the multiple 
root, so, of the characteristic equation splits into N- 1 
different values, s(“). Each of these solutions deter- 
mines one corresponding phasor, w(“), in the ‘out-of- 
phase’ subspace. Moreover, due to the interaction 
with the loop, w(“) may contain a small component of 
the corresponding phasor of the in-phase mode. Thus, 
to first order, the ‘out-of-phase’ phasor, w(“), can be 
partitioned as 

WC”) = wO’“‘+&(l, 1,. . , 1)T (38) 

where the in-phase phasor from equation (20) has 
been used in conjunction with E, an unknown small 
parameter. The first term in equation (38) represents 
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an out-of-phase phasor and the second term rep- 
resents the in-phase component due to the loop inter- 
action. Combining equations (25a), (38) and (I 3). and 
recalling that G” = 0. we have, to first order 

where the products aA. and aAki are assumed to be 

second-order terms. Using equation (28) to eliminate 
As in equation (39) gives 

(k, _ k’“‘),~‘;““’ = (k, _ k’“‘)n.Y’“’ (40) 

Remembering that w(“’ is only determined to an 
arbitrary constant. we may choose 

such that equation (40) yields 

It is interesting to note that 

is in genera1 a complex number and, as a consequence, 
a phase shift between the parallel channel oscillations 
may be introduced through interaction with the loop. 
This is in agreement with the numerical results 

obtained by Lahey et al. [ 1 I] where a noticeable phase 
shift was evident in the channel-to-channel oscil- 
lations interacting with an external loop. 

‘In-phase’ mode of osciliution 
Let us now consider the in-phase mode of oscil- 

lation corresponding to the characteristic equation, 
C(.s’. k”) = 0. Combining equations (25) and (I 5) 
yields 

It can be seen from equations (22), (36) and (41) 
that w’(*) belongs to the out-of-phase subspace 

Combining equations (25b), (38) and (41) with 
equation (11) yields 

(42) 

Taking only first-order terms. gives 

A 

i 
1 P&f (43) 

,= I 

Remembering that Ak, = k, - k = k, - k’“’ + k-‘“I -k. 

equation (36) can be combined with equation (43) to 
give 

Thus 

1 Xl” 
a: = - C’ Pk 1 (45) 

The coefficient. a, quantities the interaction with the 
loop. 

The nth mode of oscillation can be estimated by 
using equation (38) in conjunction with equations 
(41) and (45). That is 

x n (GO+~jlAkj+;‘[A~)=(). (47) 
IFi 

Taking only first-order terms yields 

f?C (’ 

i?k ,” 
As = - ~~~ c Ak, = 0. 

WI0 , I 
(48) 

Equation (48) implies that s = sO. Thus, to first order, 
the solution of the characteristic equation of the in- 
phase mode is the same as in a system of identical 
channels with k = E. In other words, the stability of 
the in-phase mode of a boiling loop consisting of 
parallel channels with different parameters, k,, is to 
first order, just the stability of the loop coupled with 
a single equivalent channel. The parameter k of this 
equivalent channel is the simple average of all chan- 
nels (F). 

The corresponding phasor win’ can be calculated by 
combining equations (13) and (25a). Recalling that 
AS = 0 from equation (48). we have 

(,“+;i”Akj)i.vi = [G’+;(“Ak,j..,. (49) 

Remembering that w, is only determined to an arbi- 
trary constant, we may choose 

such that equation (49) yields 
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“Out-of-phase” Phasors 

- Identical channels 
-----*AKi = 10 
-a- AK, = 15 

FIG. 3. Out-of-phase phasor dependence on variation in inlet 
loss coefficient. 

1 
wi = ----. 

l+$gaAk, 

(50) 

To first order, equation (49) yields 

0 

wf= J-;-; Ak,. 
IO (51) 

The term on the far right of equation (51) represents 
the relative variation, AG,/G’, of the single channel 
transfer function, G(k,s), at constant s = so, for an 
imposed variation, Ak, in the parameter k from k = E, 
It should be noted that this term is in general a com- 
plex vector, and therefore some phase shift may occur 
due to the interaction with the channel-to-channel 
oscillation modes. 

APPLICATIONS 

Systems qf two channels 
For a system of two channels, the oscillation modes 

are given by equations (11) and (13). The phasor 
corresponding to the ‘in-phase’ mode is given by 

G2 
Wj” = 0 G . 

On the other hand, equation (51) gives a first-order 
estimate of the ‘in-phase’ phasor 

w,, = (~)+~~~Ak(~‘) (5% 

where Ak = k,-&=l--k,. 

The phasor corresponding to the ‘out-of-phase’ 
mode is given by 

On the other hand, the first-order estimate of the ‘out- 
of-phase’ phasor is given by equation (46), that is 

w*,,= (;‘)+~~i”c). (W 

“In-phase” Phasors 

- Identical channels 
--+ AU, = 5 
----'AK,= 10 

FIG. 4. In-phase phasor dependence on variation in inlet loss 
coefficient. 

phasors wi, and w,,, change as the difference between 
channel inlet loss coefficients increase. An asymmetry 
in oscillation amplitudes as well as some phase shift 
can be noted. A system with a downcomer and riser 
coupled with two channels was also considered. The 
transfer functions C(s) and G(s) were derived fol- 
lowing the procedure shown in the Appendix. The 
results are given in ref. [I 11. 

Figures 5 and 6 show an example of the variation 
in the phase shift between channel oscillations in the 
case of channels with different power skews and 
different inlet loss coefficients. A comparison with the 
exact calculation of the phase shift, equations (52a) 
and (53a), is also shown. It can be observed that 
the method presented herein constitutes a very good 
approximation. 

System with many stable channels 
Let us consider now a case with N identical stable 

channels in parallel with an unstable channel. In par- 

- Present Approximation 
--- Exact Solution 

Qe-iS 
- 

Q 

FIG. 5. Variation in phase shift of in-phase and out-of- 
phase modes to power skew. Figures 3 and 4 show an example of how the 
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_ Present Approximation 
--- Exact Solution 

‘.,n-phase” Mode 

Kz- i? 

R 

FIG. 6. Variation in phase shift of in-phase and out-of-phase 
modes to differences in inlet loss coefficients. 

titular, let us analyze the stability of channel-to-chan- 
nel oscillations. Equation (29) gives 

(k,, -P’)“- ’ [k,, -(N- 1)k”” -N/P] = 0. (54) 

There are (N- I) solutions k’“’ = k,, of equation (54) 
corresponding to the characteristic equation 

G(s, k,,) = 0. (55) 

All the solutions of equation (55) have negative real 
parts since it is the characteristic equation of a single 
stable channel with constant pressure drop boundary 
condition. 

The other solution of equation (54) is 

The corresponding characteristic equation of cqua- 
tion (56) is 

G(k”“’ ,s) = 0. (57) 

It can be noted that as N tends to infinity, F“” tends 

to k,,. and equation (57) corresponds then to the 
characteristic equation of the unstable channel sub- 
jected to constant pressure drop. 

CONCLUSIONS 

Systems consisting of parallel boiling channels 
coupled with an external loop have been studied. The 
theory of parameter perturbation was applied to 
quantify the instability modes which can occur in 
systems with different channels. Simple analytical 
expressions to analyze the stability and the oscillation 
modes of parallel channel systems were found. Com- 
parisons made against exact solutions show good 
agreement, even for large differences between 
channels. A notable achievement of this work is the 
considerable reduction in the analysis required to cal- 
culate the stability of complicated boiling systems. 

Concerning the modes of oscillation, it was shown 
that for identical channels the system can oscillate 
with all channels in-phase with the external loop, or 
with the channels oscillating out-of-phase, while 
maintaining a constant tlow in the loop. If the chan- 
nels are different, these two modes begin to interact, 
and complicated modes involving coupling between 
the channels and the loop can be formed. 

This study on channel-to-channel oscillation modes 
explains the disagreements arising in different exper- 

imental data. In effect. the oscillation mode is dcter- 
mined by the phasor w” given by equation (41). How- 
cvcr. the mode which occurs is strongly dependent on 
small differences between channels. 

It is recommended that future dcvclopments in this 

field focus on performing experiments which quantify 

the differences between the channel’s parameters. It 
would be interesting. for example. to obtain data from 
multichannel experiments to assess the limits of equa- 
tion (41) as the differences between channels increase. 
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The total pressure drop, Ap, can be calculated by integrating 
the momentum conservation equation over the whole chan- 
nel. That is 

15. 

Ap = p; +pu; + j-pd+gp 
> 

dz. (A14 

APPENDIX A. TRANSFER FUNCTIONS OF A 
BOILING CHANNEL 

Consider one of the boiling channels shown in Fig. 1. In 
the single-phase region the mass and energy mixture con- 
servation equations are 

Equation (A12) can be linearized and integrated using equa- 
tions (A3), (A4), (A9), (AIO) and (All). Partitioning the 
different terms of the momentum equation, we obtain 

6Api = 6 
L apu s - dz = p,l,sSui 
0 ar aw 

aZ 
+spfz(-- 1)6u,+Q~p:uoi~oz - $ 61 

fE ( ) ah ah , 
A~,~+w~=q. G42) 

_ 2p;a,ih’, [I(-” -‘(-‘)‘,a 
S-R e (A13a) 

e 

Linearizing and integrating equations (Al) and (A2) in space 
yields 

Gh,,(z,s) = $ .()I exp -E -1 MS) s 6App, = 6 s L apu= 
o dZdz = -2p,u,,6u, + 2p+,,6u, + &6p, 

(A13b) 

6Ap, = G(K,p&) = 2Kipfu&, (A13c) 

6Ap, = 6(K,p,u.2) = 2K,pruoik +Ku&Gp, (A13d) 

6Apr= fS 
s 

Lpu2dz=2fpfuo,&6ui+2fptuo,(L-i.,)6u, 
0 

+exp E 6hi(s). (A3) 
0 

In the linear approximation the perturbation of the boiling 
boundary is given by 

&a(s) = - $5h&,s). 

In the two-phase region, the mass and energy conservation 
equations are 

A?!+!!=,, 
at aZ 

_ il(l-d +~o-“l, 1 (A13e) 

S--G e 

ah ah , 
Apz+wz=q. 

For a homogeneous mixture, the enthalpy and the density 
are related by 

647) 

_l”‘-&z(2)]~,_~ (A13f) 

S-R e 

Combining equations (A5)-(A7) yields 

au 4’ ofg A R 

-=--_ 

i3.z A h, w3) 

Integrating equation (A8) in space yields 

6u&, s) = 6&(S) -&51(s). (A9) 

Similarly, equation (A6) can be linearized and integrated to 
give 

where 

6u, = 6Ui - nsn 6414) 

(AIS) 6p, = p:.Fh’,Gh,,(L,s). 
k 

uo(4 
[ 1 

W-SW 

Sh,,(z,s) = - 
%I 

6h(&, s) The auxiliary function, Z(x), is defined as 

Z(x) 4 = uo(4 SC 1 10 ugi dz 

if,xf -1 

(A16) 

21, I+E(L-1,) 
[ 1 if,x= -1. 

Using equation (A7) the perturbation of the two-phase den- 
sity can be expressed as 

urs Gp(z,s) = -p;(z)--h(z,s). 
h (8 

(All) 
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UNE ANALYSE DE STABILITE ET DES MODES D’OSCILLATION DANS DES 
BOUCLES MULTICANAUX D’EBULLITION PAR DES METHODES DE 

PERTURBATION 

R&s.nm&On &die des systimes de canaux paralleles d’ebullition couples avec une boucle externe. On 
applique la theorie de perturbation avec operateurs d&pendant lintairement des parambtres. Cette mdthode 
permet l’analyse des systemes asymetriques. Des criteres analytiques sont trouves qui reduisent grandement 
la complexitt de l’analyse des canaux paralleles couples. En outre, il est possible par cette analyse d’expliquer 

plusieurs resultats apparemment contradictoires dans les experiences. 

ANALYSE DER STABILITAT UND DES SCHWINGUNGSVERHALTENS IN 
ANORDNUNGEN AUS PARALLELEN VERDAMPFUNGSKANALEN IN EINEM 

UMLAUFSYSTEM MITTELS STORUNGSVERFAHREN 

Zusammenfassung-Es werden Anordnungen aus parallelen Verdampfungskanalen untersucht, die Teil 
eines Umlaufsystems sind. Dabei wird die Theorie der Stiirung von parameterabhlngigen linearen 
Operatoren angewandt, wodurch die Untersuchung asymmetrischer Systeme ermijglicht wird. Einfache 
analytische Kriterien werden ermittelt, die die Komplexitat der Untersuchung von gekoppelten parallelen 
Kanllen stark vermindern. AuDerdem ist es mit dieser Untersuchungsmethode miiglich, viele der 

scheinbar widerspriichlichen frilheren Versuchsergebnisse zu erklaren. 

AHAJIki3 PEmMOB YCTOftVkiBGCTM M KOJIE6AHH~ B MHOFOKAHAJIbHbIX 
HCI-IAPHTEJIbHbIX KOHTYPAX METOJjAMW B03MYIIIEHHII I-IAPAMETPGB 

M-Ha OCBOBe TeOpEH BO3MyIIJeHan 3aBHCAMbIX OT IIapaMeTpOB JDiHehbIX OWpaTOpX,B UCC- 

nenyeTcr cmTerd* cocrofmwi I13 napa.nnmbHba sicuapwexbwoc K~H~JIOB E miemiero Kowypa. 
MeroA IIo~BOJI~J~T npoBomiTb amJm3 acsihihfeTpEwbxx cwreM. Hail.uewI npocrare afIaxtfrwxcK~e 
KpuTepmi, ~sHa~TenbHoBcreneAeynpo~~~ea~~cnapeHahocna~~wocKaaanoB.AHan~3 
l-IO3BOJIKeT 06%rr- MHOTSie A3 paIiee l'lOJIy'teHHEJX KaXCymAXCX ~OTEBO~'iHBbIK 3KCUepBMeHTa,Ib- 

HbtXpe3yJlbTaTOB. 


