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ABSTRACT 

Pressure suppression systems in boiling water 
reactors a r e  designed to condense a largearmunt of 
steam very rapidly by injecting it into a pool of water. 
It transpires that such condensing flows a r e  unstable 
and can lead to large oscillatory pressures on the 
walls of the containment system. This paper presents 
a theoretical model whose purpose i s  to attempt to 
understand why these flows are unstable and to extract 
the important parameters and frequencies pertaining to 
the instability. A simple linear dynamic model i s  con- 
structed comprising linear transfer functions for (i) the 
unsteady steam flow in the vent (ii) the condensation 
interface and (iii) the pool hydrodynamics. The analysis 
demonstrates the existence of both stable and unstable 
regions of operation defined by several non-dimensional 
parameters including the ratio of the steam flow rate 
to the effective thermal diffusivity in the water just 
downstream of the condensation interface and the 
frictional 10s ses in the vent. Instability frequencies 
are in the vicinity of the vent acoustic frequencies or 
the pool manometer frequency depending on the con- 
ditions. Though the qualitative dynamic behavior of 
the model i s  consistent with the experimental ob- 
servations, quantitative comparison is hindered by 
difficulties in accurately assessing the effective 
thermal diffusivity in the water. Nevertheless the 
model provides insight into the nature of the instability. 

NOMENCLATURE 

Downcomer cross-sectional area. 

Interface surface area. 

Pool surface area. 

Pool streamtube cross-sectional area. 

= A /A I D 
Sonic velocity of steam in downcomer. 
Compliance of the pool. 
Typical thermal mixing length in liquid. 

= I 'PIZR 
2 = fM/(l-M ) 

Downcomer friction factor. 
Acceleration due to gravity. 
A thermodynamic property 

Mean height of interface above downcomer exit. 
Subscript denoting position. 
Interfacial shunt impedance 
System input impedance 

Imaginary unit 
Interfacial impedance constant. 
Downcomer length 

Inertance of pool. 
Mass flow rate per unit cross-sectional area 
of downc ome r . 
Mach number, %/c 

A thermodynamic property. 
Pressure 
Radius of downcomer 

Radius of interfacial bubble. 

Denotes real part of argument. 
Position along pool stream tube. 
Time 

Mean liquid velocity. 

Mean steam velocity in downcomer 

Downcomer transfer function. 

2 
A reduced frequency = Q/c(l-m )=TW/U 
Eig envalue s 

Inertance ratio, p LL/p VI 

Thermodynamic factor Kc : /I6 

Saturated liquid (water) density. 

Saturated vapor (steam) density. 

Frequency ratio, nD/Rp 

A reduced frequency = W n p  . 
Frequency 
F i r s t  downcomer acoustic frequency(half-wave) 

=ac(l-M2)/l 1 

Pool manometer frequency, (g/ L)' 

Tilda denotes fluctuating quantity. 

Overbar denotes mean flow quantity. 

1 . INTRODUCTION 

Pressure suppression systems a r e  incorporated 
into boiling water reactors in order to minimize the 
build up of pressure in the containment system follow- 
ing a hypothetical accident in which large quantities of 
steam escape into the "drywellIt which contains the 
pressure vessel. They consist of vent pipes leading 
from the drywell to a tlwetwelltt partially filled with 
water in  which the ends of the vents a r e  submerged 
(Fig. 1). The intention i s  to condense the steamforced 
into the water and thus greatly reduce the final pres- 
sure  within the drywell and wetwell following comple- 
tion of a blowdown. 

A number of difficulties with the operation of pres sure 
suppression systems have been encounteredin experi- 
ments designed to establish their performance. Some 
of these a r e  associated with the early phase of a blow- 
down in which the gas forced into the pool is  predom- 
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Figure 1. Schematic of a pressure suppression system 
in a boiling water reactor. 

inantly air (originating in the drywell). However the 
problem considered in this report occurs later when 
the gas is predominantly steam. It transpires that 
under certain conditions the process of rapid steam 
condensation a t  an interface in the neighborhood of the 
vent (downcomer) exit becomes unstable, causing sub- 
stantial oscillation in the position of the interface and 
significant pressure oscillations within the entire sys- 
tem. These oscillations take a number of forms. 
Under some conditions they are  dominated by frequen- 
cies close to those of the downcomer acoustics. How- 
ever, these so called "condensation oscillationsI1 are 
generally less severe than the second kind which occur 
at  lower frequencies (typically 1/4 to 2 Hz) and have 
been termed 18chugging1t. The latter exhibit substantial 
non-linearity to the extent that each ltchugll can almost 
be considered as a separate event which proceeds as 
follows. When the interface is  within the vent, thermal 
diffusion is inhibited, the interface temperature in- 
creases and the interface is  forced out of the end of the 
vent. Then the enhanced interfacial heat transfer leads 
to a rapid inward collapse of the interface. This col- 
lapse causes substantial pressure spikes within the con- 
tainment which decay as the interface settles downwith- 
in the vent prior to repeating the process. Though the 
occurrence of chugs is  rather random the typical period 
between chugs does appear to be close to that of mano- 
meter-like oscillations of the water in the pool and vent. 

There now exists a substantial quantity of data from 
tests designed to place operational limits on the con- 
tainment loads generated by such oscillations and to in- 
vestigate the governing parameters of the oscillatory 
phenomena (submergence, pool temperature, steam 
flow rate, etc. ). Unfortunately much of the specific 
data i s  proprietory. There are also a number of analyt- 
ical models in which chugging has been reproduced nu- 
merically (Ref. 5.7) .  However none of these model 
calculations shed much light on why and under what 

gate this latter question. The emphasis here is  not on 
any attempt to model the large amplitude, highlyTn- 
linear processes such as chugging. Rather, we shall 
restrict attention ta an examination of the stability of 
the system and to evaluating the domains within the 
parametric space which are stable or unstable in var- 
ious frequency ranges. The procedure will therefore 
consist of an examination of small linear perturbations 
on a given steady condensing flow in a pressure sup- 
pression system. 

2 .  DOWNCOMER AND POOL SYSTEM DYNAMICS 

In this section we seek to construct a simple linear 
dynamic model of a pressure suppression system com- 
prised of a single downcomer. The purpose i s  to in- 
vestigate the linear stability or instability of assumed 
mean flow conditions in the system. The mean flow 
considered will be characterized by a mean mass flow 
rate of steam per unit cross-sectional area of thedown- 
comer and a specific position of the condensation inter- 
face. If the interface is  within the downcomer i ts  posi- 
tion is  denoted by th axial distance, h, from the inter- 
face to the exit of the interface. If the interface is  out- 
side the downcomer the situation is  less readily defined 
and will be dealt with later. 

The linear dynamics of this system will be studied 
by considering its response to oscillatory perturbations 
of frequency, ~2 , imposed at the downcomer entrance. 
The resulting fluctuating pressures and fluctuating mass 
flow rates per unit downcomer cross-sectional area 
are  denoted by 

'Rt Re {~~ej" '  ) and ~e { fhieJ j . 
The quantities "p and d. are  considered to be 

small in order for th2 linear pkrturbation analysis to 
be valid; they a re  complex in general and vary with 
position in the system designated by the subscript i 
( i  = 1,2,3,4; see below). The dynamics of the flow 
between any two positions, say I and J , can then be 
represented by a transfer matrix [Y], where 

and [Y] will in general be a function of the frequency, 
R . and the mean flow conditions in that section. 
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Figure 2 .  Breakdown of the pressure suppression 
system dynamics into individual components. 
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The dynamics of the suppression pool system will 
by synthesized by separating the flow into three com- 

- ponents depicted in both Figs. 1 and 2: (i) the steam 
flow between the downcomer entrance (position 1) and 
a position immediately upstream of the condensation 
interface (position 2), (ii) between position 2 and posi- 
tion immediately downstream of the condensation inter- 
face (position 3) and (iii)betweenposition 3 and the wet- 
well airspace (position 4). For convenience the dyna- 
mics of each of these three elements will be referred 
to as the downcomer, interface and pool dynamics re-  
spectively; transfer matrices for each will be synthe- 
sized separately and then the stability of the whole 
system investigated. 

3. DOWNCOMER DYNAMICS 

The downcomer can be modelled using the trans - 
fer matrix for compressible flow in  a straight uniform 
pipe. Two cases a re  utilized herein. Firstly, in the 
absence of fluid friction the transfer matrix for com- 
pressible flow in a uniform pipe i s  (see Ref. 1) 

Yll  = (cos 9 + jM sin 8)ejm 

Y2, = (cos 8 - jMsin 9 ) J e M  

where iiS is  the typical mean steam velocity in the 
downcomer, M the corresponding Mach number, - 
us/c, and 8 i s  a dimensionless frequency - - i? fU,,/c(l - M ); here lD is the length of the down- - - 

comer vent pipe. For simplicity we shall neglect the 
change in the "effectivett length of the downcomer 
caused by changing the mean interface position and, put 
P = ID. 

When the hydraulic resistance to steam flow in  the 
downcomer i s  included it is necessary to solve a quad- 
ratic dispersion relation for K = K K as follows: 1' 

* 
where f is the frictional term (see below). Then in 
terms of the average velocity along the pipe, Tis, the 
transfer matrix i s  approximately given by 

Dynamic analyses will be presented utilizing both 
the frictional transfer matrix and the s im ler  friction- 
less form. The frictional parameter, f { is g?ven 
in terms of an estimated friction factor, f ', for  the 
oscillatory steam flow in the downcomer by the relation 

* fM where f = f = f ' l  

( 1 -M ZK 

Typical incompressible steady flow values will be used 
for f '  . 
4. INTERFACE DYNAMICS 

The next element i s  the interface. Even for 
steady flows the heat transfer and two-phase flow proc- 
esses occurring at  the interface may be rather com- 
plex; thus i t  is difficult to predict the quantitative dy- 
namics of the interface with any confidence. However, 
guided by a dynamic analysis of a simplified phase 
change boundary (Ref. 1; see also Refs. 2 and 3) we 
anticipate that the qualitative dynamics of the interface 
will be as indicated in Fig. 2. The mass flow rate 
amplification is such that "mg = &*(p L/p V) where 

p L/p is the ratio of saturated liquid to saturated 

vapor density at the mean interface temperature or 
pressure (see Ref. 1 ,  Fig. 5). The impedence, I , 
to ground i s  given by 

where K depends on (i) the ratio of the actual inter- 
face area, to the cross -sectional area of the down comer,'!^ , denoted by B = AI/AD (this could 

- - 
be quite large if the actual interface is convoluted and 
bubbly); (ii) on the degree of enhancement of the heat 
transfer in the neighborhood of the interface due to 
turbulent mixing. In the absence of such turbulent miY- 
ing the value of K is given by BM* where M* is a 
function only of the me$n interface temperature and was - 
plotted in units of s ec2 / m  for different fluids inRef. 1. 
If, on the other hand the heat diffusion i s  dominated by 
turbulence rather than fluid conductivity the Value of 

4 
M is better estimated a s  PLGL(iiLd)' where EL is 

the typical mean flow velocity of the liquid (GiSp V/pL) , 
- 

d is the typical midng length and GL is another 

thermodynamic quantity which i s  also pres epted in 
Ref. 1. It should be stressed that the principal un- 
certainty in the model of the interfacial dynamics is the 
effective thermal diffusivity of the liquid which deter - 
mines K and therefore the impedance I; there is 
clearly a need for experiments to evaluate these quan- 
tities. 

The pressure amplifier has an amplification factor 
of 

It transpires that this amplification i s  essentially 
unity and the effect of the pressure amplifier on the 
system response is very small except at downcomer 
Mach numbers approaching unity and/or at  very high 
frequencies (see Ref. 1). 

5. POOL DYNAMICS 

It remains to model the third component, the sup- 
pression pool itself. Like any pool or manometer its 
dynamics a re  comprised of inertial and compliant 
elements, L and C , in series  a s  indicated in Fig. 2. 
Note that if the interface were at  constant pressure 
(i.e. grounded) the subsequent natural frequency of the pool 
alone, np, would be ~ / (Lc )& . The inertive element, 



L, rcnresents the Fressure difference due to the ac- average by the bubble is 

celeration of the iluid between positions 3 and 4; the 
cornc!iant element, C,  represents the prasscre dif- EV cLg(dh + -- ) 
ference caused by the quasistatic displacement of fluid A~ 
in the presence of gravity. Each stream-tube beginning 
just downstream of the interface and ending at the free 

It follows that the pool compliance is surface of the pool has an inertance based on mass flow 
rate per unit dbwncomer area given by 

If the pooi free surface area is large compared with 
AD the major contributions to L arise from the liquid 

column within the downcomer (if any) and from the ex- 
panding source-like flow at  the vent exit. When the 
interface is within the downcomer (Fig. 3a) these two n STEAM 
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Figure 3.  Condensation interface position models for 

the analysis of the pool dynamics (a)mean 
position of interface inside the vent (b)mean 
position of interface external to the vent. 

contributions can be estimated to be approximately h 
and R respectively. Furthermore, since a downward 
displacement 6h in the interface position under these 
circumstances simply leads to an increased pressure 
difference between positions 3 and 4 of p Lgdh the com- 
pliance, C, based on mass flow rates per unit down- 
comer i s  l l g .  Thus in the simpler case in which the 
interface is within the vent (and pool surface area>>AD) 

Sensible estimates in the case in which the inter- 
face is outside the downcomer exit a re  less readily ob- 
tained since they depend upon the form and position of 
the interface. As a first approximation one could as- 
sume a spherical bubble interface (Fig. 3b) of surface 
area,  A, . Since the inertance surrounding a spherical 

A * 0 
bubble of radius R is AD/4rR the inertance of the 

pool would then be L = A ~ / ( ~ I T A ~ ) ~  . The pool com- 

pliance, C . for this case is more uncertain since it 
depends upon the extent to which the center of the vol- 
ume of the bubble moves up and down during oscillatory 
contraction and expansion. The calculations would pro- 
ceed as follows. Suppose that during a short time in- 
terval within a cycle of oscillation the volume of the 
bubble increased by F.V. If the center of the volume i s  
displaced downward by a distance 6h then the net in- 
crease in hydrostatic pressure experienced on the 

To correlate this with the value of 1 /g when the 
interface i s  within the downcomer note that under those 
circumstances A 6h16V = 1 and the small factor D 
AD/A, could be neglected. However when the inter- 

face i s  outside the downcomer is quite possible that 
A 6hI6V may become very much less than unity. D 
Thus the compliance can be very much larger than in 
the internal interface situation. The most convenient 
way in which to generalize this effect upon the com- 
pliance i s  to regard the quantity g a s  the acceleration 
due to gravity when the interface is within the vent and 
as some "effective" value less than the acceleration 
due to gravity for the case in which the interface i s  
external to the vent. 

In general the pool dynamics should also include 
some frictional resistance relevant to the water flow 
in the downcomer and at its exit. This has been omit- 
ted in the present model since the dominant frictional 
effect will be that of the steam in the downcomer. 

In summary, the inertance as represented by L 
will increase and the compliance as represented by 

1 will decrease as  the interface moves from a posi- 
s i n  outside the vent to one within the vent. Hence he 
trend in the "natural frequencyt1 of pool, D =(g/L)k , 
may not be a simple one. P 

6 .  SYSTEM RESPONSE 

The input impedance, I of the pressure sup- 
pression system modelled ins Fig. 2 i s  

where ur i s  a convenient reduced frequency given by 
n/np . Furthermore if R,, denotes the acoustic reso- 

nant frequency of the downcomer (the half-wave fre- 
quency in radianslsec), i.e. 

it follows that in the expressions (2), (4) for the Y 
matrix elements 0 = ~ ~ 1 0  where a i s  the ratio 

%Inp . 



The primary non-dimensional parameters appear- 
ing in the above expression for the input impedance are 
(i) 0 = Q l n  (ii) the Mach number, M, which is the 

D. D 

non-dimensional form of the mean flow rate, (iii) the 
downcomer friction parameter, f, (iv) the parameter, 
a, and (v) the parameter, y, given respectively by 

Though cr and y appear most naturally in the expres - 
sion (10) for the input impedance they are  not the most 
convenient parameters from an experimental point of 
view. Hence we define two alternative parameters 
which, in addition to a, M and f, define the para - 
metric space, namely 

and 

The parameter, 5 , is  the only one in the system 
(a, M, 5 , q ,  f) in which the density ratio appears explic- 
itly. For a given geometry i t  therefore varies with 
interface temperature and position (as manifest by L). 
It will be termed the "inertance ratio1! because i t  clear- 
ly is a measure of the relative inertances of the pool 
water and the downcomer steam. On the other hand, 
the thermodynamic factor, 17, is the only one in the 
system (u ,M,5,q , f )  in which K appears. It does 
not depend explicitly on the interface position. How- 
ever in practical circumstances the degree of water 
mixing and the effective thermal diffusivity in the 
water may well be a strong function of the interface 
position. This in turn effects K and thus, implicitly, 
the factor, q . The system response (that is to say 
c IS) is  then a function only of the dimensionless 
parameters w, 5, M, 5 ,  q, and f .  (Relations for a,y 
and T in terms of these parameters are listed in the 
nomenclature) 

The next step is  to determine the stability of the 
system by examining the sign of the resistive or real 
part of the input impedance. If this i s  positive the sys- 
tem dissipates energy and i s  stable; if i t  i s  negative the 
system is  inherently unstable. This can be done most 
readily by numerical evaluation of c IS over a range 
of frequencies, IN, given values of 5, M, 5 , q, and f . 
Results of this kind are presented later. Though it i s  
possible to continue analytic manipulation of the im- 
pedance, the algebra is  exceedingly lengthy in the most 
general case and its presentation is  of little value. It 
is  however of some value to perform further algebraic 
inspection of the results in the simpler case in which 
the downcomer friction is  neglected. Then the im- 
pedance can be written as 

Rationalizing this expression i t  is  observed that the 
sign of the real part of the input impedance is  the same 
as the sign of the quantity, T, where if the T terms 
are  neglected (their effect is  negligible except as M 
approaches unity): 

where it should be recalled that 0 = r c u / O  . Thus the 
system without downcomer friction is stable if I'70 . 
and unstable when T < 0. The last expression is  of 
value in interpreting some features of the numerical 
results which follow. 

7. STABILITY CALCULATIONS 

The case of a frictionless downcomer (f=O) w i l l  be 
studied first  and the effects of f # 0 examined sub- 
sequently. Typical values of the input resistance (or 
real part of the impedance) as  a function of the reduced 
frequency, w ,  are presented in F'ig.4. The case 
shown is  for an inertance ratio. 5 = 1.5, a frequency 

Figure 4. The real part of c 
system impedance 
frequency, w = QE! for $ =  1.5, a= 50, f=O, 
r( = 0.00 1 and various M/q as indicated. 

ratio, = 50 and a value of q = 0.001; results are  
plotted for three different Mach numbers though for 
reasons which will become clear these are designated 
by the values of M/fl= 0.1, 0.2 and 1.0. 

This and other such plots for given 5 ,  a and rl 
exhibit the following behavior. Below a certain value 
of the Mach number the resistance is  positive and the 
system is  stable for all frequencies. There are  peaks 



in this resistance, the first of which occurs at a f re -  
quency somewhat below the l'pool" frequency; the sec- 
ond occurs at  a frequency somewhat less than the "vent" 
acoustic frequency. There is also a succession of fur- 
ther peaks at higher frequencies. This behavior i s  ex- 
emplified by the curve for M/Q = 0.1 . 

As the Mach number i s  increased a value i s  reached 
at which the first peak becomes a trough in which neg- 
ative values of the resistance are  exhibited. Thus the 
system has become unstable over this small range of 
frequencies. The value of M/T at  which this occurs 
(or, more specifically, at which the resistance at  the 
minimum in the f i rs t  trough i s  zero) i s  termed the f i rs t  
critical and has a value of 0.156 in the example shown. 
At this value of M/q the remaining peaks at  higher 
frequencies remain positive. Hence in the absence of 
vent friction the system firs t  becomes unstable at  a 
frequency somewhat below the llpool" frequency . 

As the Mach number i s  further increased (from 
M/q = 0.2 to 1 .0 in the example shown) the second 
peak becomes a trough at a second critical value of 
MlV (0.97 in the example). The system has then be- 
come unstable in a second range of frequencies some- 
what below the vent acoustic frequency. Further in- 
crease in M/r( continues this domino effect in which 
successive peaks become troughs. 

The reason for quoting critical values of M/q is 
that providing MCC 1 (as i t  i s  in most of the pressure 
suppression systems) then the critical conditions a re  
not dependent on M and q separately but involve only 
the ratio M/r( . This result can be deduced from the 
expression (17) for r; when M<c  1, M only occurs 
in front ,of the square bracket and (or q ) only oc- 
curs as  a linear multiplier in the f i rs t  term of the right 
hand side. It follows that the condition for I' = 0 does 
not involve M and q separately but only the ratio 
MI?, . 

The above sequence of events were described in 
the context of an increasing flow rate (M) for a given 
degree of mixing in the pool (given q). However, i t  
may be of crucial importance to realize that the same 
sequence of events would occur for a given flow rate 
(given M) if the degree of mixing or  effective thermal 
diffusivity in the pool were decreased. Such may be 
the case if the mean position of the interface shrinks 
into the downcomer. 

First  and second critical values of M/q and the 
frequencies, w ,  a t  which they occur a re  displayed in 
.Figs. 7,8,9 and 10 a s  funetiens of the inertance ratio, 
5 ,  for various values of the frequency ratio. o, and 
the vent friction parameter, f .  

The effects of vent friction on the frequency r e -  
sponse are  illustrated in Figs. 5 and 6 and a r e  rather 
interesting. As anticipated vent friction i s  stabilizing 
but the relative effects on the first and second criticals 
a re  particularly noteworthy. Figure 5 shows that at a 
value of M/q between the first and second critical for 
f = 0 the addition of a small amount of vent friction 
(f = 0.02) i s  sufficient to stabilize the system. The 
first critical value of M/q is therefore increased a s  
shown by the dashed lines in Fig. 7. This change i s  
very much a function of both 5 and a . The effect of 
a given value of f is much larger the greater the fre-  
quency ratio, a . Furthermore, below a certain in- 
ertance ratio. {, the critical value of M/q for non- 
zero friction departs radically from the frictionless. 
case and increases rapidly with decreasing 5 as in- 
dicated by the dashed lines in Fig. 7. Indeed the value 
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Figure 5. The real part of CIS where IS i s  the sys - 
tem impedance plotted against reduced fre- 
quency for t =  1.5, u = 50, q= 0.001, 
M/q = 0.2 and two values of the downcomer 
friction parameter as  indicated. 

Figure 6. The real part of CIS where I,s is the sys - 
tern impedance plotted against reduced fre- 
quency for 5 = 1.5, = 50, q =  0.001, 
M/r( = 1.0 and two values of the downcomer 
friction parameter a s  indicated. 

1 od 

of the llfirstlt  critical M/q can become larger than 
the value of the critical for c e r t a i n o i c e s  of 
5 ,  o and f .  The result i s  the interesting possibility 
illustrated in Fig. 6. The frictionless system f = 1.5, 
a = 50, MI?, = 1.0 i s  unstable in both the f i rs t  and sec- 
ond critical frequency ranges. The addition of friction 
stabilizes the "firstu critical much more effectively 
and, if f = 0.02,  the result i s  a system which i s  un- 
stable in the second, higher critical frequency range 
but not at  the first critical lower frequency range. 

. . 
NEGATIVE VALUES NEGATIM 

VALUES 
I I 

Furthermore, practical values of f would normal- 
ly be significantly larger than 0.02; a more represent- 
ative situation i s  presented in Fig. 8 for a value of 
f = 0.5.  Here the reversal described at  the end of the 
last paragraph has become widespread and the lower 
frequency "first critical" occurs at  higher values of 
MI? than the higher frequency "second critical" (at 
least for o > 5). Figure 8 also demonstrates that 

0.1 
I 

I 10 50 

REDUCED FREOUENCY. w 



Figure 7. The first and second critical values of 
M/q as functions of the inertance ratio, 
5,  and various a and f as  shown. The 
results are valid for M (and thus rl ) such 
that M is less than about 0.2. 

either a decrease in the frequency ratio, a, or an 
increase in the inertance ratio could cause destabili- 
zation a system with reasonable amounts of down- 
comer friction. 

Finally, a comment regarding the separate effect 
of downcomer Mach number, M, on the results of 
Figs. 7 , 8 , 9  and 10 is  necessary. Most of this data 
was obtained for fixed values of r( of the order of 
0.001 or Q.81; that is  to say for M << 1 . However, 
virtually no change was observed in the results as  q  
was increased (equivalent to increasing M) until Mach 
numbers of the order of 0.3 or so were encountered. 
Thus, the data presented is  considered accurate for all 
Mach numbers less than about 0.2. Above this value 
the trend was toward increased stabilization; one point 
at a Mach number of 0.33 is included in Fig. 8 to de - 
monstrate this. 

8. CONDENSATION OSCILLATIONS AND CHUGGING 

Much data has now been gathered on the operation 
of pressure suppression systems in boiling water re-  
actors; investigation~ on both large and small scales 
have been carried out in Germany, (Ref. 4,6), Sweden, 
U.S.A. and elsewhere. Most of this information i s  in 
the form of transient blowdowns in which the para- 
meters utilized in the above analysis are  varying with 
time. Following the air blowdown phase which i s  not 
being studied here the blowdown traverses some line 
within the parametric space M, a, 5 ,  q (assuming that 
if f is relatively constant). Our objective here will 
be to examine the nature of a typical traverse and to 
try to understand the observed phenomena (see section 
1) in the light of the analytical results of the last section. 

u.5 ----> -----.---.- 
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Figure 8. The first  and second critical values of M/q 
as functions of the inertance ratio, 5, for 
a friction parameter f = 0.5 and various U. 
One point (Q) is  shown for q =  0.05, M=0.33 
to indicate the nature of the departure of the 
results at  high Mach number from the curves 
shown. 
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Figure 9. The first  critical frequency plotted against 

the inertance ratio. 5 ,  for various U,f 
and for Mach numbers less than about 0.2. 

Toward this end it i s  instructive to choose nurneri- 
cal values from a typical blowdown test facility. Tak- 
ing a 25m. downcomer (P=ZSm.) with a diameter of 
0.5m. and a reasonable friction factor, f', of 0.01 i t  
follows that f = 0.5 and thus the discussion will center 
on Fig. 8. For a typical downcomer steam sonic ve- 
locity of 500m/sec the Mach number M will decrease 
from a maximum of about 0.1 to zero as the steam 
blowdown proceeds (this corresponds to a typical steam 
flux of about 30 kg/m2sec). Also for a typical 
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Figure 10. The second critical frequency divided by 
o plotted against the inertance ratio, 5 . 
All values calculated for o = 5450, 
f = 0 '0.5 and rl up to 0.1 coincided very 
closely with the single line indicated. 

interface temperature of about lOOOC and a typical 
pool inertance, L, of one vent diameter it follows 
that 5 = 33. However, early in the steam blowdown 
phase the interface is  usually observed to be outside 
the vent suggesting that., under these circumstances 
(see section 5) the value of I may be of the order of 
5 increasing to about 30 as  the steam phase progresses. 
Examining Fig. 8 we observe that this could be a de- 
stabilizing factor as  far as the low frequency first 
critical is concerned; however i t  must also be borne 
in mind that M/q and perhaps a are also changing 
during this time. 

Typical downcomer half wave frequencies are of 
the order of lOHz and typical pool frequencies range 
from 114 to 1Hz; it follows that the relevant range of 
o is of the order 10-40. In section 5 we discussed 
the difficulty of determining how Rp varied with inter- 
face position. In the absence of resolution of this dif- 
ficulty we shall tentatively assume C$, and hence u 
remains constant during a blowdown. 

Finally some assessment of is required. In the 
unrealistic situation of no turbulent mixing and an inter - 
face area equal to the downcomer cross section (B=l) 
i t  would follow that for an interface tem~erature of 

1 0 0 ~ ~  then M* = 3 ~ 1 0 - ~  secg/m (Ref. 1) and hence 

= 7 x . Such a system therefore is unstable 
over a wide range of frequencies since M/q= 150. The 
observations however show extensive turbulent mixing; 
for a typical mixing length equal to a vent radius 
(d = 0.5m), a typical mean liquid velocity of O.O3m/ sec - 
(based on a steam flux of 30kg/mLsec) and the value of 

7 2 GL of 3 x 10- rn sec /kg for a 1 0 0 ~ ~  interface tem- 

perature (Ref. 1) the value of q is 0.083 giving 
M/q = 1.2. Since the above estimates are very gross 
the only thing which this value of M/q indicates is 
that the system may be operating within the same order 
of magnitude as  the critical values for this quantity 
shown in Fig. 8. 

In the light of this it is plausible to suggest that as 
the interface shrinks into the vent during a blowdown 
the degree of miving in the pool is forced to decrease 
driving fi down and Miq  up. Under these circurn- 
stances it is  possible to see from Fig. 8 how the steam 
blowdown might begin in a stable region (M/q less than 
about 1). progress into a region unstable at the higher 
frequencies associated with the second critical (con- 
densation oscillations?) and subsequently reach a high 
enoughvalue of M/q to be unstable at the f irst  critical 
(chugging?). Such a progression of events has indeed 
been observed particularly in blowdown tests conducted 
in  the U.S.A. Furthermore the controlling influence 
of the degree of mixing as manifest by the parameter, 
q, is  also suggested by the extensive tests carried out 
in Germany to investigate the effects of different types 
of nozzle on the end of a steam vent. Designs involving 
perforated tubes with many small holes have been very 
successful in stabilizing laboratory systems. In the 
context of the present report this constitutes enhanced 
mixing and would indeed be a stabilizing effect. 

9 .  CONCLUDING REMARKS 

The present paper has examined the stability of 
hydraulic systems with rapid, direct contact condensa- 
tion such as the pressure suppression systems in boil- 
ing water reactors. Linear stability analyses have 
been performed in the frequency domain using transfer 
functions for each of the components of the system. In 
this respect the condensation interface poses the great- 
est difficulty and uncertainties remain regarding the 
quantitative qalues of the elements of the transfer func- 
tion for this interface. Nevertheless, the analysis 
clearly demonstrates the existence of stable andun- 
stable regions in the parameter space. Instabilities 
occur in several ranges of frequency which have dif- 
ferent neutral stability boundaries in  the parameter 
space. Two of these ranges are  examined closely. 
One is  typified by neutral stability frequencies just be- 
low the frequency of manometer-like pool oscillations 
and may be manifest experimentally by the observed 
Itchugging1' phenomena. The second is  typified by neu- 
tral  stability frequencies some less than the half -wave 
acoustic frequency of the steam vent and may be mani- 
fest experimentally by the observed llcondensation 
oscillations". Both are sensitive to the effective ther- 
mal diffusivity in the water just downstream of the 
interface, a quantity which is  difficult to estimate and 
which will vary with the mean position of the interface 
relative to the vent exit. However, the analysis pre- 
dicts the same kinds of sequences of events during a 
blowdown which are  observed in praetiee. 

Finally i t  is  important to emphasize again that the 
linearized stability analysis presented in this paper 
cannot pretend to be a model of the large amplitude, 
highly non-linear process of chugging. Even within the 
context of the linear model there must remain some 
doubt about the validity of the condensation interface 
transfer function. Nevertheless it i s  felt that any ef- 
fort to understand inherently unsteady phenomena such 
as chugging should begin with studies of the linear dy- 
namics. Moreover comparison with data from care- 
fully conducted experiments is necessary. It would 
also be valuable to be able to make public use of some 
of the proprietory data. 
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