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Abstract— Flow oscillations in fixed-pressure-drop flow-boiling systems are very relevant to the design of
boiling water nuclear reactors. Typically, the reactor geometry is such that the flow through an individual
heated channel has little effect on the total pressure drop. and thus the flow is essentially a fixed-pressure

drop flow.

The predictions of the flow under fixed-pressure-drop conditions leave much to be desired. Specifically,
the theoretical and experimental oscillations differ in many significant respects: while the dominant
frequency is well predicted, the amplitude is not, yet it is the latter which is of greatest importance in

the operation of the reactor.

In the present paper it is shown that the introduction of random excitation in the wall heat-flux results
in flow oscillations which agree significantly better with experimental data than do previous predictions.

NOMENCLATURE

A, cross-section area [m?*]:

Cp.  distribution function defined by equation (4)
[dimensionless]:

Cs.  distribution function defined by equation (12}
{dimensionless]:

C4.  distribution function defined by equation (13}
{dimensionless];

C,.  liquid specific heat:

D,.  hydraulic diameter {m]:
£ frequency [H]:

G,  mass velocity [kg/m?s]:

g, acceleration of gravity [m/s*]:
ho.  interphase heat-transfer coefficient
[W/m2°C]:

i*, liquid phase enthalpy [dimensionless]:

i%, liquid phase enthalpy at start of void
[dimensionless]:

irg.  heat of vaporization [Ws/kg];

M,  momentum flux [kg/ms®}:

Ap,  pressure drop [Pal;

P,,  wetted perimeter [m}]:

qn.  wall heat flux [W/m?]:

gy,  time average wall heat flux [W/m*];

" time [s]:

V,,  void propagation velocity [m/s];

Vi enthalpy propagation velocity [m/s];

e velocity [m/s];

v, inlet velocity [m/s].

Greek symbols
a, void [dimensionless];
I,  vapour mass generation rate [kg/m3s];
I,. equilibrium vapour mass generation rate

[kg/m*s];
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& statistical parameter [dimensionless]:
0, angular orientation of channel
[dimensionless];

p. liquid phase density [kg/m?];
pe.  vapour phase density [kg/m®};
. average density [kg/m*};

Bp.  p—p. [kg/m’]:

a?,  variance [dimensionless]:

2.  wall shear stress [N/m?]:

.. void generation function [s™'];

;.  enthalpy generation function [s™'].
INTRODUCTION

THE BEHAVIOUR of fixed-pressure-drop flow-boiling
channels is of direct relevance to the design of boiling-
water nuclear power reactors. Typically, the reactor
geometry is such that the flow through any individual
heated channel has little effect on the header-to-header
pressure drop. and thus the flow is essentially a fixed-
pressure-drop flow. Because of the nature of the
coupling between the flow rate, acceleration, heat
transfer, void distribution, and pressure drop. the flow
under some conditions is not steady even when the
boundary pressure conditions are steady. Rather the
flow is oscillatory in character. As present installations
are upgraded, and as newer designs are developed,
operating conditions are encroaching on the region of
significant flow oscillations, with all the concomitant
implications for reactor control etc.

As a consequence of its practical importance in
power reactor design. this matter of flow oscillations in
fixed-pressure-drop flow-boiling systems has been the
subject of much theoretical and experimental investi-
gation (references [1-20] inclusive). At present the
agreement between prediction and experiment is in-
complete. The theoretical predictions have been typi-
cally presented in the form of a threshold heat-flux,
below which the flow is steady and above which flow
oscillations of large magnitude occur. Indeed, most
theoretical models indicate that, above the threshold
value of heat-flux. the flow-oscillations will grow with-
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out bound. To the authors’ knowledge the previously
predicted flow oscillations, whatever their amplitude,
are of a regular periodic character: no irregular or
random excursions are predicted.

As is discussed in greater detail below, the exper-
imental data differ from the predictions in several
important respects. In particular, the onset of flow
oscillations is frequently not an abrupt phenomenon
nor are the observed oscillations of a regular periodic
nature. Rather the amplitude of the oscillations in-
creases gradually with heat-flux, and at lower values
of the heat-flux oscillations appear essentially random,
becoming more regular as the heat-flux is increased.
These characteristics suggest, at least superficially, the
response of an inertial system with variable damping
to random excitation. Thus the authors were led to
investigate the response of a fixed-pressure-drop flow-
boiling system to random excitation; specifically, we
have examined the response of such a system to random
fluctuations in the rate of vapour generation. The re-
sults of this examination which are the subject matter
of the present contribution.

EXPERIMENTAL FLOW OSCILLATIONS

Typical traces of fixed-pressure-drop flow oscil-
lations are shown in Fig. 1. The data is that of
Canadian Westinghouse Ltd., as reported by Collins
and Gacesa [13], and was obtained in test apparatus
which closely simulated the flow in an actual power
reactor pressure tube with 19-rod fuel bundles. Traces
are presented for various heat-flux levels. The ordinates
are the pressure drop across an inlet venturi, and thus
are closely related to flow rate. The abscissa is time.

TOTAL BUNDLE POWER (TBP) » O kw

time scale

|
0 2 4 65 TBP = 508 kW

TBP =945 kW

TBP = 1285 kw

ST VT TV IV TRVTRRREY T PP VATV T IV RTINS

TBP = 1418 kW

s

time scole
1 1 — T 1 1
0 2 4 6 TBP=1787kw O 10 20 30 s

A A A A AHHIlIHuunihhnnhiinnlh

FiG. 1. Experimental flow-time variations: data of Collins
and Gacesa [13]. (Ordinate scale consistent from trace to
trace.)
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These data display three major characteristics. First,
the magnitude of the oscillations increases rather
gradually with increasing heat-flux; no distinct identifi-
able threshold heat-flux is discernible.t Secondly, the
observed fluctuations at low heat-flux levels contain a
significant random component; as the heat-flux is in-
creased a dominant frequency component emerges
until, at the highest reported values of the heat-flux]
the oscillation is of a regular periodic nature. Finally,
the magnitude of the oscillations are bounded at all
levels of heat-flux. This particular characteristic is dis-
played by all data of which the authors are aware. A
fourth, and probably less significant, characteristic is
that the oscillation amplitude (Fig. 1, second trace from
bottom) appears to be bounded by an envelope the
amplitude of which varies with a wavelength much
greater than that of the dominant flow oscillation.
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F1G. 2. Amplitude spectral density

as reported by Hancox [16]. Data

of Collins and Gacesa as given in
Fig. 1.

The first two characteristics may perhaps be seen
more clearly in Fig. 2. In this figure the amplitude
spectral density of flow oscillations is plotted vs fre-
quency. The data are those reported by Hancox [16],
and were obtained by analogue processing of the data
shown in Fig. 1. It is apparent from these spectra that
the flow oscillations cannot in general be characterized

+This observation reflects ill on the practice of many
authors of reporting only “threshold heat-fluxes” or values
of the heat flux at the “threshold of flow oscillations”.
Without additional details, the significance of such reported
values of the heat-flux may not be apparent to readers
unfamiliar with complete experimental results. Even worse,
such reported data may be misinterpreted as indicating a
sharp, well-defined, threshold when in fact no such threshold
exists. Indeed, on occasion, the amplitude is not even a
monotonic function of heat-flux, as may be seen from the
third and fourth traces. The authors do not, of course, wish
to imply that a distinct threshold never exists, but only that
the reporting of such a threshold value without further
information can be inadequate.

}In the tests with which the authors are familiar the onset
of wall-temperature excursions or “dryout” determined the
maximum value of the heat-flux. Under some conditions this
can occasionally occur at heat-flux levels at which a sig-
nificant random component is still present.



Flow oscillations in fixed-pressure-drop flow-boiling

by a single threshold heat flux, however defined, nor
by a single characteristic frequency. The comments
above concerning the random nature of the oscillations
at the lower values of heat-flux and the emergence of
a dominant frequency oscillation at higher values of
the heat-flux are evidenced by the relative flat spectral
distributions at lower values of the heat-flux and the
more peaked distribution at the highest heat-flux.
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Fic. 3. Variation of oscillation amplitude
with power. As reported by Hancox [16].

The relatively gradual increase of amplitude with
heat-flux is further emphasized in Fig. 3 [16] in which
the dimensionless inverse integral oscillation amplitude
[ = mean flow/[ A(f)df] is plotted against the heat
flux. Were a distinct threshold to exist, the line through
the data points should be vertical or at least quite
steep. Instead, for higher values of heat-flux, the slope
is quite shallow.

THE THEORETICAL MODEL

For the basic mathematical model of the flow we
have chosen that of Hancox and Nicoll [17, 18]. Our
reasons, apart from the obvious one of familiarity to
one of the present authors, is that this model incor-
porates the effects of non-uniform void and velocity
profiles and the effects of departures from thermal
equilibrium, both of which have significant effects on
the flow dynamics. Equally important, this model has
been tested against a wide range of experimental data,
both transient and steady-state, and has been found to
yield accurate predictions [17, 18]. Finally, it has the
unique, to the authors’ knowledge, feature of predicting
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finite amplitude response to perturbations. This may
be seen in Fig. 4. In view of the observations made
above concerning the nature of experimental flow
oscillations this feature is regarded as quite significant
and indeed essential if meaningful results are to be
obtained. In this connection it is appropriate to antici-
pate the material below and to note that the computer
processing of the flow-time curve is based on the
assumption that this curve is stochastic; if it is not, the
statistical results are meaningless. If the theoretical
model yields flow-time curves which grow without
bound with increasing time, then these curves are not
stochastic and the resultant spectra would indeed be
physically meaningless.

Since the details of the Hancox—Nicoll model are
presented in detail elsewhere, we will here confine our-
selves to a brief description of the essentials only.

The continuity equations for the two phases can be
combined, as shown by Zuber and Staub {21] to yield:

X0 %2 _q (1

t 0z
where « is the local void, Q, the void generation
function, ¥, the void propagation velocity, at ¢ and z
respectively the time and space coordinates. The sym-
bol in angle brackets denotes the cross-section aver-
aging operation jA( )dA/A. The expressions for V,

and Q, are:
~ 2Co
V= [C°+ﬁ(a> <f1>]<v> P
Ap(<T,
Q= [1“C0<> ‘T ? )

where T, is the volumetric rate of vapour of mass
generation and C, is the distribution function which
accounts for non-uniformity of velocity and void across
the flow cross-section. Co is defined by:

{av)
Cay vy’

v is the local fluid velocity. The expression for (v is:
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If the vapour phase is assumed to be saturated. and
the kinetic energy terms neglected, the energy equations
may also be written as a propagation equation [16],
viz:

it ai*

- i = Q,‘ 6
oy . (6)
where i* is the dimensionless liquid phase subcooling,
V; the enthalpy propagation velocity, and ; the en-
thalpy generation function. Expressions for the latter
two quantities [17, 18] are:

-Gt I<ey

4 L (7)
— %

T (LM "
ol = (o))

Finally, the momentum equation for the mixture may
be written in integral form as

z “G (’:M U)P(‘) -
AP:—J [’”—+ 41 +996050}d2 )

ol 0t Cz A

where the mass velocity and momentum flux, G and M
respectively are given by:

G=[1—Co<a>£]<v> (10)
o

Ap ,
M = C4—C3<tx>~p~ piEy". (11)
_ I
The distribution functions C3 and C, account for the
effects of non-uniform void and velocity profiles. Their
definitions are:

Cs = Car?y/{ay{e)? (12)

Ca = DK (13)
Given suitable expressions for Co. ('3, and Cy4: and for
the wall shear stress t,, and the vapour generation rate
(T,>. equations (1), (6) and (9) can be numerically
integrated. For the present purpose we note the central
role played by the vapour generation rate (I,)>. The

expression for this quantity given by Hancox and
Nicoll 17, 18] was:t

L[l — (1= (od)bix/ig] i* < i}

14
0 i> i3 (14)

T =%

where T, is the thermal equilibrium rate of vapour
generation. The expression for i¥ is:

1§ = qwCplhois, (15)

where hy is the interphase heat-transfer coefficient. The
expression for I, is:
_ 44,
" D, ifg.

(16)

The central role played by the wall heat flux, 4, is
apparent. Further, the expressions given by the original
references implicitly assume that the vapour generation
rate is constant if the wall heat flux is constant. The

tA simpler expression is given by Seiveright et al. [22].
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present authors have modified the vapour generation
function by assuming the wall heat flux to be given by

G = g1 +2) an

where g, is the time mean heat flux and ¢ is 4 random
fluctuation in time with a specified variance 2. This
is the essential modification in the present work. In
conducting the calculations, a new value of ¢ was
chosen from a random number generatort every other
step. This choice of maintaining ¢ constant for two
time steps was indicated by convergence considerations
in the iterative solution technique required by the
integral momentum equation. In all cases the frequency
of change of the value of ¢ was much greater than the
significant frequencies in the flow oscillations (see Figs.
6-8).

Since this assumption of random variations in the
heat flux is the key assumption in the present work,
it 1s appropriate to discuss its significance in somewhat
greater detail. Two aspects of the assumption warrant
scrutiny. They are: is the manner in which the fluc-
tuations are introduced, that is, through the wall heat
flux, reasonable; and are random variations appro-
priate or should perhaps a more ordered variation be
chosen?

With regard to the reasonableness of introducing
fluctuations in the heat flux term, the authors feel that
in the light of our present limited knowledge of the
vapour generation in flow-boiling, it is indeed reason-
able. Anyone who has visually observed the boiling
process knows that vapour is not. in general, gencrated
at a uniform rate, even if all reasonable precautions
have been taken to ensure a constant heat inflow to
the solid—fluid interface. It may be preferable to some
to introduce the fluctuation directly into the vapour
generation rate <I,)>. Since at present there exists no
sound basis for determining « priori the dependence
of the variance, ¢”, on the other parameters, there is
little difference in the end result in the two alternative
procedures. In the present case it was a matter of con-
venience to choose to introduce the fluctuation in the
heat flux term.

With regard to the choice of random variation as
opposed to a more ordered alternative, very little can
be said. As our knowledge of the flow-boiling process
increases. it may indeed become preferable to choose
some alternative. At present. however. the only guid-
ance the authors had was a preliminary investigation
[19] of a simplified flow-boiling model subjected 1o
random fluctuations in the vapour generation rate: this
model did yield flow oscillations with many of the
characteristics of observed flow oscillations.

Finally, we should note that in the real situation
other sources of excitation may indeed be significant.
One such source, for example, might be pressure
fluctuations transmitted from pumps. etc. in the system.
Such alternative sources have not been investigated in
the present contributions: it may. however. be per-

+This algorithm was available from the Users library of
the University of Waterloo’s computing centre.
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missible to speculate that the resultant flow oscillations
would be similar to those obtained with the present
model, since imposed pressure fluctuations may be
expected to influence the rate of vapour generation.

RESULTS AND DISCUSSION

Some results obtained as discussed above are pre-
sented in Figs. 5-8 inclusive. In these figures the vari-
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ation with time of the wall heat-flux, inlet and outlet
velocities, are shown. The system parameters chosen
correspond to those reported by D’Arcy? [14]. A wide
range of heat-flux values and ¢? values are covered in
the calculations, much more than can be presented

tD’Arcy defined the threshold heat flux as the value when
the dominant frequency component just became apparent
on the flow traces.
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here. The interested reader is referred to the M.ASc.
thesis of Brimley [23] in which the complete set of
results is presented, as well as detailed descriptions of
all numerical procedures. For the present paper we will
examine only a limited selection of Brimley’s results.
In order to put these results into perspective we should
note that D'Arcy [14] reported the value of heat-flux
at the oscillation threshold of 475kW/m’ and an
oscillation frequency of (.34 Hz.

In performing these calculations the authors required
a set of initial conditions. These were obtained from a
steady state calculation for the same pressure drop and
for constant heat-flux. This choice of initial conditions,
while adequate for the task at hand, is arbitrary.
Further, it can introduce a spurious transient which
may result in a spurious dominant frequency com-
ponent. This point is illustrated graphically in Figs. 4
and 5. In Fig. 4 we observe that the behaviour of the
system appears to be a limit cycle, independent of the
initial condition. At the start of the oscillation, how-
ever, there exists a transient which is dependent on the
exact initial conditions.t This initial transient may be
seen also in Fig. 5. The only method of eliminating
this effect would be to allow the computer program
to continue running for a sufficient time period for the
transient effect to contribute negligibly to the overall
result. Unfortunately, this is uneconomical, and while
we have attempted to minimize any effects of this
spurious transient, the reader should be aware of the
problem, and should be cautious in interpreting the
results in the vicinity of the dominant frequency.

Oscillatory behaviour for a constant wall heat flux
and vapour generation (62 = 0) is shown in Fig. 5. The
oscillation is quite regular and is quite different in
character from experimental data. The corresponding
results for fluctuating vapour generation are shown in
Figs. 6, 7and 8. Here we may observe the characteristics
noted in the previous discussion of experimental data.

The character of the predicted flow oscillations is
shown more clearly in Figs. 9 and 10. In these figures
the amplitude spectral density is plotted against fre-
quency. These figures were obtained using a fast Fourier
transform method developed by Cooley and Tukey
[24]. For details the reader is again asked to refer to
Brimley [23].

In Fig. 9 the effect of increasing the variance is
shown. As expected, the effect is an increase of ampli-
tude with increasing variance. Somewhat less obvious
is that the increase in amplitude is much greater, on a
percentage basis, than the increase in variance. Figure 9
shows a relatively minor change in amplitude at the
dominant frequency. Without further computations it
is not possible to state with certainty just what fraction
of this behaviour is due to the transient.

In Fig. 10 the effects of increasing heat flux (with a
vartance of fixed proportion of the mean) are shown.
Initially the increase is very large. but the difference

+This suggests that determinations of system stability
based on the growth or shrinkage of amplitude in the first
few cycles should be viewed with caution. Unfortunately,
this practice is common.
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between the graphs for g, of 300 and 350kW/m? is
much less so. This again is consistent with the char-
acter of experimental oscillations discussed above.
Figure 10 is also interesting in that it displays clearly
the effect of spurious transients. Specifically, the differ-
ence between the graphs for gJ, of 300 and 350kW/m?
around a frequency of approximately 0.3Hz, shows
this effect. While “smoothing” in the determination of
the spectra would have disguised this, the authors felt
it useful not to do so. In this connection it is useful
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to remind the reader that in a numerical determination
of spectra from a finite set of data, the degree of
smoothing is arbitrary and represents a compromise
between the conflicting requirements of resolution and
precision.

CONCLUSIONS

In the previous sections we have discussed in some
detail the characteristics of experimental flow oscil-
lations and the difference between the predictions of
various theoretical models and these data. The present
work has shown that these differences can be greatly
reduced if excitation is introduced into the theoretical
model through random fluctuations in the wall heat-
flux. Specifically, the relatively gradual increase of
amplitude with increasing heat flux, and the spectral
distributions are similar. Since the present model in-
volves the variance of the heat flux fluctuations as a
parameter, it is not at present possible to go further
and to compare prediction and experiment; before
meaningful comparison can be made much more data
must be obtained. Specifically, data is required which
would allow the variance to be related to other system
flow and heat-transfer characteristics. The present work
does suggest that this data should include, at the very
least, flow oscillation spectra at various power levels.
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MOUVEMENTS D'OSCILLATION DU FLUIDE DANS LES SYSTEMES D’ECOULEMENT EN
EBULLITION AVEC CHUTE DE PRESSION CONSTANTE ET EXCITATIONS ALEATOIRES

Résumé—Les oscillations du fluide dans les systémes d’¢coulement en ébullition avec chute de pression
constante sont importantes dans la conception de réacteurs nucléaires 4 eau bouillante. La géométrie
d'un réacteur dans les cas types est telle que I'écoulement dans chaque canal chauffé a peu d’effet sur la
différence totale de pression, et il s’en suit que 'écoulement est essentiellement a chute de pression constante.
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Les prévisions de I'écoulement dans des conditions de chute de pression constante laissent beaucoup
4 désirer. En particulier, les oscillations théoriques et expérimentales différent sous bien des aspects
importants; la fréquence fondamentale est prévue correctement. mais I'amplitude ne I'est pas; cependant
cette derniére est la plus importante dans le fonctionnement du réacteur.
Dans le présent article on montre que lintroduction d’excitations aléatoires dans le flux thermique
pariétal engendre des oscillations de I'écoulement qui sont en bien meilleur accord avec les données
experimentales que ne I'etaient les previsions précédentes.

STROMUNGSOSZILLATIONEN IN SIEDESYSTEMEN MIT KONSTANTEM
DRUCKABFALL UND ZUFALLSVERTEILTEN STORGROSSEN

Zusammenfassung — Stromungsoszillationen beim Strodmungssieden in Systemen mit konstantem Druck-
abfall sind von groBer Bedeutung beim Entwurf von Siedewasserreaktoren. Die Reaktorgeometrie ist
gewoOhnlich derart. daB} die Stréomung durch einen individuell beheizten Kanal nur geringen EinfluB auf
den Gesamtdruckabfall hat: es handelt sich deshalb im wesentlichen um eine Strémung mit konstantem
Druckabfall.

Die Moglichkeiten zur Berechnung solcher Strémungen sind noch sehr gering. Insbesondere weichen
die theoretischen und experimentellen Ergebnisse fiir die Oszillationen in vielen bedeutenden Aspekten
voneinander ab; wihrend sich dic vorherrschende Schwingungsfrequenz gut berechnen 148t ist dies fiir
die Schwingungsamplitude nicht moglich. Letztere ist jedoch fir den Betrieb der Reaktoren von
grofB3ter Bedeutung.

In der vorliegenden Arbeit wird gezeigt, dal man durch die Einfilhrung einer zufallsverteilten Stérung
in den Wandwirmestrom Stromungsoszillationen erhilt. welche erheblich besser mit den Versuchswerten

iibereinstimmen, als die nach friilheren Methoden berechneten Werte.

KOJIEBAHMS NMOTOKA B ITPOTOYHBIX CUCTEMAX KUIIEHUA C
YCTAHOBUBIINMCSH TIEPEITAOOM JABJIEHUA ITPU CIIYYANHOM BO3BYXKJEHUU

Annotamus — KonebaHHs 10TOKa B IPOTOYHBIX CHCTEMAX KHMEHHS C YCTAHOBMBLIMMCS MEPENaioM
N@BJIEHAS XaPAKTEPHbI /151 KUOAUINX BOAAHBIX SAEPHBIX peakTopoB. OGLIYHO reOMETpHs peakTopa
TaKoBa, 4TO MepeMellaloIMHCA 110 HarpeTOMY KaHaJly MOTOK OKa3bIBAET HE3HAYUTENILHOE BIIHSHUE
Ha OoOLIMi nepenaj AaBICHHUS, @ CICAOBATENILHO, HMEET MECTO MOTOK ¢ YCTAHOBHMBILIHMCS NiEpena oM
nasneHus. Pacyersl MOTOKa B yCNOBUAX yCTAHOBUBILETOCs IEpENaa AaB/ICHHs OCTaBASIOT XelaTh
JIyqulero. B 4acTHOCTH, OCUMJLIALMM NOTOKA, MOJIYYEHHBIE TECOPETHYECKH M JKCHEPHUMEHTasbHO,
3HAYHTE/IbHO Pa3/IMYarOTCs MO MHOTMM BaXHBIM IapaMeTpaM. B To BpeMs kak AOMHHHpYMOLas
4acTOTa XOpOWIO MOAAACTCH pacyeTy, aMIUIMTYAY KoneOaHUi pacCYMTATh HEBO3MOXKHO, 3 HMEHHO
oHa umMeeT 6obLIoe 3HaYeHKE pu paboTe peakTopa. B Hacrodwei pabore nokaszaHo, 4To cilyvaitHoe
BO30YXXEHHE TEIMIOBOIC NOTOKA HA CTEHKE MPUBOAMT K KONEOAHHAM IOTOKA; NOJIYYEHHBIE PE3yib-
TaThl 3HAYMUTEILHO JIyHIlE COIVIACYIOTCS C J3KCHEPMMEHTAIbHbIMU [J4HHbIMH, YeM B PaHee MpOBe-
JIEHHBIX pacyeTax.



