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I.- IHTRODPCTIOH 

Oscillatory behaviors «ay be encountered in two-phase flows. 
Among other instcbility phenomena, oscillations are characterised 
by their regularity in shape, period and amplitude, and by the 
fact that, near the oscillation threshold, they are sine-shaped 
with only small amplitudes. 

Like the other instability phenomena, flow oscillations 
are undesirable in boiling, condensing and other two-phase flow 
processes. Sistained flow oscillations may cause forced mechanical 
vibration of components or system control problems. Flow instabilities 
affect the local heat transfer characteristics and may induce boiling 
crisis. (Burnout or dryout). Flow stability is of particular 
importance in vater-cooled nuclear reactors and in steam generators. 

There may still be some confusion regarding the different 
types of flow instabilities. This is understandable since there is 
a great variety of mechanisms which can lead to unstable behavior. 
However, the resulting confusion may be dangerous when, in design 
and safety problems, it leads to apply criteria or models developed 
for a particular type of instability to another type of instability. 
Because assumptions cannot be avoided in the analyses, their choice 
shall be made very carefully when some essential aspect of the 
phenomenon may be affected. 

For the above reasons, classification criteria and some 
characteristics of various types of instability of practical interest 
are discussed hereunder, before dealing with the oscillatory behaviors 
themselves. The following practical definitions of steady flows 
and of stable flows are used : 
- A steady flow , rigorously speaking, is one in which the system 
parameters are functions of the space variables only. Practically, 
however, thev undergo small fluctuations (due to turbulence, nuclea-
tion or slug flow). These fluctuations play a role in triggering 
several instability phenomena. 
- A flow is stable if, when momentarily disturbed, its new operating 
conditions tend asymptotically towards the initial ones (fig. I). 
The disturbances considered here are those which iray occur in 
practice. They include the above fluctuations and are often limited in 
amplitude. 
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The dynamic behavior of the flow within a system is. determined 

by the relevant physical laws (conservation lavs and constitutive ] 
I 

laws) and by the dynamic characteristics of the equipments which 
impose the boundary conditions. Four sets of boundary conditions 
may be distinguished : The "pressure boundary condition" imposes the ! 
pressure at some point of the system. The "hydrodynamic boundary 
condition" causes the fluid to flow within the system. The "Inlet 
thermal boundary condition" imposes the enthalpy at the inlet(s) 
of the system. The "wall thermal boundary condition" imposes the 
heat transfer conditions at the wall. A schematic hlock diagram of 
the system is given fig. 2 (contingent interconnections between boun
dary condition devices have not been represented). 

The flow instability bibliography is quite important. The 
bibliography given at the end of the paper is not limited to the 
publications referred to in the text. There are certainly, however, 
good references missing in this bibliography. Review papers have 
been published by Bouré (1971), Bouré et al (1973) and, on a 
commercial basis by Bailey et al (1971). I 
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2.- CLASSIFICATION OP FLOW INSTABILITIES 

2.1 Classification 
A classification of flow instability phenomena stay be based 

on the following definitions : 
A flow is subject to a static instability if, when the flow 

conditions change by a small step from the original steady-state 
ones, 'another steady-state is not possible in the vicinity of the 
original state. The cause of the phenomenon lies in the steady-state 
laws ; hence the threshold of the instability can be predicted by 
using only steady-state laws. A static instability can lead either 
to a different steady-state condition or to a periodic behavior. 

A flow is subject to a dynamic instability when inertia and 
feedback effects have an essential part in the process. The system 
behaves like a servomechanism and the knowledge of the steady-state 
laws is not sufficient, even for the threshold prediction. The steady 
state may be a solution of the equations of the system, but it is 
not the only solution. The above-mentioned fluctuations in a 
steady flow may be sufficient to start the instability. 

A secondary phenomenon is a phenomenon which occurs after 
another one, which is the primary one. (A burnout occurring in a 
pulsating flow is a common example of a secondary phenomenon). Here, 
the term "secondary phenomenon" will be used only in the very impor
tant particular case when the occurence of the primary phenomenon 
is a necessary condition for the occurence of the secondary pheno
menon . 

An instability is compound when several elementary mechanisms 
interact in the process and cannot be studied separately. It is said 
to be pure in the opposite sense. 

According to these definitions, the classification criteria 
are (fig. 3) : 

1. Static or dynamic nature of the phenomenon ; 
2. Necessity or not of a triggening phenomenon ; 
3. Pure or compound character of the phenomenon. 



4 

Six of the resulting classes occur in practice (fig. 4) : 
1. Excursions which are pure, priaary, static instabilities. 
2. Pure relaxation instabilities, which are pure, secondary, static 

phenoaena. A pure relaxation process aay be regarded as the super-
.inposition of two static instabilities, each of them leading to 
conditions which cause the occurence of the other. 

3. Compound relaxation instabilities whose mechanism is based, prima
rily, on a relaxation process but which involve, as a secondary 
character the dynamic response of the system. 

4. Pure, primary, dynamic instabilities which may occur indepen
dently of any other phenomenon and regardless of the nature of 
the boundar) conditions. 

5. Compound, primary, dynamic instabilities which often involve int
eraction between Lhe system itself and the boundary conditions. 

6. Compound, secondary, dynamic instabilities which are compound 
dynamic instabilities triggered by another phenomenon. 

Table 1 lists the elementary instability phenomena, i.e. those 
which are pure and primary. The last column of table I gives those 
physical aspects of the system which play an essential part in the 
instability mechanism and which, for this reason, must be carefully 
modeled in analyses. 

Table 2 lists the types of instability which are of practical 
importance in nuclear engineering. The last column of table 2 gives 
the elementary instability which is associated with the practical 
phenomenon, and the other essential system characteristics. 

The dynamic instabilities are dealt with in the next chapters. 
For the sake of completeness, important characteristics of the static 
instabilities are recalled hereunder (see also Bouré, 1971, Bouré et 
al, 1973) 

2.2 Flow excursion 
The flow excursion or "Ledinegg instability" consists in a 

sudden change of the flow rate and occurs when the slope of the 
pressure drop versus flow rate curve (internal characteristic of the 
channel) becomes algebraically smaller than the slope of the pressure 
head versus flow rate curve as it is imposed by the boundary conditions 
(external characteristic of the channel). The stability criterion 
is simply 

liez) > fcy) ( , ) 

\q>^ fiat, \Ofr/ext. 



and the mechanism to recalled on fig. 5 : Suppose for instance a ' 
slow decrease of the velocity of the pump, during forced convection 
operation. The internal characteristic (i) does not change. The 
pressure head decreases slowly (curves E to E-). The operating point, 

o o 
starting from A goes through A....A.. In A, the steady state is 
stable on the right, but unstable on the left : If G is decreased 
following a small disturbance, the pressure drop inside the channel 
becomes higher than the available pressure head and G decreases further. 
A "discontinuity" (flow excursion) occurs, the operating point going 
from A, to B_, then to B>. 
2.3 Flow pattern transition 

It consists in a sudden change of the flow pattern, and occurs 
when some boundary is crossed in a flow pattern map. The mechanism is 
not completely understood, but involves probably the momentum transfer 
between the phases, and interface material properties. 
2.4 Vapor burst 

It consists in tha sudden appearance and/or the rapid growth 
of the vapor phase in the flow. It may occur, for instance, in liquid j 
metal or low pressure water. The conditions of its occurrence are 
not completely understood and it may be due ï-o the nucleation charac
teristics, including wall properties, to the existence of some criti
cal value of the superheat.... 

2.5 Departure from nucleate boiling (burnout) and dry-out. 
""hey consist in a sudden change of the heat transfer mode at 

the wall and occur for some critical values of the hydrodynamic and 
thermal parameters near the wall (void fraction, film flow rate, 
heat flux . . . ) . Their mechanisms are complicated and involve the hydro-
dynamic and heat transfer laws at and near the heating wall. 

2.6 Flow pattern transition instability 
Flow pattern transition instabilities have been postulated as 

occurring when the flow conditions are close to the point of transi
tion between bubbly flow and annular flow. A temporary increase in 
bubble population in bubbly-slug flow (arising from a temporary 
reduction in flow rate) may change the flow pattern to annular flow witt 
its characteristically lower pressure drop. Thus the excess driving 
pressure drop will speed up the flow rate momentarily. 
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As the flow rate increases, however, the vapor generated nay become 
insufficient to maintain the annular flow, and the flow pattern 
then reverts to that of bubbly-slug flew. The cycle can be repeated. 
This oscillatory behavior is partly due to the delay incurred in 
acceleration and deceleration of the flow. In essence, each of the 
hydrodynamically compatible sets of conditions induces the transition 
towards the other one. This is typically a relaxation mechanism, and 
it results in a periodic behavior. In general, relaxation processes 
are characterised by finite amplitudes at the threshold. 

Cyclic flow pattern transitions have been observed in connec
tion with oscillatory behavior, but it is not clear whether the flow 
pattern transition was the cause (through the above mechanism) 
or the consequence of a density wave or pressure drop oscillation. 

2.7 Periodic expulsion (or chugging) 
The chugging is a cyclic phenomenon characterized by the 

periodic expulsion of coolant from the channel. The .xpulsion may 
range from simple transitory variations of the inlet and outlet volu
metric flow rates, to a violent ejection of large amount of coolant 
through both ends of the channel. The whole cycle comprises the 
following succession of events : Expulsion, reentry of fluid, "incu
bation". During the incubation, the system evolves quietly until 
another expulsion occurs. 

The primary phenomenon is the "vapor burst" (section 2.4). 
Expulsion of the fluid is the consequence of the rapid growth of 
a vapor plug. The situation then, evolves either towards new steady 
state conditions (with boiling) or towards a cyclic behavior (Chugging). 
If the flow conditions (subcooling, heat flux, wall and fluid physical 
properties, dynamic response of the system) allow, "cold" liquid 
reenters the channels. Due to temperature and also to pressure 
effects (when the two liquid slugs reentering the channel collide) 
the vapor phase in the channel probably collapses. The wall is cooled 
down to temperatures neighboring the saturation temperature, and 
another cycle is started. 
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?.- GENERAL CONSIDERATIONS OH FLOW OSCILLATIONS 

3.1 Definition 
The ten "oscillation" is reserved here to the dynamic instabili

ties. Flow oscillations are characterized by their regularity in 
shape, period and amplitude. Contrarily to the relaxation insta
bilities, their thresholds are characterized by sine shaped oscil
lations of small amplitude. Far from the threshold, the shape may 
become asymmetric. 

Oscillations may be diverging. In most case, however, a limit in 
amplitude is found, at least as long as the operating parameters are 
within a reasonable but fairly large range (beyond the threshold). 

From the quantitative viewpoint the main problem about 
oscillations is, like for any other instability, that of the predic
tion of the threshold. It is also interesting, in particular to increase 
confidence in the models used, to correctly predict the frequency 
(at and beyond the threshold). In the present state of the knowledge, , 
the prediction of amplitudes is beyond the scope of the models. | 

3.2 Mechanism 
Two fundamental remarks can be made about the dynamic behavior 

of a two-phase flow within a channel : 
1. Any disturbance has delayed effects. This may be realized using 
an example, say, a disturbance resulting in a temporary reduction 
of the inlet flow rate. The rate of evaporation will be increased, 
thereby raising the average void fraction. The elevation, accelera
tion, friction pressure drops, as well as the heat transfer behavior 
will be affected. These effects will be present for a certain, finite 
duration (some transit time). 
2. Some boundary conditions affect the fluid at the inlet only 
(for instance a pressuriser located at the inlet imposes the inlet 
pressure and nothing else) but some affects the fluid in another 
part of the channel (for instance the heating power) or at the 
outlet. When something changes in the system, those boundary condi
tions which are not only inlet conditions induce in turn other 
changes. In other words, feedback processes occur in the system. 
In the foregoing example, if, for instance, the temporary reduction 
of the inlet flow rate results in a decrease of the total pressure 
drop, and if the total pressure drop is imposed as a boundary condition, 
an increase of the inlet flow rate will follow. 
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Thus, the syst» under consideration exhibits the two 
fundamental features of servomechanisms, namely delayed effects 
and feedback processes. It say be regarded as a servomechanism, 
and, like servomechanisms may undergo self-sustained oscillations. 
A simplified block-diagram of the system is given fig. 2. The dis
turbances may enter the system through any boundary condition ; the 
feedback may affect only some of these boundary conditions. 

To summarize, the mechanism may be described as follows : 
Any disturbance (and, in particular, small fluctuations) induces 
other disturbances, through delayed feedback effects. If the induced 
disturbances fulfill certain conditions (amplitude, phase shift), 
the system may undergo self sustained oscillations. 

Oscillations are caused by the dynamic interactions between 
the flow parameters (flow rate, density, pressure, enthalpy and 
their distributions). 

The mechanism involves, among other processes, propagation of 
disturbances. The propagation of di3turbances in two phase flow 
is not a simple problem (Bouré, 1973). Roughly, it can be said that 
disturbances are transported by two kinds of waves : pressure or 
acoustic waves, void or density waves, also called continuity or 
kinematic waves (Zuber and Hench, 1962). 

In any real system both kind3 of waves are present, but their 
velocities differ in general by one or two orders of magnitude, 
chus allowing the distinction between two classes of oscillations : 

In the acoustic (or pressure wave) oscillations, the pressure 
wave propagation is the preponderant phenomenon and the frequency 
is high, the period being of the same order of magnitude as the time 
required for a pressure wave to travel through the channel (an 
order of magnitude of the wave velocity is 100 m/s). 

In the density wave oscillations, the density wave propagation 
is the preponderant phenomenon and the frequency is low, the period 
being of the same order of magnitude as the time required for a 
density wave to travel through the channel (an order of magnitude 
of the wave velocity is 1 to 10 m/s). 

It shall be emphasized that both kinds of waves are always 
present in real systems, and that secondary phenomena may change 
the frequency (see for instance chap. 6). Although quite useful, 
the above distinction has no absolute value. 
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It shall also be emphasized that» despite the variety of | 
boundary conditions to which the flow vithin a channel nay be 
submitted (constant pressure drop, natural circulation, forced : 
convection, parallel channels) the very nature of the phenomenon j 
is always the same. 

3.3 Additional feedback effects ' 
In the foregoing section, the importance of the boundary 

conditions has been demonstrated. Therefore, when developping 
mathematical models aimed at the study of oscillations it is necessaty 
to take into account not only the above mechanism, but also the 
true boundary conditions. 

The concrete example of the usual research rigs illustrates 
the fact that the four sets of boundary conditions listed in chapter 
1 and shown on fig. 2 are necessary and sufficient : 
- 1. The pressure is imposed, at the exit of the channel, by a 

pressuriser (pressure boundary condition) 
- 2. The pressure drop between the inlet and the outlet o£ the channel 

is imposed, by a large by-pass, (hydrodynamic boundary condition). 
- 3. The inlet temperature of the liquid is imposed by a preheater I 

(inlet thermal boundary condition). 
- 4. The heating power is imposed to the channel by an electric current 

(wall thermal boundary condition). Obviously, once the initial 
conditions are also known, the behavior of the system is com
pletely determined. 

In steady state, the boundary conditions impose the values 
of four parameters, which are called "operating parameters" in 
fig. 2 because their values determine the operating conditions of 
the system. (In the foregoing example the four operating parameters 
are the exit pressure, the pressure drop, the inlet temperature, 
the heating power). Consideration of the operating parameters is 
sufficient for steady state computations. 
When the interest is extended to transients, it is necessary 
to go back to the consideration of the true boundary conditions, 
to take into account the dynamic responset of the devices imposing 
these boundary conditions. The fundamental point here is that these 
devices are also servomechanisms. Depending on the dynamic characte
ristics of the boundary condition devices, the behavior of the flow 
in the channel may be strongly affected. 
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Pure oscillations are obtained when the boundary conditions 
devices may be considered as perfect, i.r. vhen their response-times 
are either very small or very large vhen compared to the period of 
acoustic and density wave oscillations. 

The other oscillations are compound instabilities which 
involve, as an essential element, the dynamic response of some 
boundary condition device (see table 2) : 
1. The pressure boundary condition involves the dynamic response of 

the pressuriser. This problem is complex. However, the pressure 
boundary condition may often be considered as perfect (that is, 
equivalent to imposing a constant pressure at some point) especially 
at high pressure. Moreover, at high pressure, a further simplification 
can often be made when the pressure drops are weak when compared to 
the absolute pressure, by assuming a constant pressure all over 
the system. 
2. The hydrodynamic boundary conditions are manifold and often play 

an important role. Consequently they deserve careful consideration. 
Nevertheless, their importance has often been overemphasized ; some 
authors even consider wrongly oscillations as being possible only 
with natural circulation or parallel channel operations. 
The various practical hydrodynamic boundary conditions are discussed 
in the next section. The hydrodynamic boundary condition plays an 
essential part in parallel channel instabilities and in pressure 
drop oscillations (see chapter 6). 
3. The inlet thermal boundary condition involves the thermal response 

of the whole fluid circuit. The response time is generally rather 
long and this boundary condition may often be considered as perfect 
(that is equivalent to imposing a constant inlet temperature or 
enthalpy). Sometimes, however, large-period oscillations are observed, 
with a period of the same order of magnitude as the time required 
for a fluid particle to travel through the whole e'reuit. They are 
the enthalpy oscillations of table 2. 
4. The wall thermal boundary condition involves the thermal response 

of the channel wall. In the case of nuclear reactors, the channel 
thermal boundary condition involves also the void-reactivity feed
back which must be taken into account if its characteristic time is 
of the same order of magnitude as the period of acoustic or density 
waves. The wall thermal boundary condition plays an essential part 
in B.W.R. instability and in thermal oscillations. 
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3.4 Practical hydrodynamic boundary conditions for a single channel. 
Four kinds of hydrodynamic boundary conditions are often 

met in practical situations : 
!. Single channel constant pressura drop operation. 

This case is of great theoretical importance : It is 
the simplest one, since it does not introduce any additional feedback. 
The pressure difference between the inlet and the outlet of the 
channel is a constant ; it does not depend at all of the flow 
behavior. 
As a limiting case, it is also of great practical importance : it is 
approached, often with a very good approximation by forced convection 
operation, when the channel is in parallel with a large by-pass 
(that is when the by-r>ass flow rate versus channel flow rate ratio 
is large enough for the by-pass flow rate to be practically unaffec
ted by variations of the channel flow rate) and by natural circula
tion operation, when the return-circuit (downcoraer) friction pressure 
drop is negligible. 

2. Natural circulation operation (single channel) 
This case differs from the foregoing one by the presence 

of friction pressure drops in the return-circuit (downcomer) and 
by the dynamic characteristics of this circuit. 

3. Forced convection operation (single channel) 
The distinction between natural circulation and forced 

convection operations is a practical one. It should be emphasized 
that, from the viewpoint of oscillation mechanisms, the difference 
between these two kinds of operation is not a difference in nature, 
but rather a difference in the numerical values of some parameters 
(Fabrega, 1964, Neal et al, I97I). The natural circulation condi
tions are approached when the pump pressure head versus flow rate 
characteristic becomes flat. The other limiting case is that of the 
volumetric pump, for which the pump characteristic is a vertical. 

4. Parallel channel operation 
It is the most complicated case but it is, unfortunately, 

of great practical importance (nuclear reactors, steam generators...). 
Theoretically any change in any channel changes the hydrodynamic 
boundary condition of the other channels. Two limiting cases are 
interesting : when the channels are numerous and different, one is 
less stable than the others and the single channel constant pressure 
drop case is approached for the less-stable channel. 
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When the channels are identical, they may be considered as equiva
lent to a single channel, operating under either natural circulation 
or forced convection operation. 

Practically, neither of these 1imiting cases is approached and 
several modes of oscillations may occur, the channels oscillating 
either in phase, or out of phase, or with different phase lags. 
The analysis should describe the flow in each channel, which means 
that the computing time is multiplied by the number of channels. 
From this poiut of view, a system consisting in a few channels 
(three seems a good number) is interesting for research purposes 
(Crowley et al, 1967, Koshelev et al, 1970). 

3.5 Fluid systems liable to undergo oscillations 
The above consideration (section 3.1 to 3.4) concerns mainly 

' two-phase one-component flows, but they can be applied to any flow 
of fluid within a channel. However, for a given disturbance, the 
variations of the various parameters are of different orders of 
magnitude in single, in two-phase, two-component and in two-phase, 
one-component flows. This is obvious for single-phase flows. The 
difference between two-phase, two-component and two-phase, one-
component flows is due to the absence of mass transfer between the 
phases in the former system. Furthermore the propagation velocities 
are different (higher in single-phase flow for the pressure waves, 
lower in single-phase flow with the same volumetric flow rate for 
the density-waves). These are reasons for the higher stability of 
single-phase and two-phase, two-component flows. 

Under certain conditions, oscillatory behaviors have actually 
been observed with single phase flows and with two-phases two-
component flows. Oscillations occur in single-phase flows 
(Feldman, 1968, MacCarthy and Wolf, 1960, Welander, 1967) and ri-Lher 
easily in supercritical flows (Cornelius, 1965, Thurston et al, 1966) 
Stenning and Veziroglu (1967) have obse "ved oscillations in two-
phase, two-component (air-water)flows. In their experiments, heating 
of the fluid was replaced by the injection of air. 

Oscillations also occur in condensing flows (Westendorf and 
Brown, 1966). 
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3.6 The Threshold of oscillations 
The threshold (or onset) of oscillations is defined as the 

boundary between stable and oscillatory operations. Its experimental 
determination may be easy, if the system is free of other instabilities 
In some cases however (for instance with some moderate pressure, natural 
circulation loops) it may be hidden by random fluctuations. Noise 
analysis techniques are used in these cases to detect the threshold 
(Fig. 6)(Hathisen, I967,Spigt, 1966). 

Provided these techniques are used when relevant, the 
threshold occurs for well defined operating conditions. The authors 
agree on the reversibility (no hysteresis) and on the reproducibility 
of the threshold. This is consistent with the mechanism of the 
phenomenon. 

Also consistent with the mechanism is the possibility of 
finding several thresholds for a monotonous variation of a single 
parameter (for instance an increase of the heating power or of the 
inlet enthalpy). When this is the case, if the heating power is 
increased slowly, passage from stability t> oscillations., then 
from oscillations to stability and so on, may be observed (Fabrega, 
1964, Yadigaroglu and Bergles, 1969). 
The successive thresholds correspond to "higher-order" modes of 
oscillations. Sudden changes in the period (thr-C is transition from 
a given mode of oscillations to a higher order one) may also be 
observed inside the oscillatory domain. Systematic experiments have 
been made on these phenomena by Yadigaroglu and Bergles (1969). 
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4.- ACOUSTIC OSCILLATIONS, THERMAL OSCILLATIONS. 

Acoustic oscillations may be defined as those oscillations 
whose mechanism is primarily based on pressure w«."es (section 3.2). 
More practically, they are high frequency oscillations, in which 
the period is roughly of (.he same order of magnitude as the time 
required for a pressure wave to travel through the channel. 

Acoustic oscillations have been observed and recognized 
by several authors (Bergles et al, 1967, Cornelius, 1965, Edeskuty 
and Thurston, 1967, Stenning and Veziroglu, 1965). Models have 
been proposed by these authors for the analysis of tl.e phenomenon, 
but often the mechanism is not purely acoustic. An example is the 
thermal oscillations (Cornelius, 1965, Stenning and Veziroglu, 1965, 
Thurston, 1967) and fig. 7, for which the wall thermal boundary 
condition plays a very important role in the mechanism (because of 
large variations of the heat transfer for small disturbances). 
Occasionally oscillations of several kinds are superimposed. 

The reported frequencies of the acoustic oscillations range 
from 5 cps up. They are often comprised between 10 and 100 cps. 
The amplitudes of the oscillations of the pressure and of the 
pressure drop arc generally moderate (fig. 8) but they may reach 
several bars. Due to the high frequencies, the amplitudes of the 
other parameters are small. 
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5.- DENSITY-WAVE OSCILLATIONS 

5.1. Definition 
Density wave oscillations may be defined as those oscillations 

whose mechanism is primarily based on density waves. More practically 
they are low frequency oscillations (in general less than I cps) 
in which the period is roughly of the same order of magnitude as 
the time required for a density wave to travel through the channel. 
Due to the continuity wave laws, this period is also approximately 
one to two times the time required for a fluid particle to travel 
through the channel. 

Rigorously speaking, pressure waves also occur in the system. 
However, from the viewpoint of slow transients (as density wave 
oscillations), the compressibility of the phases may often be 
neglected, and the velocity of pressure waves may be taken as being 
infinite. When, moreover, the boundary condition devices are perfect 
(section 3.3) the density wave mechanism may be said "pure" and 
the block diagram (fig. 9) may be proposed to schematize the 
mechanism : 
A temporary reduction of inlet flow in a heated channel increases 
the rate of enthalpy rise, thereby reducing the average density. This 
disturbance affects the pressure drop as well as the heat transfer 
behavior. For certain combinations of geometrical arrangement, 
operating conditions, and boundary conditions, the perturbations 
can acquire a 180° out-of-phase pressure fluctuation at the exit, 
immediately transmitted to the inlet flow rate,and become self-sustai
ned. 

Pure, or approximatively pure density wave oscillations 
is a very common phenomenon, and it has been extensively studied 
during the last 15 years. Typical oscillations are shown on fig. 10. 
A number of interesting papers on the phenomenon have been published. 

5.2. Effect of various parameters 

5.2.1. Effect_of^Pressure : 

Increasing the system pressure increases the density 
ratio Ig/ | 1 and thus reduces the density effect. 
For given values of power, subcooling, flow rate 
it has a strong stabilizing effect (Mathisen, 1967). 
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5.2.2. Effect of Pressure drops 

Increasing single phase friction pressure drops 
(by means of an inlet restriction for instance) 
increases damping te-ms and thus has a stabilizing 
effect. 
Increasing two phase pressure drops (for instance 
by means of a- outlet restriction) reduces flow 
stability. 

5.2.3. Effect of the "hydrodynamic boundary_condition" 

For a single channel the constant pressure drop case 
is the less stable one. For the same steady state 
operating conditions (pressure, subcooling, power, 
flow rate) natural circulation operation with 
friction pressure diops in the return circuit is 
more stable (see section 5.2.2.) and forced convection 
operation with a pump having a steep pressure head 
versus flow rate characteristic is still more stable. 
The steady state oternal characteristic slope 
introduces a damping term in the equations which explains 
the foregoing effect (Bouré, 1966). Comparisons 
between single channel anu parallel channel stability 
are given in Crowley et at (1967), Koshelev et al 
(1970), Mathisen (1967), among others. Veziroglu 
and Lee (1971) have studied density-wave instabilities 
in a cross-connected, parallel channels system. 

5.2.4. Effect_of_Subcooling 

The other operating parameters being given, Becker 
et al (1964) and Spigt (1966) have shown experimentally 
that an increase of subcooling has a destabilizing 
influence for low values of subcooling and a stabili
zing influence for high values of subcooling (fig.II). 
This is due to two competing effects. An increase in 
inlet subcooling increases the single phase length, 
hence the single phase friction and has a stabilizing 
effect (section 5.2.I.). It also modifies the momentum 
pressure drops and their distribution and this effect 
is a destabilizing one (Bouré and Mihaila, 1967). 
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At low subcooling, when the single phase length is short, 
this last effect is preponderant and an increase 
of subcooling is destabilizing. It is the contrary 
at high subcooling. 

5.2.5. Effect_of_geoj;etrY 

The effects of the various geometry parameters (length, 
diameter...) depend on the particular case studied 
and it does not seem that general conclusions can 
be drawn. 
The presence of a riser has a destabilizing effect. 
Oscillations are possible in horizontal channels. 

5.3. Compound density-wave oscillations 
They involve interactions between the density-wave oscilla

tions and the boundary condition devices (section 3.3.). Some 
examples are recalled hereunder : 

* For a system having several channels operating in parallel, the 
hydrodynamic boundary condition for a particular channel depends 
on what is going on in the other channels. The channel interactions 
may lead to different modes of oscillations (channels in phase or 
with different phase lags...) 

* In the boiling water nuclear reactors the "wall thermal boundary 
condition" is imposed by the nuclear dynamic coupling void-reactivity-
power. The superimposition of this coupling to the flow dynamics may 
result in an instability. 

* Low frequency small amplitude "enthalpy oscillations" which involve 
the dynamic characteristics of the "inlet thermal boundary condition" 
devices (inlet enthalpy) have been observed by Fabrega (1964) and 
Collins et al (1971). 
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6.- PRESSURE-DROP OSCILLATIONS 

The pressure-drop oscillations are a compound, dynamic 
instability and a secondary phenomenon : the secondary phenomenon, 
a dynamic instability, is triggered by a static instability pheno
menon. "Pressure-drop" oscillations (Haulbetsch and Griffith, 1967, 
Stenning et al, 1967) occur in systems involving a compressible volume 
and are associated with operation near the conditions of flow excur
sion for section C D (see fig. 12). It has also been shown by 
Stenning et al (1967) that the same system may undergo density 
wave oscillations at higher quality. In Stenning et al (1967), the 
frequency of the pressure drop oscillations was an order of magni
tude smaller than the frequency of the density wave oscillations. 

The operating conditions being supposed stable against density 
wave oscillations but at the flow excursion threshold for section C D 
(fig. 12), the mechanism is the following : when the flow excursion 
begins, the flow rate G- in C decreases and the pressure drop on 
CD increases. The pressures in A and D being imposed by the boundary 
conditions, the pressure P in C tends to increase and some flow 
rate enters the compressible volume which behaves like a surge tank. 
At the same time the flow rate G and the pressure drop in section 
AB begin to decrease. Dynamic interactions between the flow parameters 
in the channel and in the surge tank may cause tfci flow to oscillate. 

The response of the system depends on the channel response 
time but also on the response time of the compressible volume, 
thus explaining the low frequency of the oscillations. The block 
diagram is shown on fig. 13, and the pressure-drop oscillations are 
shown on fig. 14. 
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7.- ANALYSTS OF FLOW OSCILLATIONS 

Theoretical analysis of flow instabilities are based on 
mathematical models of the system i.e. of the flow itself and of 
its boundary conditions. If the analysis is comprehensive, it will 
yield prediction of any instability phenomenon. In general, the 
assumptions nade preclude occurrence in the model of such phenomena 
as flow pattern transitions and vapor burst, and consequently of 
f' J pattern instability and of chugging. They often preclude also 
the occurrence in the model of acoustic instabilities. On the other 
hand, all the dynamic models contain more or less good descriptions 
of two phase pressure drops, density and boundary conditions : they 
can yield at least flow excursions and density wave instabilities. 
In the particular case of density wave instabilities the assumptions 
on local boiling, thermal non-equilibrium and slip are of paramount 
importance when they -.ave an effect on the density and the density-
wave propagation. 

It is emphasized that an analysis of such complicaced pheno
mena as flow insTabilities canntt be reliable if it does not involve 
some ph/sical ideas on the mechanisms. 

The analyses of density wave irsLability can be divided into 
two groups : (a) computer codes, and (b) simplified models. 

* Computer codes. Since the computer codes can handle the 
complicated mathematics, most of the compounded and feedback effects 
are built in the computer codes for analyzing the dynamic instabi
lities. Several computer codes are discussed in Bouré et al (1973). 
Comparisons between such codes have been presented by Ejorlp. et 
al (1967) and Neal et al (1967). 

* Simplified models. Many flow stability analyses have been 
msde by using simplified models instead of comprehensive computer 
codes. Some of these models are described by Wallis and Heasley 
(1961), Zuber (1967), Bouré (1966), Yadigaroglu and Bergles (1969). 
They uave been used primarily to gain some physical understanding 
of the phenomena. Some simplified models rlso give results which 
are in good agreement with experimental results, as compared in 
Bouré and Mihaila (1967) and in Ishii and Zuber (1970). 

Dimensionless groups are useful to reduce the number of 
independent parameters and to serve as a basis for developing 
scaling laws. 
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The diraensionless groups of several authors (Fabrega, 1964, Edeskuty 
and Thurston, 1967, Bouré, 1966, Ishii and Zuber, 1970) are more 
cr less similar. For a given geometry with a uniform power density 
along the two phase section, the main effects of the fluid properties 
(including slip), the gravity, the pressure, inlet velovity, inlet 
enthalpy, and heat flux are taken into sccount by three dimensionless 
groups. These three groups are : 

1. A reduced velocity (Edeskuty and Thurston, 1967, Bouré, 
1966, Ishii and Zuber, 1970), involving the flow rate versus heating 
power ratio or its reciprocal (phase change number in Ishii and 
Zuber, 1970). This <;roup includes the specific volume ratio in 
Bouré (1966) and Ishii and Zuber (1970), but not in Edeskuty and 
Thurston (1967) where it reduces to a boiling number. 

2. A subcooling number. This group also includes the 
specific volume ratio, except in Edeskuty and Thurston (1967). 

3. A Froude number (Ishii and Zuber, 1970) or the equivalent 
reduced gravity (Bouré, !966). 

Some other dimensionless groups are also used individually to 
account for other minor effects. The basic concepts of the princi
pal dimensionless groups used by Bouré (1966) and Ishii and Zuber 
(1970) are compared in detail in Bouré et al (1973). 
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8. - CONCLUSION 

Several types of flow instabilities must be distinguished. 
The classification used here is based on three criteria which 
are of primary importance for the understanding of the phenomena : 

1. The static or dynamic nature of the phenomenon 
2. The necessity or not of a triggering phenomenon 
3. The pure or compound character of the phenomenon. 

The elementary instability phenomena are listed in table ;, while 
the practical types of instabilities are listed in table 2. 

The flow oscillations (or dynamic instabilities) share a 
number of characteristics which are dealt with in chapter 3. 
Oscillations are caused by the dynamic interactions between the 
flow parameters (flow rate, density, pressure, enthalpy and their 
distributions). 

The most common type of oure oscillations are the density 
wave oscillations. Acoustic oscillations may also occur. Various 
compound oscillations involve either the density wave or the 
acoustic wave mechanism, interacting with some of the boundary condi
tion devices. 

The analysis of flow oscillations have been made either 
by means of simplified models (prediction of the thresholds) 
or of computer codes. Numerous computer codes are available. 
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- TABLE 1 -

ELEMENTARY INSTABILITY PHENOMENA IN TWO-PHASE FLOWS. 

Class Type Instability Threshold essentially controlled by 

I. Static !. Flow Excursion Pressure drop laws + Hydrodynamic boundary 
condition 

2. Flow Pattern Transition Flow pattern laws. 

3. Vapor Burst Nucleation laws and Wall properties 
4. D.N.B.(Burnout) } Steady-state hydrodynamics and heat transfer : 

] 

5. Dry-out near the wall and UalJ properties. 

2. Dynamic I. Acoustic Oscillations Pressure-wave propagation 
2. Density-wave „ .,,' . Density-wave propagation oscillations ' r r ° 
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TABLE 2 

INSTABILITY PHENOMENA OF PRACTICAL IMPORTANCE 
IN NUCLEAR ENGINEERING 

Class Type Associated Elementary Phenomenon 

1. Static 
1.1 Pure, primary 1. Flow Excursion 

(excursion) 2. Boiling Crisis 
1.2 Pure, secondary 1. Flow pattern 

(relaxation) transition instability 
1.3 Compound, secondary 1. Chugging 

(relaxation) 

Flow excursion 
D.N.B. or Dry-out. 

Flow pattern transition + system response. 

Vapor Burst + system response. 

2. Dynamic 
2.1 pure, primary 

2.2 Compound, 
primary 

2.3 Compound, 
socondary 

1. Acoustic oscillations Acoustic oscillations 
2. Density-wave Density-wave oscillations 

oscillations. 
1. Parallel-channel Density-wave oscillations + hydrodynamic J 

instability boundary condition. 
2. B.W.R.instability Density-wave oscillations + void-reactivity 

coupling 
3. Thermal oscillations Acoustic or density wave oscillations 

+ wall response 
4. Enthalpy oscillations Density wave oscillations + inlet 

enthalpy response. 

1 . Pressure drop 
oscillations. 

Flow excursion + density wave oscillations. 

i 
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