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In this investigation, experiments conducted in a natural circulation test facility at low power and low
pressure conditions, in the one single and two-parallel channels configuration are presented and dis-
cussed in detail. The novel manner of visualizing the results allowed characterizing the facility at any
time and position which helped to thoroughly understand the instability mechanisms. Different modes
were observed for each configuration. In the case of having two-parallel channels, four different behav-
iors have been observed: stable flow circulation, periodic high subcooling oscillations, a-periodical oscil-
lations and out-of-phase periodical oscillations. In addition, stability maps were constructed in order to
clarify the region in which each mode is dominant. The results obtained from both the one and two-par-
allel channels configurations are thus analyzed and compared. As a result, some similarities have been
observed between the intermittent flow oscillations found in the single channel experiments and the
high subcooling oscillations found in the two-parallel channels experiments. Moreover, similarities have
also been found between the sinusoidal flow oscillations existing in the single channel experiments and
the out-of-phase oscillations from the two-parallel channels experiments. The experiments presented in
this work can be used to benchmark numerical codes and modeling techniques developed to study the

start-up of natural circulation BWRs.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Natural circulation cooling is a key issue in the design of mod-
ern nuclear power plants for simplicity, inherent safety, and main-
tenance reduction features [21]. For this reason, new generation
boiling water reactors (BWRs), which are optimized to be econom-
ical and reliable, are cooled with natural circulation in order to im-
prove their competitiveness. The prototypical natural circulation
BWR (NCBWR) is the Economic Simplified Boiling Water Reactor
(ESBWR) [4,22]. An item of concern of these reactors is the suscep-
tibility to exhibit thermal-hydraulic instabilities since the flow
cannot be controlled externally as in forced circulation systems.

Safety concerns of nuclear reactors have attracted the attention
of many researchers on flow instabilities in natural circulation
boiling loops. Experiments performed on the DANTON facility at
start-up conditions (i.e. low pressure-low power) have shown that
the pressure increase caused by the steam produced in the reactor
vessel is not sufficient to suppress completely the flow oscillations
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and that without external pressurization, an instability region be-
tween single-phase and two-phase operation has necessarily to
be crossed [23]. Unstable behavior at low power and low pressure
has also been encountered at specific conditions explored in an
experimental campaign at the Dutch natural circulation BWR
Dodewaard [26,27].

The tall adiabatic chimney, placed on top of the core to enhance
the flow circulation, makes flashing phenomenon (the sudden in-
crease of vapor generation due to the reduction in hydrostatic
head) likely to occur during the low pressure start-up phase of
NCBWRs. The feedback between vapor generation in the chimney
and buoyancy in the natural-circulation loop may give rise to
self-sustained flow oscillations.

Flashing-induced flow oscillations were first pointed out by the
pioneering work of Wissler and colleagues [25], who reported
about flashing-induced instabilities in a natural circulation
steam/water loop in the 1950s. Since then, several experimental
studies have addressed stability of natural circulation two-phase
flow systems at low pressure [1,12,13,14,23,15].

These flow oscillations make the operation of the reactor during
start-up rather difficult and could cause strong mechanical vibra-
tions of the reactor’s internal components. Well-defined start-up
procedures are therefore needed to cross the instability region dur-
ing the transition from single-phase to two-phase flow conditions.



880 C.P. Marcel et al. / Experimental Thermal and Fluid Science 34 (2010) 879-892

Nomenclature
A section flow area
Cpi specific heat capacity at constant pressure
D section diameter
Epin kinetic energy per unit of volume
inlet mass flow rate
Fiiv two-phase driving force per unit of area
g acceleration due to gravity
Kin inlet friction coefficient
L section length
q applied power
Q time averaged coolant volumetric flow rate
t cross correlation time delay
Uin coolant mean inlet velocity
Vgj drift velocity
Vv volume of the section and
Greek letters
o void fraction
AP inlet restriction pressure drop
ATgupin  fluid subcooling at the channel inlet
Ap density difference between liquid and vapor phases

o1 coolant inlet density

T transfer function from void-fraction fluctuations to flow
rate time constant

Tchannet  fluid transit time in the channel

Thd boiling delay time

75 period of geysering-induced oscillations

Thet transit time of the bubbles passing through the chimney

Subscript

0 relative to the steady state condition

C relative to the heated section

Ch relative to the chimney section

Channel relative to the channel

DC relative to the downcomer

l relative to the liquid phase

model  referred to model

v relative to the vapor phase

Operators

() time average

Marcel et al. [17] performed a thoroughly description of the
mechanism of flashing-induced oscillations occurring in the CIR-
CUS test facility with a single chimney configuration. The experi-
ments were presented in a novel manner, allowing observing the
dynamic evolution of important parameters which gave an excel-
lent characterization of the phenomenology present in the system.

In natural circulation BWRs the chimney section is usually di-
vided into subchannels to avoid cross flow and to better divide
the coolant flowing through the core. Flashing-induced instabilities
occurring in parallel channels may occur during the start-up phase
of a natural circulation BWR equipped with such adiabatic sec-
tions. Such instabilities may be different from the more common
flashing-induced oscillations occurring when only one chimney is
present. Experimental investigations on this field are still very lim-
ited. Aritomi et al. [1,2] studied the low pressure stability of paral-
lel channels with a chimney but in their experiments, the
chimneys were too short compared to those from modern natural
circulation BWRs, and therefore flashing played a secondary role.
Fukuda and Kobori [11] observed two modes of oscillations in a
natural-circulation loop with parallel heated channels. One was
the U-tube oscillation characterized by channel flows oscillating
with 180° phase difference, and the other was the in-phase mode
oscillations in which the channel flow oscillated along with the
whole loop without any phase lag among them. Out-of-phase oscil-
lations were also observed in the parallel channels of the CIRCUS
facility by Marcel et al. [16]. The mechanism of flashing-induced
instabilities occurring in two-parallel channels, however, is not
fully understood and therefore, more experimental investigations
are needed in order to clarify this issue. Such a topic is important
to assure a safe start-up process of novel natural circulation BWRs.

2. Investigation tools
2.1. The CIRCUS facility in the single channel configuration

The CIRCUS facility [9] is a steam/water facility designed to per-
form studies on two-phase flow dynamics relevant for the starting-
up of natural circulation BWRs. CIRCUS is an axially fully scaled,
radially lumped version of the Dodewaard reactor [26] . A simpli-
fied scheme of the CIRCUS facility including technical details is

given in Fig. 1. Further details regarding the CIRCUS facility (e.g.
location of sensors, geometry, etc.) can be found in Appendix A.

CIRCUS can be operated in two different ways: the single chim-
ney configuration and the two parallel chimneys configuration. In
the first one, CIRCUS is equipped with a single tall adiabatic section
representing the reactor chimney which is placed on top of the
heated section. The heated section simulates the reactor core and
consists of two heated channels with two bypasses. For this reason
this section is also referred as the ‘core’ section.

The steam produced in the heated section and in the chimney is
condensed in the heat exchangers and to some extent in the steam
dome. A buffer vessel is used to damp temperature oscillations at
the downcomer inlet, ensuring a constant inlet subcooling. Two
magnetic flow-meters (maximum inaccuracy of +0.01 1/s) charac-
terize the flow at the heated section inlet and chimney outlet. Sev-
eral thermocouples (maximum inaccuracy of 0.5 °C) are located at
the inlet and outlet of each heated channel, along the chimney sec-
tions, in the heat exchanger and in the steam dome. Two PT100
sensors are located at the inlet of the core section and in the steam
dome for more accurate temperature measurements. Absolute
pressure sensors are placed at the inlet of the core section, at the
chimney outlet and in the steam dome. Differential pressure sen-
sors are mounted across the steam dome, for measuring the water
level, and across the core inlet valve. Advanced measuring tech-
niques are used for detailed high sampling rate void-fraction mea-
surements, e.g. conductivity needle probes and capacitance-based
sensors. The channels in the facility are made of glass, allowing vi-
sual inspection during the operation. To reduce the heat losses to
the surroundings, all the sections are covered with removable ther-
mal isolation.

CIRCUS can be operated with a maximum electrical power per
rod of 3 kW. By varying the inlet subcooling and the applied power,
several configurations can be studied in the power-subcooling
plane. The core inlet valve allows changing the inlet restriction
coefficient.

2.2. The CIRCUS facility in the two-parallel channels configuration

In this configuration, the CIRCUS test facility is operated with
two chimneys on top of the core section (see Fig. 1).
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Fig. 1. Schematic view of the CIRCUS facility and its sensors in the single chimney and the two-chimney configuration (not to scale).

Two parallel chimneys are installed above the four electrically
heated channels representing the core, from which two of these
are connected to each chimney. Channel 1 represents the set of
heated channels number 1 and 2 together with Chimney 1; Channel
2 represents the set of heated Channels 3 and 4 together with
Chimney 2. In this configuration, the CIRCUS facility is equipped
with 16 void sensors for measuring the axial void-fraction profile
in the chimneys. Moreover, 30 thermocouples allow measuring
the temperature in the loop. Reverse flow (counter-current flow)
may occur in the channels during very strong oscillations. Special
high sensitive dp-sensors capable of measuring both negative
and positive pressure drops are therefore installed at the inlet of
each heated channel and core bypass channels where the coolant
is always in liquid phase for all conditions.

3. Experimental results

The following experiments are performed with the steam dome
open to the surroundings, thus the pressure at the top of the facil-
ity is assumed to be always at 1 bar. In this way, any pressure feed-
back occurring during oscillations is greatly reduced. Each
experimental point is obtained by fixing the power applied in the

Table 1
Experimental conditions for the measurements obtained with CIRCUS facility in the
single chimney configuration.

Magnitude Value
Power per rod 0-3000 W
Inlet temperature 50-99 °C
Pressure 1 bar
Flow circulation Natural
Core-bypass channels Closed
Number of chimneys 1

Inlet restriction coef. 5.6

heating rods and varying the inlet temperature by changing the
power applied in the buffer vessel. By repeating this process at dif-
ferent powers, the whole operational map can be covered. The
operational conditions used for the experimental study performed
in the CIRCUS facility are summarized in the following table (see
Table 1).

The value of the inlet friction coefficient is obtained experimen-
tally by taking the channel flow area Ac as a reference.

The inlet subcooling is defined in terms of the saturation tem-
perature at the steam dome (100 °C).

In this investigation, the same friction has been used for the sin-
gle channel and the two-parallel channels configuration, which
corresponds to Kj, = 5.6.

3.1. Single channel configuration

3.1.1. The stability maps
Fig. 2 shows the stability map corresponding to the single chan-
nel configuration.
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Fig. 2. Measured stability boundaries corresponding to the case with Kj, = 5.6.
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Fig. 3. Channel oscillation period vs. transit time for the case with K, = 5.6.

The power-subcooling plane is useful to characterize the system
since with these two parameters the working point of the facility is
univocally determined.

From the results it is observed that instability occurs within a
certain range of inlet subcooling. This result is in agreement with
findings reported in literature (see [12,15,18]).

In order to clarify the origin of the instabilities the period of
experimental oscillations is compared with typical periods of
DWOs. The fluid transit time in the channel is estimated as

Ve +1V
Tchannel = %7 (])

where Q is the time averaged coolant volumetric flow rate, V¢, the
volume of the chimney section and V¢ the total volume of the core
section. The factor 1/2 before V- appears since a perturbation of the
inlet flow rate produces a perturbation of the enthalpy at the core
outlet with an average phase lag corresponding to half of the transit
time from the inlet to the outlet of this section. Since the transit
time is a time-dependent variable in case of flow oscillations, it is
evaluated on the basis of the mean flow rate.

Oscillatory cases obtained by applying 2 kW per rod have been
selected for this investigation. The relation between the oscillation
period and the transit time for such experimental cases is shown in
Fig. 3.

The oscillation period from the experiments agrees well with
the estimated one from DWOs (being between one-and-a-half to
two times the coolant transit time through the channel) indicating
the density wave character of the flashing-induced oscillations. It
has to be recalled that numerical simulations performed by Maner-
a [15] have shown that the strong effect of the energy accumulated
in the heat structures, namely the chimney walls and heated sec-
tion tends to increase the incubation time and therefore the oscil-
lation period. Heat losses have shown to cause the same effect.
Such phenomena are obviously present in the results presented
here. For small oscillation periods, which correspond to low subco-
oling values, the period slightly deviates from these limits. In order
to understand this, a more detailed characterization of the experi-
ments is needed. Such a study is presented in the following section.

3.1.2. From stable to unstable

From experiments such as those presented in Fig. 2 it is ob-
served that by increasing the inlet temperature (while maintaining
the power constant) four different types of behavior are present
[15]: (a) stable flow at high subcooling, (b) unstable intermittent
two-phase flow, (¢) unstable sinusoidal two-phase flow, and (d) sta-
ble flow at low subcooling. These four behaviors have been exten-
sively discussed in [17]. Part of that analysis is included here in
order to discus similarities and differences with the results ob-
tained with the two-parallel channels configuration. The experi-
ments selected here correspond to K;, = 5.6, a power of 2 KW per

rod and different inlet subcoolings. It has to be noted that for this
configuration, the behavior with stable flow at low subcooling
could not be reached.

To characterize the facility at any position and time, the tempo-
ral evolution of the axial temperature profile in the channel to-
gether with the void fraction axial profile in the chimney is
included in special plots developed for that purpose. In these plots
the color scale represents the value of the corresponding variable
while the horizontal and vertical axes refer to the time and the ax-
ial position, respectively. The temperature profile is obtained from
the eight different places where the temperature is measured (see
Fig. 1). The void fraction evolution is reconstructed from the six
void sensors placed in the chimney. A small scheme of the CIRCUS
facility is included to clarify the axial positions in the plots.

Time traces of the core inlet coolant flow are plotted together
with the power spectral decomposition (PSD).

3.1.3. High subcooling stable flow circulation

Fig. 4 presents the case measured with an inlet temperature of
86 °C, where single-phase buoyancy plays a major role.

It is seen that cold water enters the channel and is heated in the
core section. The coolant then travels through the chimney section
with no significant heat losses.

The temperature profile and the flow remain unchanged in
time, only exhibiting small fluctuations which can be attributed
to statistical fluctuations and turbulence. This is in accordance
with the PSD plot of the flow signal where no natural frequency
is seen. In this case, no significant amount of vapor is detected in
the chimney (see void fraction plot).

3.1.4. Intermittent oscillations

By reducing the coolant inlet subcooling the high subcooling
stability boundary is crossed where intermittent oscillations are
found. Fig. 5 shows the case with an inlet temperature of 89.2 °C.

In order to clarify the details of the dynamic process shown in
the plots, let us focus on what happens at ~30s. The coolant is
heated in the core, driving the flow upwards due to single-phase
natural circulation (no vapor is identified in the chimney). At a cer-
tain point flashing occurs in the chimney since the saturation tem-
perature is reached by the hot coolant.

The vapor created by flashing enhances the flow circulation.
Due to the flow increase, the coolant passes the heated section fas-
ter and therefore is heated less. This liquid bulk is not hot enough
to vaporize in the chimney and flashing thus stops. As result of this,
the driving mechanism is again single-phase buoyancy and the
flow circulation decreases. This flow decrease causes the coolant
to stay longer in the heated section and consequently the temper-
ature at the chimney inlet starts to increase. Some vapor is conse-
quently created by boiling at regions close to the core exit, causing
a small second flow increase which disappears soon after entering
the chimney. The hot front originated in the heated section travels
upwards starting the cycle again. Since from one flashing event to
the next one a certain time is needed (the so-called incubation
time) this behavior is named intermittent flashing.

As in the experiments with the single chimney configuration,
the interaction with the structures (in particular in the chimneys)
and the heat losses most probably influences the incubation time
of the system.

The PSD plot shows numerous frequencies after the main fre-
quency indicating the presence of higher modes.

3.1.5. Sinusoidal oscillations

A further decrease in the inlet subcooling allows reaching the
unstable case with sinusoidal oscillations. The results of the mea-
surements performed with an inlet temperature of 95.1 °C are de-
picted in Fig. 6.
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Fig. 4. Stable high subcooling flow circulation. Very low vapor values and a constant axial temperature profile in the chimney characterize this case. The flow signal is roughly

constant only exhibiting some noise.
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Fig. 5. Unstable intermittent oscillations. This case is characterized by periodical oscillations occurring after a certain incubation time. The PSD plot shows clear frequencies.

Unlike the intermittent oscillations case, in the sinusoidal oscil-
lations case during the flashing event vapor appears in the core
section first. The coolant flow shows a regular behavior with a
non-existent incubation time (see the PSD plot).

It is seen that just before the steam is produced in the core, the
temperature profile shows a clear hot spot (see Fig. 6). It is ex-
pected that the existing negative temperature gradient (Including
the heat transfer with the structures) may diminish the vapor cre-
ation. An extreme example of this effect is the geysering phenom-
enon which can lead to sustainable oscillations. Since the geysering
mechanism is characterized by a much longer oscillation period
than that of DWOs, having such temperature profile prior to the
flashing event may tend to reduce the oscillation period. This
agrees with the shorter oscillation periods found for the cases with
low subcooling values (see Fig. 3).

3.1.6. Low subcooling stable flow circulation

By increasing the coolant temperature at the core inlet even fur-
ther, the low subcooling stable case is found (see, for example
Fig. 8 from [17]).

In this case, coolant in a two-phase state is permanently present
in the chimney. The temperature profile is characterized by a clear
temperature decrease in the flashing region. This decrease is due to
the decrease in the saturation enthalpy which corresponds to the
hydrostatic pressure decrease.

3.1.7. Analysis of the dynamics of the flashing front

In this section, the dynamics of the flashing front for the two
oscillatory cases is further investigated. The signals from the
non-intrusive, high frequency, capacitance-based void detectors
are used for this purpose.
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The cases presented in Figs. 5 and 6 are used in this section. The
time traces of the signals from the void fraction sensors placed in
the chimney are shown in Fig. 7a. To facilitate the comprehension,
the sensor positions are numbered from bottom to top, being the
lowest one number “1” and the top one number “6”.

Fig. 8a shows that in the intermittent oscillations case the flash-
ing front starts at the top of the chimney, at positions 6 and 5. This is
due to the fact the temperature profile is quite flat prior to the onset
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of flashing (see Fig. 5) and therefore flashing is likely to occur at high-
er positions where the hydrostatic pressure is lower. The flashing
front then reaches the lower regions in the chimney, at positions 4
and 3. The flashing front then travels upwards leaving the chimney.

The flashing front evolution for the sinusoidal two-phase oscil-
latory case is presented in Fig. 7b. As can be observed, in this case
vapor appears at the lowest void sensor location first and then
travels upwards along the chimney.

o
- O

0.01
1E-4
1E-6

Flow PSD [Hz ]

0.1 0.2
Frequency [Hz]

0.4
0.3

Flow [kg/s]

0.24
0.14

Flow [kg/s]

0.0

50
Time [s]

100

Fig. 6. Sinusoidal oscillations case. This behavior is characterized by regular oscillations with a practically non-existent incubation time. The flashing/boiling front starts
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3.1.8. Analysis of the inertia of the loop

During the oscillations the buoyancy in the system is mainly
due to the two-phase driving force which, per unit of area, is de-
fined as follows

Firiv = (P1—p,)2 L g, (2)

where « is the mean void fraction (obtained by integrating in space
the temporal evolution of the axial void fraction in the channel) and
L is the channel length. The use of fast response void fraction and
pressure drop sensors assure that no dynamic effects are introduced
by the measurement system (besides some delay which may be
introduced by the void transport).

The system response due to a change in the driving force can be
accounted by the kinetic energy per unit of volume, which is de-
fined as

Eltin = plu§1/27

where v, is the coolant velocity at the core inlet.

Fig. 8a illustrates the response of the kinetic energy to changes
in the two-phase driving force, for intermittent oscillations mea-
sured with Kj;, = 5.6 an inlet temperature of 88 °C and a power in-
put of 2 kW per rod.

The figure clearly shows that no linear relation exists between
the two plotted quantities. To clarify this issue, the cross correla-
tion of the mean void fraction and the coolant velocity is calculated
and plotted in Fig. 8b.

A clear time delay of ~0.77 s exists between these two signals.
The time constant of the transfer function from void-fraction fluc-
tuations to flow rate can be estimated from a first-order transfer

3)

Table 2
Experimental conditions corresponding to the measurements performed in the
CIRCUS facility with parallel channels.

Magnitude Value
Power per rod 0-3000 W
Inlet temperature 70-99 °C
Pressure 1 bar
Flow circulation Natural
Core-bypass channels Closed

Number of chimneys 2
Inlet restriction coef. 5.6

25 T
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function derived from a model based on the linearized version of
the momentum balance (see [18] in which two driving mecha-
nisms are considered: the single-phase and the two-phase natural
circulation.

. MoY 5
2L gl (Pron — Po) + (Prpe — Pren)]

A time constant of T,,;04e= 0.91 s is found from the model, which
is in the same range as the time delay from the cross correlation
(tdgelay = 0.77 s). The inertia term XIy/A; is particularly important in
natural circulation systems and therefore has to be taken into
account. In other words, the flow cannot be considered to instanta-
neously adjust itself to changes in driving force and friction.

It can be concluded that the delay between the two-phase driv-
ing force and the kinetic energy is caused by a combination of two
effects: the inertial effects of the fluid plus some delay which may
be introduced by the void transport.

(4)

3.2. Two-parallel channels configuration

As in the case with only one chimney, during the experiments
with the two-parallel channels configuration, the power applied
in the heating rods is fixed and the inlet temperature is varied by
changing the electrical power applied in the buffer vessel. By
repeating this procedure with different powers, the full operational
map can be covered. The operational conditions used in this study
are summarized in Table 2.

3.2.1. The stability maps

In the out-of-phase oscillation mode, the primary flow remains
constant, i.e. the total pressure drop in the parallel channels re-
mains the same. Such oscillatory behavior, however, is never ob-
served in our experiments. As soon as the system loses stability,
the primary flow exhibited oscillations.

Fig. 9 shows the stability map found when K, = 5.6 is set. The
stability map is divided into four regions, each one characterizing
a different behavior for which typical time traces of the primary
flow are also included in the figure.

The first region I is mainly characterized by stable single-phase
flow. In the proximity of the stability boundary small bubbles were
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Fig. 9. Stability map and typical time traces of the flow found when the inlet friction is set to a value equal to K;, = 5.6. The experiments marked with a ‘CJ’ are analyzed in
detail in Sections 3.2.3-3.2.6. The arrow indicates the points used in the investigation presented in Section 3.2.7.
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observed at the chimney exit corresponding to low vapor quality
values.

The high subcooling oscillations are observed in region II. This
region exhibits regular oscillations in which the period and time
of occurrence of the cycles is the same for both the channel partial
flows and the primary flow.

In region III, so-called a-periodical oscillations take place in the
system.

In the last region IV regular oscillations, which are out-of-phase
regarding the partial flow in the channels, are found.

A more detailed description of the four behaviors is provided in
next sections. It has to be remarked that no stable flashing region is
observed in this set of measurements.

3.2.2. Phenomenological description — from regions I-IV

To clarify the four behaviors introduced earlier, selected exper-
iments performed with a power input of 2 kW per rod are pre-
sented in detail in this section. These cases are marked with ‘1’
in Fig. 9.

The dynamics of the axial temperature profile and the void-frac-
tion profile in the two channels is displayed by using the same
technique used before. These profiles are obtained from the sixteen
different positions where the temperature and the void fraction is
measured (see Fig. 1). Finally, to easily correlate the dynamics of
the flow changes with the void and the temperature fluctuations
in the channels, the partial flows are also superimposed on the ax-
ial temperature plots.

The partial flows time traces are plotted to show the differences
between the cases. The primary flow signal power spectral decom-
position (PSD) is also shown.

3.2.3. Region I - high subcooling stable flow circulation

A measurement performed with an inlet temperature of 80 °C is
selected as example of the stable behavior of region I. Fig. 10 shows
this case where stable single-phase natural circulation occurs in
the facility.
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The temperature profile is similar in both channels. The partial
flows only exhibit small fluctuations which can be attributed to
statistical fluctuations and turbulence. In this case no natural fre-
quency is observed in the PSD of the primary flow signal.

From the figure it is observed how cold water entering into the
channels is heated in the core section. The coolant then travels
through the chimney section with no significant heat losses. The
main flow circulation driving mechanism is single-phase buoyancy
since no significant void is detected.

This behavior is similar to the high subcooling stable flow circu-
lation behavior reported in Section 3.1.3 obtained when having a
single chimney.

3.2.4. Region Il - unstable high subcooling flow circulation

Fig. 11 shows the typical behavior from region II. This particular
case is obtained by operating the facility with an inlet temperature
of 87 °C.

Here, flashing occurs almost simultaneously in both chimneys
(see the large peaks in the partial flow signals) since the conditions
for flashing in both channels are fulfilled practically at the same
time. In this region the period and time of occurrence of the oscil-
lations is the same for both partial flows and primary flow. The
coupling between the channels cause that during the flashing
events the partial flows behave out-of-phase.

In order to clarify the process, let us focus on what happens at
~100s. As can be seen in Fig. 11, (see plots with vapor), large
amounts of vapor are present in Channel 2 while Channel 1 still
contains liquid water. Consequently, a strong increase in flow ap-
pears in Channel 2 due to buoyancy. As a result, reversed flow oc-
curs in Channel 1 due to the large inertia of the coolant in the
downcomer. This reversed flow forces hot coolant to re-enter the
core section and triggers the creation of large amounts of vapor
in Channel 1. As a consequence, the partial flow in Channel 1
strongly increases, thereby now reversing the flow in Channel 2.
Hence, the water present in the core of Channel 2 is also heated
twice (similar to Channel 1). The temperature in the lower part

T LR
= Ch 2 0.8
2 0.6
g 4 0.4
E 0.2
T 3 56
é 0 50 100 150 200 250 300 ’
Time[s]
e
8 Ch 2 lmf,
E 4 100
£
S
:g 3 95
[o]
o
©
>
<

2 | 90
(O8]
1 o 85
0 80
100 150 200 250 300
Time [s]

0 50

3
1E-6 {

Flow PSD [Hz ]
m
i

N
m
[

0.0 0.1 0.2 0.3
Frequency [Hz]

Fig. 10. Region I is characterized by identical axial temperature profiles in the channels and stable flows, similarly to the high subcooling stable cases from Section 3.1.3.



of the chimney in Channel 2 is too low to create vapor now. Some
flashing, however, occurs due to the presence of hot coolant at the
middle of the chimney in Channel 2. The partial flow in Channel 2
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increases for a second time which causes (again) reversed flow in
Channel 1. The coolant in Channel 1, however, is now too cold to

flash again.
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Fig. 11. Region II. The high subcooling oscillations are characterized by showing similar temperature axial profiles in both channels at any time. Large amplitude oscillations
take place followed by a relative long incubation time.
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Fig. 12. Region III. The a-periodical oscillations exhibit a very complex temperature and void fraction axial profile in the channels.
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To summarize, the parallel channels show reversed flow and
flashing in an alternating, but not sustainable way due to the rela-
tively low power and low inlet temperature. Since the channels be-
have more or less independently (whereas the mutual coupling
only triggers the flashing events synchronizing the channels) this
behavior can be compared with the intermittent oscillations re-
ported in Section 3.1.4 occurring in a system with a single
chimney.

From the analysis of the primary flow signal, two different time
scales can be identified: the fast changes in flow (~3 s), caused by
the very strong coupling between the channels during flashing, and
the long incubation time (~85 s) needed to build up the conditions
that will lead to the next flashing cycle in the channels. Numerous
frequencies appear in the PSD.

3.2.5. Region Il - unstable a-periodical oscillations

A further increase in the inlet temperature leads to the a-peri-
odical oscillations of region III. A typical case of this behavior is
shown in Fig. 12, obtained with the inlet temperature set equal
to 88.5 °C.

In this case, the combination of power and inlet temperature
leads to very complex dynamics resulting in a-periodical oscilla-
tions which are clearly visible in the axial void fraction and tem-
perature plots. This behavior is hard to predict, contrasting with
the regular oscillations from regions Il and IV.

In this region, since the periodicity is lost, a broad range of
amplitudes and frequencies is found in the PSD of the primary flow
signal which is characterized by the absence of clear peaks.

Despite the complex axial temperature profiles existing in the
channels, the correspondence between the presence of void and
the increase in flow can still be seen. This a-periodical region is
studied in depth in [7].

3.2.6. Region IV — unstable out-of-phase oscillations
Increasing the inlet temperature even more leads to region IV,
where so-called out-of-phase regular oscillations are found. The
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experiment depicted in Fig. 13 is obtained by setting the inlet tem-
perature equal to 98.0 °C.

To better explain the process taking place in this region, we
will focus on what happens at ~39s. The high core inlet temper-
ature causes very hot coolant being present at the exit of the
heated section of Channel 1 resulting in large amounts of vapor
in the chimney (see void plot in Channel 1), while Channel 2 still
contains liquid water. As a result of the vapor appearance in Chan-
nel 1, buoyancy abruptly increases the partial flow in this channel.
The large increase in the Channel 1 flow causes reversed flow to
occur in Channel 2, due to the large inertia of the coolant present
in the downcomer. This reversed flow forces hot coolant to re-en-
ter the heated section of Channel 2, where it is heated for the sec-
ond time.

The combination of high power and inlet temperature causes
the alternation of flashing events in both channels to be sustained,
in contrast to the cases from region II. Due to the small inlet sub-
cooling, the coolant that is heated twice starts to boil inside the
heated sections. The noticeable gradient in the chimney axial tem-
perature profile prior flashing causes condensation that suppresses
the vapor creation during the resulting oscillations (see the vapor
decrease in the middle part of the flashing chimney).

The time evolution of the void-fraction profile shows a clear
correlation in time between the vapor creation and the flow in-
crease in the corresponding channel. It is also found that some va-
por produced in one channel enters the other channel due to
reversed flow.

The PSD of the primary flow signal exhibits a clear peak at the
oscillation frequency and also higher harmonics.

3.2.7. Analysis of the instability mechanism

Since two possible instability mechanisms are identified, flash-
ing and geysering, the periods of the unstable cases obtained when
applying a power input of 2 kW per rod (indicated in Fig. 10 with
an arrow) are compared with two characteristic parameters of
density wave oscillations (DWO) [3,28] and geysering oscillations
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Fig. 13. Region IV. The out-of-phase oscillations are extremely regular, where reverse flow plays an important role creating ‘hot spots’ which will flash afterwards.
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Fig. 14. (a) Period of the oscillations vs. partial flow. The a-periodical region is marked with a shaded rectangle. (b) Channel oscillation period vs. characteristic transit time in

the channels for both, the single and parallel channels configuration.

[1]: the traveling time through the channel and the boiling delay
time plus the bubble transit time.

Fig. 14a shows the relation between the oscillation period and
the flow where the inlet temperature is included in the upper axis.

It is found that the oscillation period monotonically decreases
with the inlet temperature. The figure also reveals the long incuba-
tion time from region II relative to the small oscillation period in
region IV.

Fig. 14b shows the relation between the channel oscillation per-
iod and the transit time of the flow which is estimated by using Eq.
(2).

The results for the single chimney configuration at equivalent
conditions (in terms of the power per channel, inlet subcooling
and common inlet restriction) already discussed in Section 3.1.1
are also included in the figure.

Fig. 14b clearly shows that the two regions with periodical
oscillations, i.e. regions II and IV, exhibit different slopes, suggest-
ing the instability mechanism to be different. The smaller slope of
the (roughly) straight line associated with region IV is due to the
strong effect of the reversed flow in the mechanism which pro-
motes the appearance of vapor since a certain amount of hot cool-
ant passes the heated section twice. The figure also shows that for
all experiments, the parallel channels have a shorter oscillation
period than that from the single chimney configuration. This differ-
ence, however, is reduced for large values of transit times, which
confirms that for high subcooling/low power conditions the chan-
nels behave more independently, i.e. like in the single channel case
from Section 3.1.4.

The existence of the geysering mechanism [20] which may
complement flashing, is also investigated. Such a mechanism is
likely to occur due to the heat transfer with the structures of the
chimney section and core. The boiling delay time 1,4 is defined
as the time required for the fluid with subcooling AT, to be
heated up to the saturation temperature based on the pressure at
the channel inlet and is expressed by

= PiCp AT supAcLc 7 (5)
q

where the liquid density p;, and the specific heat capacity at con-

stant pressure Cp;i,, are computed at the temperature at the chan-

nel inlet; A:. and L; are the flow area and length of the heated

section, respectively.

The non-heated chimney influences the geysering period since
the effect of the transport of bubbles cannot be ignored [1]. It is
found an acceptable correlation for the measured data when the
boiling delay time is added to the transit time of the bubbles pass-
ing through the chimney 75, which can be calculated by the drift
velocity v, for slug flow in the following manner

Len

Tpot = M (6)
with

1/2
vg = 0.35 (‘%) , (7)

g being the acceleration due to gravity, 4p the density difference
between the liquid and vapor phases, and u;, the mean inlet
velocity.

In experiments performed with a chimney it is reported that the
period of geysering-induced oscillations 7, is nearly equal to the
boiling delay time 7,4 plus the bubble transit time 7, [1]. The per-
iod of the oscillations 1y are therefore plotted in Fig. 15 vs. Tpq +
Th,tt

The regular oscillations from regions II and IV exhibit linear
relations with different slopes. In region II the slope is roughly sim-
ilar to that in the case of single channel oscillations. Since the oscil-
lation period is several times the boiling delay time, it can be
concluded that geysering plays a secondary role in this case. In
contrast, the slope of the linear profile of region IV is similar to that
from geysering instabilities. The magnitude of the periods, how-
ever, is systematically underpredicted, suggesting that the instabil-
ity mechanism cannot be attributed to geysering only. This
difference can be explained as follows. The boiling delay time as-
sumes the flow is zero during the heating up process. The coolant
flow, however, is not zero and therefore some enthalpy is trans-
ported by the coolant, which is not used in the vaporization. As a
result the system needs more time to complete a cycle than that
predicted by the geysering mechanism. For this reason, the period
of the oscillations in region IV is overestimated by DWO based esti-
mations and underestimated by predictions based on geysering
oscillations.
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Fig. 15. Channel oscillation period vs. boiling delay time plus bubble transit time.
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3.2.8. Experimental evidence of bifurcations and non-linear analysis

In this section, the experiments obtained at an input power
equal to 2 kW per rod are used. The inlet temperature is varied
in small steps of 0.5 °C. Each experiment is preceded by waiting
1 h before measuring, to reduce as much as possible any long term
drift in the inlet subcooling. Then, each point is measured for 1 h in
order to get enough statistics for this analysis.

Fig. 16a is a contour plot that shows the PSD of the primary flow
signal for all measured cases. A Henning window is used. The color
represents the logarithmic value of the power level for the corre-
sponding frequency component. Fig. 16b presents the PSD for three
cases.

In the out-of-phase region IV, the spectrum shows the trend of
the main frequency together with higher harmonics. By decreasing
the inlet temperature, a period-doubling occurs at around 96 °C.
The amplitude of the successive bifurcations becomes hard to be
identifiable in practice after the first period-doubling due to mea-
surement noise.

An abrupt change in the frequency pattern is seen when reach-
ing the a-periodical region Ill. Here, a broad band of frequencies
emerges around the main frequency. As predicted by the Feigen-
baum scenario [10], this may be due to a cascade of period-dou-
bling bifurcations which creates many possible oscillation modes
which are impossible to discriminate from each other.

In region II, the PSD clearly shows higher harmonics. A further
decrease in the inlet temperature leads to the stable region I char-
acterized by no peaks.

A non-linear characterization of experiments from region III
based on a Wavelet-Transform Modulus-Maxima (WTMM) formal-
ism showed a multi-fractal structure in the dynamics of the mea-
sured signal, thus revealing that the nature of the a-periodical
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oscillations is deterministic chaos [7]. As explained before, the
physical mechanism driving these flow oscillations is mainly flash-
ing combined with some geysering. Although the chaos is proven
to be deterministic, such a chaotic behavior of the flow oscillations
is difficult to be modelled, since there is sensitive dependence on
initial conditions. Therefore, when trying to model the behavior
of the facility for the transition region via a time-domain code,
any inaccuracy in the determination of the initial conditions would
lead to radically different responses of the facility. Any attempt to
model such behaviors is further complicated by the strong asym-
metrical response of each pair of heated channels/chimney.

3.3. Single channel behavior vs. two-parallel channels behavior

Table 3 shows the main features of the behaviors found for the
two aforementioned configurations while the inlet temperature is
increased.

First, it should be noted that the physical phenomena causing
the dynamical behavior could be different for the single channel
and the parallel channels configurations. A direct comparison be-
tween the behaviors a and [, b and II, etc. as stated in Table 3 is
therefore not always meaningful. Second, it has to be stressed that
the configurations used in both sets of experiments make use of
the same loop and therefore, although the number of channels is
doubled, the rest of the sections remains the same (this is different
from a situation where a chimney is divided into smaller sections).

From the experiments it is observed that the stable flow circu-
lation behavior corresponding to very low quality values in the
chimney (a and I) are similar for the two configurations. This sim-
ilarity can be observed in the channel axial temperature profiles,
the chimney void-fraction profiles and the stable mass flow rate
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Fig. 16. (a) Contour plot of the primary flow PSD. (b) PSD for three particular cases. A bifurcation occurred from the first to the second plot.

Table 3

Summary of the different behaviors found in the experiments obtained with the single channel and the parallel channel configuration.

Single channel

Parallel channels

a — Stable flow mainly driven by single-phase natural circulation.

b - Intermittent flow oscillations driven by flashing. Flat chimney axial
temperature profile prior to the flashing occurrence.

¢ - Sinusoidal flow oscillations driven by boiling plus flashing. Non-flat
chimney axial temperature profile prior to the flashing occurrence.

I - Stable flow mainly driven by single-phase natural circulation.

Il - High subcooling flow oscillations driven by flashing and to some extent to boiling.
Almost flat axial temperature profile in the chimneys prior to the flashing occurrence.
Il - A-periodical flow oscillations caused by flashing, boiling and geysering. Non-flat axial
temperature profile in the chimneys. Reverse flow of great importance for the

phenomenon.

d - Stable flow circulation induced by flashing.

IV - Out-of-phase flow oscillations driven by boiling, flashing and geysering. Non-flat

chimney axial temperature profile prior to the flashing occurrence. Reverse flow of great
importance for the phenomenon.

Note: The cases are ordered according to their respective inlet temperature, with cases with lower values first.
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(see Figs. 4 and 10). The very high subcooling natural circulation
mechanism is efficient enough to cool the heated section. Appar-
ently the cooling mechanism is able to suppress any perturbation
which would lead to instabilities in the channel(s).

The intermittent oscillations occurring in the single channel
configuration show analogies to the high subcooling oscillations
observed in the parallel channels configuration). This is related to
the fact that flashing is the only instability - generating mecha-
nism present here. As can be seen from Figs. 5 and 11, the axial
temperature profiles are similar, except for the short time in which
reverse flow occurs for the case with parallel channels. The low-
quality natural circulation mechanism is not efficient enough to
sufficiently cool the heating rods and reach a steady-state situa-
tion. In this case, flashing-induced instabilities and low-quality
natural circulation are alternating phenomena.

The a-periodical flow oscillations involving flashing, boiling and
geysering effects show a high degree of complexity and are not
found in the single channel configuration. The strong coupling be-
tween the channels together with the aforementioned effects cre-
ates very complex, time-dependent, axial temperature profiles.

Some similarities exist between the sinusoidal oscillations ob-
served in the single channel configuration and the out-of-phase
oscillations in the parallel channel case (IV), such as the axial tem-
perature profile exhibiting the same trend (see Figs. 6 and 13). The
reverse flow from the latter case, however, is not present in the sin-
gle channel configuration. Reverse flow shortens the flashing cycle
since part of the fluid is heated twice, as can be clearly seen in
Fig. 14b. The oscillation period of the partial flow in the parallel
channel configuration is therefore found to be smaller than that
for the single channel configuration (see Fig. 14b).

The stable flow circulation induced by flashing observed in the
single channel configuration has not been found in the parallel
channels cases reported here.

4. Conclusions

Flashing-induced instabilities occurring in one and two-parallel
channels are investigated in detail. A novel representation of the
results allowed a thorough understanding of the instability mech-
anism. As result of this investigation, the following is concluded.

The four different behaviors reported by previous authors are
seen in the experiments obtained with the single chimney config-
uration: stable flow at high subcooling; intermittent flow oscilla-
tions; sinusoidal flow oscillations and stable flow at low
subcooling.

The flashing front develops from the chimney top to bottom
during intermittent oscillations and from bottom to top in the
sinusoidal oscillations.

The oscillation period found in the experiments agrees well
with those from DWOs indicating the density wave character of
the flashing-induced oscillations.

The delay between the two-phase driving force and the kinetic
energy is affected by the inertia of the loop.

The instability mechanisms existing when having parallel chan-
nels, have also been thoroughly investigated by using the CIRCUS
test facility.

As a result of this study it is concluded that at least four differ-
ent behaviors can be expected in a system of two identical heated
channels equipped with parallel chimneys. These are:

- stable flow circulation (corresponding to very low vapor quality
values);

- periodic oscillations in which the primary flow is roughly in-
phase with the partial flow in both channels and the main insta-
bility mechanism is due to flashing. The two channels behave

more or less independently except for the clear synchronization
of the flashing events which can be attributed to the coupling
between the channels;

- a-periodical oscillations which are attributed to multi-fractal
deterministic chaos. Bifurcations have been observed in the
experiments which suggest that period-doubling is the route
to chaos followed by the system. This result has never been
reported before; and

- out-of-phase periodical oscillations in which the primary flow
exhibits a period which is half of the period of the partial flows
in the channels. Two main instability mechanisms seem to coex-
ist in this case being flashing and geysering. The channel cou-
pling creates reversed flow which causes hot spots in the
channels. This effect creates large gradients in the axial temper-
ature profile that together with the interaction with the struc-
tures, favors the occurrence of condensation effects.

In addition, some similarities have been observed between the
intermittent flow oscillations found in the single chimney experi-
ments and the high subcooling oscillations found in the two-paral-
lel channels experiments. Moreover, similarities have also been
found between the sinusoidal flow oscillations existing in the sin-
gle chimney experiments and the out-of-phase oscillations from
the two-parallel channels experiments.

The results from this investigation can be very useful to validate
numerical models which in turn can be used to investigate the sta-
bility of natural circulation BWRs during start-up. From the exper-
iments with a multiple chimney configuration, it can be concluded
that instabilities showing chaotic behavior might be of interest.
Such a dynamical behavior may be difficult to predict by most of
the time-modeling techniques, due to the sensitive dependence
on initial conditions and represents a challenge for the future.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.expthermflusci.2010.02.002.
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