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Summary

Summary

In the design of novel nuclear reactors active systems are replaced by
passive ones in order to reduce the risk of failure. For that reason natural
circulation is being considered as the primary cooling mechanism in next
generation reactor designs such as the natural circulation boiling water reactor
(BWR). In such a reactor, however, the flow is not a controlled parameter but is
dependent on the power. As a result, the dynamical behavior significantly
differs from that in conventional forced circulation BWRs. For that reason,
predicting the stability characteristics of these reactors has to be carefully
studied. In this work, a number of open issues are investigated regarding the
stability of natural circulation BWRs (e.g. margins to instabilities at rated
conditions, interaction between the thermal-hydraulics and the neutronics, and
the occurrence of flashing induced instabilities) with a strong emphasis on
experimental evidence. The prototypical Economical Simplified BWR (ESBWR)
design from the General Electric Company was thereby taken as the reference
natural circulation BWR. Two experimental facilities located at the Delft
University of Technology were used for that purpose: the GENESIS facility
which uses Freon as working fluid and the water-based CIRCUS facility.

Nominal conditions

First of all, the stability of the ESBWR under nominal conditions was
studied. The purpose was to experimentally determine the ESBWR stability
characteristics as accurately as possible and to compare the results with numerical
results of different origin. In order to study the ESBWR stability under less
severe conditions than the nominal ones, a downscaled facility, called
GENESIS, was designed and constructed based on a fluid-to-fluid scaling
approach. Since the rods in the facility are electrically heated, an artificial void
reactivity feedback mechanism was implemented.

Both the thermal-hydraulic and the neutronic-thermal-hydraulic stability
performance of the ESBWR for a wide range of conditions were investigated.
From the analysis of the results it was found that the GENESIS facility
(representing the ESBWR at nominal conditions) is very stable and exhibits a
large margin to instability. From the comparison between numerical
simulations performed by using the system codes TRACG and ATHLET, a
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Summary

significant discrepancy was observed in the predicted decay ratio at nominal
conditions. This finding indicates that limitations still exist in the numerical
estimation of the stability performance of nuclear reactors involving complex
two-phase flows. For this reason both numerical and experimental tools should
be used for such a task.

The GENESIS facility was also used to perform a study in which a number
of parameters such as the steam separator friction (the steam separator is a
typical ESBWR part located at the top of the chimney section), the void-
reactivity feedback and the axial position of the feedwater sparger inlet were
varied. As a result, it was observed that the characteristic resonance frequency
of the thermal-hydraulic mode is found to be much lower (~0.11 Hz) than in
forced-circulation BWRs (~1 Hz), indicating a static head dominated
phenomenon since it corresponds well with typical frequencies of density wave
oscillations traveling through the core-plus-chimney sections. In addition, it
was experimentally found that the position of the feedwater sparger inlet
influences the stability of the thermal-hydraulic oscillatory mode.

Start-up conditions

Some experiments and analyses indicated that thermal-hydraulic
oscillations may occur under certain low pressure and power conditions during
the startup of a natural circulation BWR. For that reason the stability of the
ESBWR at start-up conditions was investigated by using both numerical and
experimental tools.

In the ESBWR, the chimney is split up into many parallel channels; hence,
coupling effects between the channels are of relevance. Two different cases
were therefore studied with the help of the CIRCUS facility: the single channel
configuration and the two parallel channels configuration for which study
CIRCUS was especially modified.

For the single channel configuration, detailed experiments were performed
on flashing-induced oscillations occurring in the CIRCUS facility. Both the axial
temperature and axial void fraction temporal evolution were used to investigate
the mechanisms causing the flashing-induced oscillations. A novel way of
plotting the axial temperatures in the channel was thereby used. The
experimental results were also used to validate a proposed lumped parameter
model. Then the code was used to further investigate the influence of the core
inlet friction and chimney exit restriction on the stability. It was found that
increasing the core inlet restriction stabilizes the system at high subcooling
values and destabilizes the system at low subcooling values. In addition, the
model predicted a destabilizing effect of the chimney exit restriction coefficient
at low subcooling values and no changes in the high subcooling range.
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Summary

From experiments performed with the two parallel channel configuration, it
was found that reverse flow plays an important role in the spatial and temporal
evolution of the temperature and vapor production in both parallel channels.
Four different behaviors were found, depending on the operational conditions:
(i) high subcooling, stable flow, (ii) in-phase oscillations, (iii) a-periodical
oscillations which are attributed to multi-fractal deterministic chaos, and (iv)
out-of-phase oscillations.

The results from the one and two parallel channel configurations also
showed that vapor can be produced while the reactor remains stable. In this
way, the reactor can be pressurized without encountering instabilities.

The work presented in this thesis shows that a natural circulation BWR
can be safely operated from start-up to nominal conditions. Despite the
discrepancies between the experimental and numerical results, it was shown
that the ESBWR has large margins to instability at rated conditions. These
discrepancies also emphasize the importance of using both (validated)
numerical and experimental tools during the design phase of future nuclear
reactors. This work indeed shows that the results from these complementary
tools facilitate the comprehension of the system dynamics.
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Samenvatting

Samenvatting

Nieuwe kernreactoren worden zoveel mogelijk voorzien van ‘passieve
systemen’ in plaats van ‘actieve systemen’ om de veiligheid van dergelijke
systemen te vergroten. Er wordt daarom overwogen om in toekomstige
kerncentrales het koelmiddel rond te pompen door middel van natuurlijke
circulatie. In een dergelijke reactor is de stroming echter athankelijk van het
afgegeven vermogen en is dus niet meer een vrij in te stellen parameter. Het
dynamische gedrag van deze reactorsystemen verschilt daarom sterk van het
dynamische gedrag van systemen waar het koelmiddel geforceerd
rondgepompt wordt. Gedegen onderzoek naar de stabiliteit van reactoren met
natuurlijke systemen is daarom noodzakelijk. In dit onderzoek wordt een aantal
aspecten bestudeerd met betrekking tot de stabiliteit van Kokend Water
Reactoren (BWR’s) met natuurlijke circulatie, zoals de marge tot instabiliteit bij
nominale condities, het samenspel tussen thermohydraulica en neutronica en
het optreden van instabiel gedrag door flashing. De Economic Simplified
Boiling Water Reactor (ESBWR, General Electric Company) wordt hierbij als
uitgangspunt gebruikt. In dit onderzoek ligt de nadruk op experimenteel werk,
waarbij twee opstellingen worden gebruikt: de GENESIS opstelling (gevuld is
met Freon-134a als schalingsvloeistof) en de met water gevulde CIRCUS
opstelling.

Nominale condities

Allereerst werd de stabiliteit van de ESBWR bij nominale condities
bestudeerd. Het doel was om de stabiliteit experimenteel, en zo nauwkeurig
mogelijk te bepalen en de resultaten te vergelijken met numerieke resultaten
van verschillende herkomst. Hiervoor werd een geschaalde versie van de
ESBWR ontworpen en gebouwd (de GENESIS opstelling), zodat bij lagere
drukken en temperaturen gewerkt kon worden. Bovendien werd in de
opstelling het elektrische vermogen van de verwarmingsstaven aangepast aan
de aanwezige damp in de kern om zo de koppeling tussen de dichtheid en de
reactiviteit te kunnen simuleren (het ‘Void Reactivity Feedback” (VRF) systeem).

De stabiliteit van de ESBWR werd onder een groot scala van condities
bestudeerd, waarbij zowel het puur thermohydraulische systeem (vermogen
verandert niet met de dichtheid van het koelmiddel) als het reactorsysteem
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(reactiviteit afhankelijk van de dichtheid van het koelmiddel) werden
beschouwd. Uit de experimenten bleek dat de GENESIS opstelling (die de
ESBWR representeert bij nominale condities) zeer stabiel is en een grote marge
tot instabiliteit vertoont. De experimentele resultaten werden vervolgens
vergeleken met numerieke resultaten die verkregen werden uit simulaties
uitgevoerd met de TRACG en ATHLET systeemcodes. Er bleken grote
onderlinge verschillen te bestaan tussen de numeriek verkregen decay ratios
(DRs) en de experimenteel verkregen waardes. De laatste bevinding toont aan
dat het bepalen van de stabiliteit van complexe twee-fasen systemen met
behulp van numerieke codes nog steeds geen sine cure is. Het bestuderen van
dergelijke systemen moet daarom zowel met behulp van numerieke als
experimentele hulpmiddelen gebeuren.

De GENESIS opstelling werd ook gebruikt om een parameterstudie uit te
voeren. Hierbij werden parameters zoals de frictie van de stoomscheiders (in de
ESBWR geplaatst bovenop de schoorsteen), de dichtheidscoéfficiéent en de
plaats van de feedwaterinlaat gevarieerd. Hieruit kon worden geconcludeerd
dat de resonantiefrequentie van het thermohydraulische systeem een stuk lager
is (~0.11 Hz) dan de frequentie van BWR’s met geforceerde stroming (~1 Hz).
Deze bevinding toont aan dat de frequenties voor het thermohydraulische
systeem voornamelijk bepaald worden door de tijd die het kost voor een
dampgolf om door de kern én de schoorsteen te bewegen. Ook werd
aangetoond dat de positie van de feedwaterinlaat de stabiliteit van het
thermohydraulische systeem beinvloedt.

Opstartcondities

Eerdere experimenten en analyses hebben aangetoond dat oscillaties
kunnen optreden tijdens het opstarten (d.i. lage druk, laag vermogen) van een
BWR met natuurlijke circulatie. In dit onderzoek werd daarom de stabiliteit van
de ESBWR onder opstartcondities bestudeerd met behulp van zowel numerieke
codes als twee experimentele opstellingen.

In de ESBWR is de schoorsteen opgedeeld in vele parallelle kanalen. De
koppeling van deze kanalen kan daarom een belangrijke invloed hebben op de
stabiliteit van de ESBWR tijdens het opstartproces. Om deze invloed te kunnen
bestuderen werd gebruik gemaakt van twee verschillende opstellingen: de
CIRCUS opstelling met één kanaal en de CIRCUS opstelling met twee parallelle
kanalen.

Met de opstelling voorzien van één kanaal werden de oscillaties,
geinduceerd door flashing, onderzocht door de axiale temperatuurs- en
dampprofielen te meten in de tijd. Daarna werden de experimenteel verkregen
resultaten gebruikt om een lumped-parameter model te valideren. Vervolgens
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werd de code (waarin het model verwerkt is) gebruikt om de invloed van de
frictie van de kerninlaat en de uitlaat van de schoorsteen op de stabiliteit te
bestuderen. Uit de berekeningen werd geconcludeerd dat een vergrootte
inlaatfrictie het systeem stabiliseert bij hoge subcooling getallen en
destabiliseert bij lage subcooling getallen. Bovendien werd gevonden dat een
vergrootte uitlaatfrictie het systeem destabiliseert bij lage subcooling getallen en
dat de frictie geen invloed heeft op de stabiliteit bij hoge subcooling getallen.

Uit de experimenten met twee parallelle kanalen werd geconcludeerd
dat neerwaartse stroming veel invloed heeft op het temperatuursprofiel en het
ontstaan en verdwijnen van damp in beide kanalen. Vier verschillende
stabiliteitszones konden worden geidentificeerd, te weten (i) hoge subcooling,
stabiele stroming, (ii) in-fase oscillaties, (iii) multi-fractaal, deterministisch
chaotisch gedrag en (iv) uit-fase oscillaties.

De resultaten, voortkomend uit de opstellingen met één en twee kanalen
lieten ook zien dat damp gemaakt kan worden zonder de reactor instabiel te
maken. Op deze manier zou de reactor op een veilige manier op druk gebracht
kunnen worden.

Dit onderzoek toont dat een BWR met natuurlijke circulatie veilig kan
opereren onder zowel opstart- als de nominale condities. De marge tot
instabiliteit is groot, ondanks het feit dat de numerieke resultaten verschillen
van de experimentele bevindingen. Deze verschillen laten duidelijk zien dat
experimenteel en numeriek onderzoek complementair zijn en dat beiden nodig
zijn om de stabiliteit van toekomstige nucleaire reactoren op gedegen wijze te
kunnen onderzoeken.
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Chapter 1

Chapter 1

Introduction

1.1 Introduction

One of the most challenging tasks the future generations will face is to
produce enough electricity to satisfy the expected energy demand of all the
population worldwide. This goal has to be achieved in a sustainable way
while minimizing any adverse environmental effects. From all the options
being considered for large scale electricity generation, one of the most
advantageous energy sources is nuclear fission since it does not contribute to
the global warming effect and it can be applied at large scale while the
amount of waste produced is very little compared to others!. Nowadays,
around 435 nuclear power reactors are in operation in 33 countries?. From
these reactors, most of them are of the so-called Pressurized Water Reactor
(PWR) and Boiling Water Reactor (BWR) type, which use light water (H20) as
coolant and moderator. In PWRs, water is heated at a pressure level at which
the boiling phenomenon is suppressed. The hot water is used to produce
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steam in a secondary loop which drives the turbines producing electricity. In
contrast, BWRs directly produce steam in the reactor core which simplifies the
system by avoiding the use of large steam generators. The presence of steam
in BWRs, however, increases the complexity of the physical processes taking
place in the reactor (e.g. by reinforcing the coupling of thermal-hydraulics
and neutronics) making the stability performance more difficult to predict?.

For the development of new generation BWRs, economics and reliability
are being carefully studied and optimized in order to improve their
possibilities as a main source of electricity generation!. From all possible
designs the natural-circulation BWR is the most important one. This reactor is
characterized by the absence of pumps in the main circuit. This characteristic
induces new instability mechanisms that need to be thoroughly investigated
in order to assure a safe reactor operation in all conditions. The only BWR of
this type is the Dodewaard prototype reactor with an electric power of 57
MWe which was operated in The Netherlands between 1968-1997.

1.2 Natural circulation BWRs basic principle

In order to present the basic principle of operation of the natural
circulation BWR, the
Economical Simplified Boiling

Steam Water Reactor (ESBWR) design

dryers from the General Electric Co.
(GE) presented in Figure 1-1 is

- [ ] - Stea(::tfmw taken as a reference’®. In this

Steam : ll" ‘ :
separators o | Il | reactor, heat is produced by
E II ‘ m " nuclear fission reactions inside
“ 1 1132 fuel assemblies located in

Chimney ES Feedwater flowin the reactor core. A fuel bundle
itself consists of a square lattice
of 10x10 fuel rods of
Downcomer approximately 1 cm in diameter
and 3 m long. Each individual
rod has a cladding of Zircaloy
which confines the radioactive
fission products released by the
uranium-dioxide (UQO2) fuel.
Heat produced in the fuel
bundles is removed by the
coolant (H20) which flows

| , down through the periphery of
Figure 1-1: The natural circulation ESBWRS. the vessel (via the so-called

Control
rods
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downcomer section) and enters the reactor core several degrees below the
saturation temperature. As it flows upwards along the fuel assemblies, the
temperature increases, and the coolant starts to boil. Part of the coolant, which
remains in liquid state, flows through the core by-pass channels and mixes
with the coolant from inside the assemblies at the core outlet. As a result of
the whole heating process, approximately 17% of the coolant mass is
converted into steam. This steam-water mixture flows through the chimney
section (located right above the core) until it is separated in the steam
separators. Unlike in forced circulation systems, in natural circulation BWRs,
the flow is only driven by buoyancy forces created by the difference in weight
between the hot section (core + chimney) and the cold section (downcomer).
The steam leaves the vessel via the main steam line and drives the turbines.
The axis of the cascade of turbines is coupled with an electric generator to
produce electricity. The water which is separated from the steam flows
downwards through the downcomer section and mixes with the recirculated
condensate water from the turbines, closing the flow circuit. The expected
thermal output of the ESBWR is approximately 4500 MWth. A typical
efficiency of 33% is applicable to this reactor resulting in around 1480 MWe.
This tremendous amount of energy is generated in a relatively small volume
of only 60 cubic meters, i.e. the average core power density is 55 kW/l. Hence,
cooling of the reactor core has to be assured under all circumstances to avoid
excessively high temperatures of fuel and structure materials.

1.3 Classification of BWR instabilities

The highly complex phenomena occurring in BWRs has motivated
extensive research programs with a strong emphasis in stability studies. As a
result of these, important knowledge has been generated which helped to
understand the main instability mechanisms. It was shown that the most
important instabilities in currently operating BWRs are due to purely thermal-
Total Channel Pressure Drop hydrauhc effects and also

N VW N to coupled neutronic-

Outlet Local Pressure Drops thermal hydraulic

effects’8. These instability
types are basically
induced by the 'density-
- wave' character of the
Density Wave Time Delay two-phase flow in the

M coolant channels. The

Inlet Flow . .
TIVE mecharusr'n .of density
Figure 1-2: Illustration of the local pressure drop delay Wave oscillations (DWO)
induced by the density wave mechanism. in boiling channels can be
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explained in a number of equivalent ways”%? from which the most accepted
explanation is as follows. Consider having a boiling channel with a constant
pressure difference between inlet and outlet (see Figure 1-2). If the inlet flow
rate is reduced at a constant heating power, bubbles produced in the channel
will travel upwards as a packet, forming a propagating density wave. This
traveling density wave causes a change in the local pressure drop at higher
axial positions, with a certain delay due to the finite velocity of the
propagating wave. The frictional pressure drop is particularly large in the
region with a high (volumetric) amount of steam (void fraction), e.g. close to
the core outlet. The major part of the total pressure drop will therefore be
delayed with respect to the initial flow perturbation. Hence, if the inlet flow is
perturbed sinusoidally as in Figure 1-2, the total pressure drop over the
channel (being the sum of the delayed local pressure drops) will be delayed
with respect to the inlet flow perturbation. In Figure 1-2 the total pressure
drop is delayed 180 degrees with respect to the inlet flow i.e. a decrease in the
inlet flow results in an increase of the total pressure drop (and vice versa).
Perturbations of the inlet flow thus receive a positive feedback, and the
oscillations grow at a specific frequency.

In a pioneer theoretical work!, Fukuda and Kobori investigated the
dependence of the density-wave instability on the operating conditions by
linearizing the governing equations and performing a frequency-domain
stability analysis. These authors demonstrated that at least eight 'types' of
DWO exist, three of them being static or 'Ledinegg' flow excursions and the
remaining five all being dynamic instabilities. It is usual to divide the DWO
into two main instability types: low-frequency Type-I instabilities induced by
the gravitational pressure drop term, and high-frequency Type-II instabilities
due to frictional pressure losses. Type-II instabilities have been thoroughly

studied in the past because of their

1.0 importance under low-flow-high-
power (reactor accident)
084 conditions. The previous

discussion focused on Type-II
oscillations since only variations in
3 the frictional pressure drop were
1 bar considered. The Type-I instability
------- 75 bar mechanism becomes dominant in
: natural circulation reactors
operating at low power and
pressure conditions, e.g. during
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Figure 1-3: Void fraction vs. Flow quality at
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outlet becomes very small. For small flow qualities and low pressures, the
volumetric amount of steam (the void fraction) increases very rapidly as a
function of the flow quality. A small decrease in the core inlet flow then leads
to a large increase of the volume of steam produced at the core outlet. In a
natural circulation reactor, this causes a low-density wave traveling through
the chimney. This enhances the driving head, and the inlet flow will increase.
Then the opposite process occurs, and the void fraction in the chimney
decreases. Consequently, the driving head becomes smaller, and the flow rate
will decrease. This completes one cycle of a Type-I oscillation. The main time
constant governing this type of DWO is the transit time of the voids through
the chimney section (~5-10 s).

1.4 High Pressure vs. Low Pressure stability

BWRs make use of the vapor created in the core to maintain the pressure
at the nominal value of around 70 bar. During the start-up phase, however,
such vapor simply does not exist and, therefore, the reactor needs to be
operated at low pressure (most of the designs do not include external
pressurization systems, which would elevate the total cost). Due to
mechanical and neutronic safety reasons the power is kept at low levels
during this stage. At low pressures (< 5 bar), which is the case for start-up
conditions in a BWR, the dependence of the saturation temperature on the
pressure is relatively strong for water.

Natural circulation BWRs can be represented as a loop, see Figure 1-4,
with a cold section (the downcomer), a heated section (the core), an adiabatic
section (the chimney) and a heat exchanger. Density differences between the
cold and hot sections cause water to flow without using pumps. Natural
circulation is thus enhanced in these systems by using a tall chimney.

V4 L 1
\ IFlashing point
\

1
i

Adiabatic section
Chimney
Downcomer

(XS XX

.

.

.

.

.

0y
-

.

L3

3

.

3

.

.

.

.

3

.

Core

Heated section

Tin Tsat

Figure 1-4: Schematic of a natural circulation BWR and the occurrence of flashing.
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As the heated coolant flows upwards, the hydrostatic pressure will
decrease. Hence, the saturation temperature will also decrease. If the
saturation temperature becomes equal to the (constant) fluid temperature in
the chimney, boiling out of the heated reactor core starts (see Figure 1-4). This
ex-core boiling is not likely to occur at high pressures, because the saturation
temperature is in good approximation independent of the axial position.
Vapor production in the chimney directly affects the gravitational pressure
drop over this section. Hence, it can be expected that the Type-I feedback
mechanism is amplified by the occurrence of void flashing, especially in
natural circulation BWRs with a tall chimney section!® 12,

1.5 Coupled Neutronics-Thermal-hydraulics

Thermal reactors take advantage of the much larger fission cross-section
of 2°U* at low energies (<1 eV) than for energies above 1 keV (over two orders
of magnitude larger for the first one). In each fission, on the average 2.5 high-
energy neutrons are released in the MeV range. These ‘fast’ neutrons lose
their kinetic energy as they collide with the nuclei from the coolant which also
act as moderator. After several collisions, the neutrons have lost most of their
kinetic energy and have a higher probability to cause new fissions. As a result
of the leakage and absorptions in the non-fissile materials, neutrons which are
not moderated have a small chance to cause fissions. For this reason, by
reducing the moderation of neutrons in a BWR (for instance by increasing the
amount of vapor in the reactor core) the number of fissions are decreased and
so the power produced.

O—>D—» G Gr The influence on the
external Reactor power fuel reactor power due to

. temperature . . .
reactivity void fraction changes in
A B the coolant channels is

D o [* * . . .
Doppler reactivity depicted schematically in
Figure 1-5. The impact of
the void fraction on the
, o Ta |7 , G [« reactivity is described

void reactivity void fraction

with the void reactivity
Figure 1-5: Block diagram of the main mechanisms coefficient r, in this block
relevant for BWRs dynamics?. diagram. The thermal-

hydraulic subsystem is

described by Gru. Figure 1-5 shows that overall BWR stability is determined
by the interaction between neutronics (the zero-power reactor transfer
function Gr), fuel dynamics (Gr) and thermal-hydraulics (Gra). For instance,

* The symbolic form is used, where the number of nucleons is denoted as a superscript prefix
to the chemical symbol of the specimen, e.g. vX refers to the isotope y of the specimen X.
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by increasing the external reactivity, the reactor power will increase (via Gr).
This causes an increase of the fuel temperature (via Gr) and the void fraction
(via GrH). An increase in the void fraction reduces the resonance escape
probability, and therefore causes a negative void reactivity effect (r, is
negative). Furthermore, an increase of the fuel temperature will broaden the
width of the capture resonances, increasing the resonance absorption. This
Doppler effect is accounted for in the Doppler reactivity coefficient ro (which
is also negative). Hence, an increase of the reactor power results in a
subsequent decrease of the reactivity via the void and Doppler feedback
paths. These negative feedback mechanisms make a BWR a very stable system
during fast and also slow transients. However, during middle-frequency
transients (~0.5-1 Hz) the (stabilizing) negative feedback in a BWR can become
positive (destabilizing), in particular when the feedback processes occur with
a certain time delay. When the feedback gain then exceeds a critical value,
coupled neutronic-thermal-hydraulic instabilities can occur in a BWR?™,

1.6 Motivation behind the present work

Large research programs on nuclear-thermal-hydraulic stability have
been performed worldwide in the last three decades, after instability events in
several commercial forced BWRs were reported'?!. In particular, many
investigations have been conducted regarding natural circulation BWRs
stability in the Department of Physics of Nuclear Reactors from the Delft
University of Technology. For instance, Van der Hagen carried out stability
measurements at the Dodewaard reactor which helped to understand the
basic instability mechanisms existent in that reactor’. Stekelenburg used such
measurements to perform simple models and to further explain those
mechanisms!®. Van Bragt derived a simple numerical model with which he
performed parametric studies that helped to gain more insight into the
dynamics of natural circulation BWRs?®.

Since experiments in a real reactor are difficult to assess, it was decided
to develop a test facility to simulate the Dodewaard reactor'”. Experiments on
neutronic dynamical systems, however, are usually hard to implement and
involve radiation-related safety issues. For this reason thermal-hydraulic
facilities with simulated neutronics are a valuable option to experimentally
study BWRs". As a result, the DESIRE facility was designed and constructed
in Delft using the fluid-to-fluid downscaling concept to considerably reduce
the size, power and the pressure needed in the experiments. Kok and Zboray
derived an artificial void reactivity feedback system which was added to the
DESIRE facility'” 8. Different methods for reconstructing the void fraction core
axial profile were tested by Zobray. As a result of such a study Zboray found
that integral sensors (i.e. not local) are a good option for estimating the core
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axial void fraction (when there is no axial weighting for the reactivity
calculation) since they add a much smaller phase than local sensors do'.
Furuya constructed a water-based facility, the so-called SIRIUS-N facility at
the CRIEPI laboratories in Japan, which design was based on a natural
circulation BWR prototype’. Furuya successfully implemented a void
reactivity feedback system in his facility which used pressure drop sensors to
estimate the void content. In his case, however, the use of water as working
fluid limited the maximum available power for the facility and, therefore, the
whole reactor core was simulated by only two annular channels. On top of
this, the total chimney length was too short to represent the chimney of novel
natural circulation BWRs concepts. As pointed out by many authors'3#19, a
taller chimney destabilizes the thermal-hydraulic mode which would result in
non-conservative estimations of the reactor stability performance of those
reactors if SIRIUS facility is used for such a task.

Nowadays highly-sophisticated BWR stability codes have been
developed with state-of-the-art models for the three-dimensional neutron
kinetics, heat transfer and thermal-hydraulics®. Besides the significant
progress made in this field, still important uncertainties have to be considered
in the numerical results, which are greatly due to the modeling of the two-
phase flow dynamics?2>%. For this reason performing experimental work is of
great relevance when investigating the stability of novel BWR designs. For
instance, as a requirement for the licensing of the ESBWR, the U.S. Nuclear
Regulatory Commission requested GE to validate their numerically based
stability investigations with experiments?. Existing experimental test facilities
such as those from Zboray and Furuya cannot accurately represent the
dynamics of novel natural circulation BWRs. Because of this, it was decided to
design and construct a completely new experimental facility with an artificial
void reactivity feedback system, with which the desired similarity with a
prototypical natural circulation BWR dynamic behavior is optimized.
Continuing the path followed with the DESIRE facility, a fluid-to-fluid
downscaled Freon version of the real reactor is proposed to simulate the
thermal-hydraulic system. The valuable experience gained from the works of
Zboray and Furuya is used to develop a refined representation of the void
reactivity feedback mechanism. The flexible design of such an artificial
feedback system allows performing parametric investigations which could be
used to validate numerical results. In addition, investigations such as the
influence of low-frequency Type-I oscillations on coupled neutronic-thermal-
hydraulic stability and the construction of stability maps for these reactors can
be experimentally investigated.

Efforts have been done in the past to investigate possible start-up
procedures with which instabilities could be avoided. Manera and Furuya
performed experiments at low-pressure conditions to investigate natural



Chapter 1

circulation BWRs start-up procedures. From their studies they concluded that
an unstable region has to be crossed during the start-up phase of natural
circulation BWRs if no external pressurization is used'>'*. Due to difficulties in
downscaling the reactor at start-up conditions with a fluid different than
water, a second facility, so-called CIRCUS, is used for investigations at such
conditions. In modern natural circulation BWRs the steam separation is
performed in sophisticated sections placed on top of the chimney section®. The
introduction of such devices creates large pressure drops which are mainly
concentrated at the swirlers®. The effect of having a large restriction at the
chimney exit may degrade the stability of the reactor regarding Type-I
flashing-induced oscillations. This important subject was not investigated in
the past and therefore needs to be assessed in order to assure a stable start-up
procedure of these reactors.

Another characteristic of modern natural circulation BWRs is that the
chimney is divided into smaller channels. The coupling between these
channels may induce flashing-induced instabilities which may be different
than those taking place in a single channel. Investigations in this topic are
thus necessary to understand the mechanism behind those possible
instabilities. Experiments in this topic need to be performed since such a
mechanism was never experimentally investigated for reactor start-up
conditions.

1.7 Outline of this thesis

Seven chapters form this thesis, the first one being the Introduction and
the last one the Conclusions and Recommendations. Each of these chapters
has its own introduction, conclusions and reference section, and can be read
almost independently from the other chapters.

The complete design of the so-called GENESIS experimental facility
based on fluid-to-fluid scaling of a natural circulation BWR is presented in
Chapter 2. The ESBWR introduced in Section 1.2 is used as the reference
design of a natural circulation BWR. The downscaling is performed in such a
way that the dynamics of the thermal-hydraulics is as similar as possible to
that existing in the reactor. The thermal-hydraulic stability performance of the
reference ESBWR is analyzed in this chapter.

In Chapter 3, the void reactivity feedback mechanism is artificially
implemented in the aforementioned facility. Such an improvement allowed
investigating the reactor stability performance for different operational
conditions. Complete stability maps regarding the thermal-hydraulic and the
neutronic-thermal-hydraulic stability performance of the ESBWR are
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constructed from the experiments and afterwards compared with numerical
simulations obtained from the TRACG? and the ATHLET? system codes.

In Chapter 4 the GENESIS test facility with the void reactivity feedback
system is used to perform an extensive study aimed to investigate the effect
on the stability when varying some parameters. In addition, by varying the
void reactivity coefficient, it was possible to investigate the characteristics of
the interaction between the Type-I low frequency oscillations with the Type-II
high frequency oscillations.

In Chapter 5 the water-based CIRCUS facility is used to perform very
detailed experiments used to further investigate the so-called Type-I flashing-
induced instabilities occurring in a single channel, which are of importance at
start-up conditions of natural circulation BWRs. The phenomenon taking
place in a single-chimney configuration is then numerically simulated by
using a nodal model. The model is afterwards used to investigate the stability
effect of the friction distribution in the channel.

Flashing-induced instabilities in parallel channels are experimentally
investigated in the CIRCUS facility equipped with two separate chimneys
placed on top of the heated section. The results of such a study are reported in
Chapter 6.

10
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Chapter 2

Chapter 2

Downscaling the thermal-
hydraulics of natural
circulation BWRs:

The GENESIS facility

2.1 Introduction

In order to enhance the safety of the next generation of nuclear reactors,
special emphasis is made on replacing active safety systems by passive ones.
The Economic Simplified Boiling Water Reactor (ESBWR) is taken as the
reference natural circulation BWR since it represents the most advanced
design and it has the highest chances to been built in the near future. This
reactor is therefore used in this work. The ESBWR, being a next generation
nuclear reactor, eliminates the need for circulation pumps and associated
piping and systems since cooling takes place by natural circulation. This
cooling method is simple, extremely reliable (since it does not rely on active
systems or components), and results in reduced overall maintenance costs. In
such a reactor, the flow depends on the amount of vapor present in the
system. It may therefore occur that perturbations in the void content cause the
system to exhibit so-called thermal-hydraulic instabilities. The ESBWR is
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designed to have large margins to instabilities!. Such margins, however, are
only numerically verified and experimental evidence is therefore required to
certify that finding.

To experimentally investigate the stability performance of the modern
ESBWR design, the most direct way is to carry out measurements on the
reactor itself. The ESBWR, however, has not been built yet and, therefore, its
thermal-hydraulic stability was never demonstrated experimentally. In
addition, real plant tests have many limitations related to safety reasons, lack
of sensors and limited operative range?.

To fill this gap, an experimental facility, designed to have a similar
stability behavior to the ESBWR, is developed. The working conditions of
BWRs, however, involve high power, high pressure and, particularly in the
ESBWR case, large dimensions. A fluid-to-fluid scaling approach is therefore
used, which allows representing the ESBWR at a lower pressure, temperature
and by using considerably less power.

The flow inside a BWR assembly may vary from unsaturated single-
phase flow to annular two-phase flow. In order to design a downscaled
version of the ESBWR with a coolant different than water, scaling criteria are
necessary that cover all flow regimes present in the assembly. The work of
Van de Graaf on flow pattern similarity® is therefore used as a starting point.
In the lower part of the assembly the coolant is not in equilibrium. The
development of the flow quality in this subcooled boiling regime and the
required inlet enthalpy of the liquid can be scaled properly if the phase
change number Nrcu and the subcooling number Nsw are used as scaling
parameters. Consequently, these parameters fix the development of the
quality in the upper part of the assembly, where the coolant is in thermal
equilibrium. Van de Graaf found that the Froude number N and the Weber
number Nwe, as given by Ishii* should be used as scaling parameters to ensure
proper scaling of all flow regimes®. The results of this flow pattern scaling
approach are in agreement with those of Symolon, who simulated the slip
ratios as a function of the void fraction using a one-dimensional, fully
developed two-fluid model. In such analysis the similarity in the predicted
slip ratios for water and Freon is excellent’. Symolon experimentally showed
that similar flow regime transition boundaries occur in Freon liquid/vapor as
in steam/water if the Weber and Froude numbers are kept the same.

Van de Graaf focused on the proper downscaling of the reactor core
bundle’. To achieve a successful similarity of the thermal-hydraulic stability
performance of the ESBWR, however, more attention has to be paid to the
proper scaling of the rest of the sections of the loop. For this reason, the work
of Van de Graaf needs to be extended to cover a global fluid-to-fluid
downscaling design that guarantees a similar stability performance for the

14
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original and downscaled systems. Since dynamic similarity has to be
achieved, the time scaling also needs to be analyzed.

In this chapter the main design steps followed to develop a downscaled
version of the ESBWR, the so-called GENESIS facility, are shown, thereby
taking the dynamics of the whole loop into account. Moreover, a way of
diminishing the distortions that arise from the fluid-to-fluid downscaling is
presented and numerically tested. Finally, a comparison of the resulting
GENESIS facility with the ESBWR is addressed.

2.2 Design philosophy — The scaling

Figure 2-1 presents a schematic view of the ESBWR and the proposed
design for the experimental GENESIS facility.

Steam flow out

Vapor separation —
/

KSS

Feedwater flow in

(mixes with separator

[[[£ return)

Downcomer

/

Core

Figure 2-1: The ESBWR and the proposed GENESIS facility designed to emulate its
stability performance (radially not to scale).

This figure shows the basic flow direction indicated by arrows and the
most important sections that play a role in the stability analysis. As can be
seen, all the sections of the ESBWR (except for the steam separators) are
present in the downscaled system. A relatively taller chimney is placed in
GENESIS which accounts for the extra driving force produced by the steam
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separators. The steam separators are not included because of the large
uncertainties lying in the liquid/vapor separation process and the technical
difficulties in trying to reproduce this process. As a consequence, the friction
associated with this section in the ESBWR (in which the swirlers play a major
role®) is concentrated at the chimney exit now.

The scaling is based on the fact that two systems which can be
represented by analogous differential equations should have the same type of
solution, and thus similar physical behavior. Based on this, the mass,
momentum and energy conservation differential equations, together with two
more equations derived from the drift-flux model’, are mathematically
manipulated in order to find the intrinsic parameters and variables that define
the problem. The scaling procedure is schematically presented in Figure 2-2.
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Figure 2-2: A schematic block diagram of the scaling procedure.




Chapter 2

In the scaling procedure it is assumed that the reactor can be represented
by three different sections: the core, the chimney and the downcomer. Thus,
the mass, momentum and energy differential balance equations are expressed
for each of these sections.

From the manipulation of the balance equations, a number of
dimensionless numbers are found. These dimensionless numbers are the
subcooling number Nsw; the density ratio N,; the friction number Ny, the
geometry number N; and the phase change number Nrci”38. These numbers
need to be the same in both the facility and the reactor if similarity is to be
achieved.

The drift-flux model parameters Co and vy (the distribution parameter
and the weighted mean drift velocity respectively) are assumed to correctly
describe the flow transitions in the reactor and are therefore used to
characterize the flow pattern®. To assure the same flow pattern in the facility
as in the reactor, the equations describing the C, and the vy are converted into
their dimensionless form. In this way, two more scaling parameters arise,
being the Froude and the Weber dimensionless numbers, Nr and Nw,
respectively?.

In the GENESIS facility, Freon R-134a (CH2FCFs) is chosen as a coolant
instead of others liquids because of its physical properties (which allow a
great power, pressure and size reduction) and environmental properties.

Figure 2-2 shows that three main branches arise from the scaling rules:
the operational point of the fluid is defined in the first branch, the second
branch shows the geometrical scaling and the last one presents the scaling of
the power and the inlet temperature.

2.2.1 Defining the operational conditions

The starting point of the whole scaling procedure is the matching of the
so-called density number N, from which the operational point (namely P
and Tsr) can be determined (see Figure 2-2 left hand branch). This matching
gives a unique solution since the density number is a monotonical function of
the pressure along the saturation line. This is

N

%= 1 - N,=£=503x102 (at 71 bar). (2-1)

p,water /D 1

As a result, the ESBWR operational nominal pressure of 71 bar can be
reduced to 11.4 bar in the downscaled GENESIS facility. Hence, the pressure
scaling factor Xpress, is found to be

X _ Py 154

Press = - GENESIS _ () 16 . (2_2)

water

ESBWR
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Once the operational downscaled pressure is found, all Freon fluid
properties are known. A comparison between the Freon and the water fluid
properties is shown in Table 2-1.

Symbol, Unit | Freon R-134a’ Water?
Sat. temperature! Tsat ,(°C) 4427 286.6
Sat. pressure Psat,(bar) 11.38 71
Liquid density o, (kg/md) 1128.3 738.23
Vapor density o, (kg/m?3) 56.49 37.117
Liquid heat capacity | G, (kJ/kg.K) 1.525 5.42
Latent heat heg, (kJ/kg) 158.39 1499
Surface tension o, (N/m) 5.66 x103 17.3
tProperties calculated at 11.4 bar; {Properties calculated at 71 bar

Table 2-1: Physical properties of Freon R-134a and water at saturated conditions.

2.2.2 Geometrical scaling

Moving rightwards in Figure 2-2, the second branch describing the
geometrical scaling can be found.

Radial scaling of the core

The correct scaling of the flow pattern in the assembly is attained by
keeping the Weber and Froude dimensionless numbers in the two systems the
same’®, when the departure of bubbles is hydrodynamically controlled (Np¢>
7x10%).

Conventionally the E6tvos number N&s;, defined as the ratio between the
Weber and the Froude number, is used. For the ESBWR its value is

L2
(mO) Dh
D 2 2
Ng; ESBWR Z]\\]]WE N p.l Gz e B XA 0.085 (2-3)
Fr (mo) pl o
pvzg Dh
By keeping this dimensionless number the same, the following relation
is found.
2
Nl pspwr — 1= thpz| _ Dh2p1| =3.46 S (2-4)
Ng; GENESIS O lesswr O lcenesis m

Equation (2-4) fixes the GENESIS core radial dimensions since the
physical properties of the working fluids are constant (at the operational
point) and are already known. Thus, the core radial scaling factor Xcorer,g is

P!
_ Dh,R—134a _ (O-R134apl/wufer J ’ — 046 . (2'5)

XCare/r/g - D

h,water O-water pl, R-134a
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From the dimensionless form of the momentum balance equation of the
flow in the core, it can be seen that the radial and axial dimensions are related
by the geometry number. This number is defined as

N D (2-6)

which needs to be kept the same for a proper scaling. Thus, the core axial and
radial geometry scaling factors Xcag and Xcrg respectively, also need to be the
same. Consequently,

X _ LC,R—13411 . (2'7)

Cag — L

X

crg
'C ,water

Axial scaling of all sections

Since the mass flow rate is driven by natural circulation, the axial scaling
is very important in the GENESIS facility. This scaling is derived from
achieving a similar balance of buoyancy-to-drag forces in GENESIS as in the
ESBWR. Such a balance can be found by integrating the steady state
momentum balance equations over the length of the loop. As a result, the
following relation for the square of the dimensionless mass flow rate is found,
which needs to be equal for the two systems.

L L Lo,
NFr NFr NFr

] 2 - *
E HNfcnv +;Kcn>j +j§z [LGIN £ 1P +;I§‘/O4/TPJ +2§Cz NchI-Dc:I

[N pa+( 1—0:)]—

[N a+( l—a):|

M= (2-8)

In the numerator, the Froude and density numbers, together with the
void fraction (to be shown later in this section), are kept the same in the
GENESIS facility and the ESBWR. In addition, the dimensionless lengths of all
the sections need to be matched. This means that all lengths in the facility
need to be downscaled following the same rule. Consequently, Equation (2-7)
has to be applied to all lengths present in the GENESIS facility. Especially the
chimney section needs to be properly scaled since both the core and the
chimney length (and therefore the downcomer length also) determine the
driving head. The axial geometry scaling factor Xag, is therefore the same for
all sections (see Figure 2-2),

X . =X (2-9)

a,g — “*Cag"

The radial and axial core dimensions are related to the dimensionless
core area by the so-called geometry non-dimensional number, N; (see
Equation (2-6)). Note that this scaling criterion is not unique since the friction
non-dimensional number Nj; also relates the same dimensions (see the
denominator of Equation (2-8)) via
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L
Nf :fTPH' (2'10)

h
Since the two-phase friction factor (and its dependence with the quality)
is not equal for Freon R-134a and for water, an inevitable distortion exists. All
distortions, however, are treated separately further in section 2.2.4. of this
chapter.

Once the core radial scaling has been completed, the same procedure
must be applied to the other sections. The radial scaling of the downcomer
and the chimney are particularly important since they strongly contribute to
the inertia of the loop which is of importance for the dynamics of the system.

Radial scaling of the chimney and downcomer sections

In a natural circulation loop, the mass flow rate M(t) is described by the
loop momentum equation, which in its non-dimensional form can be written as

dM () _ AP, (1) = AP (t) (2-11)

dt )
Z A*

i i

*

with Ap). (#) being the driving force of the flow and AP,

loss

() the pressure
losses’. From Equation (2-11) it is clear that the inertia of the loop is
determined by the summation in the denominator of all non-dimensional
length-to-area ratios present in the loop. Hence, to get the same dynamic
response in the downscaled system as in the ESBWR, all radial dimensions in
the facility have to be scaled by the same rule as the lengths!?. Consequently, a
unique geometrical scaling factor X, exists for all dimensions of the facility.

. %
X =X =X :[MJ . (2-12)

8 a8 824
GwaterpI,R—ISé!a

The inertia contribution of each section in the case of the ESBWR,
expressed by the ratio in the denominator of Equation (2-11) is presented in
Figure 2-3.

9.2%

0,
17.4% I Downcomer

[ Chimney
I Steam separator
8% [ Core
I Upper plenum
1.1% [ JLower plenum

0.9%

63.4%

Figure 2-3: Inertia distribution in the ESBWR per section.

As can be observed, almost two thirds of the total inertia in the ESBWR
is induced by the downcomer. This shows that a correct scaling of this section
is very important in order to achieve the stability similarity.
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Design of the separation vessel

Figure 2-3 also shows the small contribution of the upper and lower
plenum to the total inertia in the ESBWR. This finding allows designing the
separation vessel to achieve an optimum vapor-liquid separation. This means
that the cross-sectional area of the separation vessel can be enlarged, such that
its inertia contribution remains small (see Equation (2-11)), in order to
enhance the vapor-liquid separation process.

Because of the complexity of the two-phase flow in the steam separation
of the ESBWR, the transit time associated to the flow in the separators plus the
upper plenum (UP) cannot be accurately predicted. Due to this uncertainty
the length of the separation vessel is decided to be equal to the downscaled
mean flow path in the UP in the ESBWRY. As the contribution of the UP to the
total inertia can be neglected, the area of the separation vessel is designed on
the basis of avoiding carry-under under all possible operational conditions
instead of proper scaling of the associated inertia.

Mass flux scaling

The second result from matching the Weber and the Froude numbers is
the scaling rule for the mass flux. By equalling the product of Nw. and N for
the GENESIS facility and the ESBWR, the next relation can be written,

.74 3
1 _ NWeNFr ESBWR — m30 | ,0.] /,2-| . (2_13)
N WEN FriGENESIS P o ESBWR my |GENESIS
The mass flux scaling factor X . is thus given by
i o Z P i
Xm” — .O:/R7134a ={ R-134a J ( 1,R134aJ — 1007 . (2_14)
m(),watar Uwatﬂr pl,watcr

Scaling the operational conditions

From the non-dimensional equations it is found that the quality profile
has to be preserved in the GENESIS facility. The thermodynamic quality
profile according to the homogeneous equilibrium model (HEM), (in the case
of an axial uniform heat flux in the rods) can be written as

X2y = Npcy [i} li\lli]p ~ Ny li\llilp ‘ (2-15)

Thus, to properly scale the quality profile in the heated section, the
subcooling number Nsw, and the phase change number Nrch, need also to be
matched.

The inlet temperature of the Freon R-134a is determined by matching the
subcooling number Nsus.
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hin _hsaf pl _p'u =0.95. (2-16)

s =
ESBWR hfg pv

NSub

GENESIS Ny,

Thus, the inlet temperature in the GENESIS facility representing the
ESBWR nominal condition is
T =39.8°C

in|GENESIS R-134a

(2-17)

The phase change number Nrch, fixes the power to be applied per rod
(via the power scaling factor, Xr), see the right hand branch of Figure 2-2.

z %
Necy |GENESIS =1>X, = JGENESIS o — ( P water J [O-Rmﬂ ] ! {hfg,m.m J: 0.023 (2_18)

NPCH | ESBWR qESBWR /rod pI,R,m,, O-water fg, water

Therefore, the power for one GENESIS heating rod* is

q|GENESIS/md = IOIkVVI R-134a" (2'19)

The Nrcu together with the Nsw defines the operational point in the
stability plane!, hence stability comparisons can be made between the
GENESIS and the ESBWR when these two numbers are the same.

As can be noted from Equation (2-18), the power scaling factor refers to
the power per rod. An external constraint exists, which is related to the
maximum available power to operate the GENESIS facility, which fixes the
number of heating rods, N (see Figure 2-2, third branch).

Once Nwa is fixed, the cross sectional core area can be calculated via
Equation (2-5). Consequently, the rest of the radial geometries (e.g. the
chimney diameter Dci, and the downcomer diameter Dbpc) can also be
accounted.

In the GENESIS particular case, the power available allowed to have a
maximum of 25 downscaled ESBWR heating rods. These rods are arranged in
a 5x5 square lattice, following a typical BWR arrangement.

Other requirements that need to be fulfilled by the facility are: vapor
separation without the introduction of carry-under in the separation vessel
(condition 5 in Figure 2-2) and the Péclet number, Nrs, being larger than 7x10*
in the GENESIS core (condition 1 in Figure 2-2). The latter condition assures
the void ejection being hydrodynamically controlled which implies that the
Weber and the Froude numbers correctly describe the flow pattern. In
addition, the critical heat flux phenomenon (CHF) needs to be absent
(condition 2 in Figure 2-2). The latter is discussed in the following section.

t The power of an average ESBWR fuel rod is found as the total reactor thermal power divided by the
total number of fuel of pins. It equals to 43.2 kW (= 4500 Mw/1132 x 92).
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Margin to the Critical Heat Flux (CHF) occurrence

The critical heat flux (CHF) is a well know phenomena that enormously
degrades the heat transfer from rod to coolant and therefore needs to be
avoided in real plant conditions. CHF does not occur in the ESBWR, but since
this phenomenon is not scaled, the absence of CHF in the GENESIS facility
needs to be proved. For this reason a study based on the look-up table and on
experimental investigations especially performed by Pioro®® in small tubes
with Freon R-134a is performed. In this study the GENESIS nominal core exit
condition (in terms of quality, heat flux and mass flux) is compared with those
experiments for which CHF is reached. Figure 2-4 presents the results of such
research investigation. This figure, extracted from the work of Pioro®®, shows
the experimental relations found between the critical value of the heat flux
and the critical value of the local quality (i.e. those values for which the CHF
point is reached) for different mass fluxes. Superimposed to these results is
the most critical operational point for the GENESIS facility expressed in terms
of the core exit quality and the heat flux at the surface of the heating rods.

400
I\ N A m"=500 kg/m’s

— FARRN ——m"=500 kg/m’s, look-up table
& A\ E m"=1000 kg/m’s

£ Y\ — — m"=1000 kg/m®s, look-up table
; 178\ @ m"=2000 kg/m’s

= 300 | D\ —-m"=2000 kg/m?s, look-up table
— &o»\ v m"=3000 kg/m’s

|:IL: v\% \ AN m"=3000 kg/m’s, look-up table
@) @ M"senesis = 1001 kg/m?s
X 200 |
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= ¢)
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Figure 2-4: Experimental relations found for Freon R-134a between the critical heat flux and

the critical quality. A sufficient CHF margin of occurrence was proven for all the
GENESIS facility operational conditions.

As can be observed from Figure 2-4, a large margin to CHF can be
assured in the GENESIS facility (at any realistic operational condition), since
the CHF occurrence for both, a mass flux equal to 1000 kg/m?s and a mass flux
equal to 2000 kg/m?s are far from the most critical GENESIS operational point
which corresponds to a mass flux of ~1000 kg/m?s.
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2.2.3 Scaling of the dynamics

From the scaling equations, it follows that in the GENESIS facility time is
not a scaled parameter. In other words, the time in GENESIS could run at a
different speed than in the ESBWR. Since we are interested in the dynamics of
the reactor, the determination of the correspondence between the two times
(defined by the time ratio, X:), becomes an important issue. In this section, X:
is addressed by using a steady state approach (based on the transit time
through the core plus chimney section) and an approach based on dynamic
considerations (by making use of perturbation theory analysis of the
linearized version of the loop momentum equation). For completeness, the
time ratio derived from the non-dimensionalization process, is also presented.

Time ratio from the flow transit-time

Many authors have pointed out the importance of the transit time
through the heated plus chimney sections in the physics involving density
wave oscillations (DWO). DWO are the most common type of instability
mechanism found in BWRs at high pressure which, as result of the scaling
process, are expected to be also present in the GENESIS facility.
Consequently, an expression for the steady state time ratio Xts, can be derived
from the transit times calculated for the ESBWR and the GENESIS facility.

The non-dimensional steady state coolant transit time, estimated from
the operational conditions, can be calculated from the following set of
equations!*®.

- Core section

e  -Single phase region Ty = I]\\]] Sub (2-20)
PCH
. - Two-phase region T,y = In(1+ Npey — Ngy) (2-21)
PCH
° - Chimn tion = M 2-22
ey sectio ERETY N ( )
+ Npey = Ngyp

Where the non-dimensional chimney length and area are respectively

defined as
. L . A
Ly, = L_Cch and Agy EA_CCh- (2-23)
The transit time can thus be calculated by
L
t, =(Tc,1¢ +T¢ 0 +TCh)v_C' (2-24)

0
where v is the velocity of the coolant at the core inlet.
The ratio between the transit time for the GENESIS facility and the ESBWR is
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L Le
Tery+Tepy T )‘
tf|GENESIS =( g T 29 T Ch )lgenesis Yo lenesis _ Yo loensis . (2-25)
tf|ESBWR (Tc,w +Tcos T Ton )‘ESBWR i i

Yo ESBWR Yo ESBWR

The first terms cancels out because all the non-dimensional parameters
that determine the different contributors to the non-dimensional transit times
are the same for the two systems (see Equations (2-20), (2-21) and (2-22)). Thus,

X = ti|GENESIS — LC:DI,0| 77’!0 | . (2_26)

t,ss .
tt| m, |

ESBWR GENESIS LC Pio |ESBWR

By expressing the velocity in terms of the mass flux and using equation
(2-14), equation (2-27) is found.

o P A
X :( ] 068, (2-27)

t,ss
Uwater pl,R7134u

Equation (2-27) shows that at steady state conditions, the time ratio is
not equal to 1 but time runs 1/0.68=1.45 times faster in the downscaled
GENESIS facility than in the ESBWR.

By comparing Equations (2-12) and (2-27), it is found that a direct
relation exists between the steady state time ratio Xtss, and the geometrical
scaling factor X,. This relation is

X, . =X’ (2-28)

t,ss

As the above findings are based on steady-state quantities (i.e. transit
times), in order to investigate whether the dynamic response of the GENESIS
facility follows the same rule as that expressed by Equation (2-27), the time
ratio estimated by making use of dynamic considerations is also addressed.

Time ratio from the perturbation of the linearized momentum equation (LME)

The dimensional version of Equation (2-11) derived from the momentum
balance equation of the whole loop is

dM(t) _ AP, . (t)—AP

driv loss

dt z li
A

i i

®), (2-29)

where the driving forces can be estimated as
Apdriv(t) =<a> LtarAp'g 4 (2-30)

where <o> represents the average void-fraction over the core plus chimney
sections and L is the correspondent total length. The frictional pressure drop
is modeled as AP,

loss

(t)=a.M?> where the parameter a originates from the

requirement that dM/dt = 0 at the stable operating point.
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The loop momentum balance equation is linearized by making use of the
following set of equations.

<a>,=<a>,+0<a >,

(2-31)
M, =M, +M,,
and the steady state momentum balance can be written as
aM) =<a>,L,,Ap.g. (2-32)

By Laplace transforming, the transfer function from void fraction
fluctuations to flow rate fluctuations can be found as,
oM _ MD 1 , (2_33)
Sa 2<a>;l+st

where M and a are the Laplace transforms of M and a respectively and s the
Laplace variable. The time constant of this transfer function is thus,

I
MOZX

= . (2-34)
2<a>, L, ,Ap.g

The dynamic time ratio X4, can now be determined by taking the ratio
of the time constants, as expressed in Equation (2-34), for the GENESIS facility
and the ESBWR cases. Thus

ﬁzi
X :T|GENESIS _ L, T A

td
, z-|ESBWR i Lz
L Z A

tot i i

2<a >0 Ap g| ESBWR . (2-35)
2<a>,Apg|

m0|
GENESIS GENESIS
ity

ESBWR GENESIS

ESBWR

The term within brackets cancels out since a unique scaling rule exists
for scaling the geometry (see Equation (2-12)). The mean void fraction terms
also cancel out since the void profile in the GENESIS facility is kept the same
as in the ESBWR (this is one of the most important requirements of the
scaling). By using the definition of the mass flux scaling factor X,,., Equation

(2-35) can be expressed as

X, , = ) eenesis =X, APyuter X, Puater,1 (1_ Np,wmr) . (2-36)
T|ESBWR APR 1340 PR-134a,1 (1 - Np,R—134u)

The operational point of the GENESIS facility is chosen so that the
density number N, is kept the same as in the ESBWR (see Equation (2-1)). By
using Equation (2-14), the dynamic time ratio, X4, is therefore found as

z-|E5BWR o-water pI,R7134u

%
X,, = T|GENESIS _ (URBA!H P water J —0.68. (2-37)
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As can be seen, Equation (2-37) is identical to Equation (2-27). This
finding means that, in the case the same geometrical scaling rule is used for all
the sections in the facility, the time ratio from both steady state considerations
and dynamic considerations is the same, i.e. a unique time ratio exists.

By calculating the breaking frequency associated to the ESBWR time
constant of the void-to-flow transfer function at nominal conditions, as
expressed by Equation (2-34), the following result is obtained.

L.
M2y 12000%832 1

1
T = = S M _(235— =— — ~07Hz- (2-38)
s 2<a>,L,Ap.g 2x0.7xL,,.Ap.g Plissun 277 pepuim

This frequency is in the order of magnitude of the typical frequencies of
BWRs Type II oscillations (~1 Hz) and therefore cannot be neglected as other
authors recommended’. Furthermore, the downcomer section contributes
with roughly two thirds of the summation in the numerator, which means the
preservation of the inertia in this section is particularly important in order to
achieve a correct scaling of the dynamical behavior.

Time ratio from the non-dimensional time

From the non-dimensionalization process, the same non-dimensional
time is found from the three balance equations (for the mass, momentum and
energy) for all the sections. This non-dimensional time is expressed as

. t
t = . (2-39)
Lep,

m()
By equaling the non-dimensional time for the GENESIS facility and the
ESBWR, the following relation is obtained for the time ratio X,

t|GEN5515 _ 11, | chl,0| My espwr Le cenesis £10,r-134a . (2_40)

tlESBWR chz,0|ESBWR m |GENESIS 1y cenesis L psswr — Pro,water

By using the scaling rules expressed in equations (2-12) and (2-14),
equation (2-40) can be rearranged to find equation (2-41).

b Y Y
t|GENESIS :[GRISAMIOI/wm‘er] [ /Ol/water J [ O Later j pI/R—134a — (2_41)

t| ESBWR O water P1,R-134a P1,R-134a OR_134a P water
Y
t|GENESIS Or_134a Plwater ¥
= - a 4 = Xf = Xg‘ . (2_42)
t|ESBWR O water  P1,R-134a

As it can be seen, Equation (2-42) is identical to Equations (2-27) and (2-
37) and therefore the same scaling rule is obtained from this method.
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Conclusions and remarks regarding the time ratio

As a result of the previous analysis, it was proven that the time ratio
obtained from the approaches based on the transit time through the channel
and the non-dimensional time, are equivalent if the Nrcu, Nsw are the same,
and the core and chimney areas are scaled in the same manner. From the
dynamic analysis, however, an extra requirement needs to be fulfilled: the
downcomer area has to be downscaled following the same rule as in the core
and chimney cases. This result indicates that the inertia of each section in the
loop has to be properly scaled in order to obtain a unique relation for the time
ratio. Hence, a scaling based on merely the core and the chimney sections (as
performed by Van de Graaf®) leads to an erroneous dynamic scaling since the
time ratio is not well defined (i.e. a different time ratio is obtained from static
and dynamic considerations).

In the case the geometry scaling is correctly performed the time ratio is
merely described by the physical properties of the two fluids. In addition, a
simple equation is found which relates the time ratio and the geometrical
scaling factor. An important implication of this finding is that the geometrical
scaling factor and the time ratio are not independent in buoyancy driven
systems.

It has to be mentioned that the difference in the time speed is a distortion
that cannot be corrected by changing the geometry since, with such a change,
the stability characteristics (e.g. the decay ratio) will also change and the
dynamic similarity will be lost. The best way to correct this distortion in the
time is to convert the experimental results to the water time frame by using
the relation found for the time ratio X¢ (Equation (2-37)).

2.2.4 Treatment of the distortions

In sections 2.2.1, 2.2.2 and 2.2.3, the scaling of the operational conditions,
the geometry and the time is shown. As a result of that scaling some
undesired effects (so-called ‘distortions’) appeared. The most important
distortions are because of:

e  limitations in the available power allow to simulate a 5x5 fuel
bundle only (instead of a 10x10 ESBWR fuel bundle )
e the friction non-dimensional number Nj, is not properly scaled

. a small additional friction exists in the downscaled chimney and
the downcomer sections, and

e the core by-pass channels are not included in the GENESIS
simulated core.

These distortions and their influence on the thermal-hydraulic stability
of the system need to be analyzed and, if possible, compensated for.
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Core friction distortions

As result of the downscaling process, two main effects contribute to
have a relative higher friction in the GENESIS core than in the ESBWR core.

First, the use of a reduced number of rods in the GENESIS bundle
representing a complete ESBWR fuel bundle (5x5 instead of 10x10) creates a
higher friction in the GENESIS core because of the increment in the wetted
perimeter per rod (~15%).

The second contribution is related to the larger value of the friction
factor coefficient for Freon 134a than for water and is explained as follows.
Since two different non-dimensional numbers link the radial dimensions to
the axial dimensions, namely

N, =P and N, =Pk, (2-43)
8 LC f LC
by using the geometry non-dimensional number N; as scaling parameter may

imply the friction number Ny, to be different for the GENESIS facility and the
ESBWR"X,

To analyze the above distortion, the two-phase friction factor for the
operational conditions, both for water and Freon R-134a, is determined by
using the correlations suggested by Zhang!” (developed for Freons) and
Miiller’s. Figure 2-5 shows that, for the same quality value, the friction factor
is indeed higher in the GENESIS facility than in the ESBWR.
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Figure 2-5: Two-phase friction factor for water and Freon R-134a as a function of the local
quality.
Hence, the GENESIS facility has extra friction which may play a role in
the stability of the system.

The net effect of the aforementioned distortions is that a higher friction
exists in the GENESIS facility. This extra friction is particularly important in
the core because of the high quality combined with the relatively small
hydraulic diameter.
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It can be shown that in a forced circulation system' and in a natural
driven system?, in which the local restrictions are concentrated at the inlet
and outlet of the channel (Ki and Ko respectively), the stability performance
regarding the friction distribution is mainly controlled by a non-dimensional
friction factor Y defined as

r-Ku+K, (2-44)
1+K,

By preserving the scaling non-dimensional factor Y, the stability of the
scaled GENESIS facility and the ESBWR (in the non-dimensional plane) can
be made similar by adjusting the chimney exit friction in such a way that
Equation (2-44) is kept the same for both systems. Hence by increasing the
outlet friction factor K., the effect of the higher inlet friction can be
compensated.

To check the validity of the proposed correction, a reduced order
model?! is used to calculate three different cases:

. the ideal one with the exact core inlet friction,

o a distorted one (i.e. with an extra friction placed at the core inlet)
without any correction, and

. a second distorted one, in which the chimney outlet restriction is
used to compensate the extra friction, according to Equation (2-44).

In this analysis a value of 8% extra friction in the core (which is the extra
friction found in the GENESIS core) is assumed and later on corrected for. The
resulting thermal-hydraulic stability boundaries (SBs) for the three cases are
shown in Figure 2-6.
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Figure 2-6: a) Thermal-hydraulic SBs calculated for the three different friction distributions in
the loop: ideal case in which the friction is exactly downscaled (red solid line);
scaled case with no correction of the distortion (green dotted line); corrected
scaled system (blue dashed line). b) Deviation in the SBs for the corrected and not
corrected cases (blue dashed and green dotted lines).
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As can be seen in Figure 2-6, ignoring the distortion caused by the core
extra friction leads to a non-conservative determination of the stability
performance of the ESBWR, since the stable region enlarges. By keeping the
non-dimensional number Y the same, it can be assured that from the thermal-
hydraulic stability point of view the experimental results performed in
GENESIS will be slightly conservative.

From the results of the reduced order model shown in Figure 2-6b) it can
be concluded that the proposed correction method significantly diminishes
the distortion caused by the extra core friction.

Although equation (2-44) is derived from a simplified model (the core
friction is concentrated only at the inlet), its application in the ESBWR
downscaling is considered to be valid since the chimney section is very long
and therefore the axial core friction distribution does not play an important
role in the thermal-hydraulic stability.

Influence of the core by-pass channels

Since the presence of the core by-pass channels may influence the
GENESIS stability, the absence of such channels in the GENESIS facility needs
to be analyzed from both the neutronic and the thermal-hydraulic point of
view. The neutronic feedback is simulated in GENESIS by using the same
void reactivity feedback coefficient as in the ESBWR (see Chapter 3). This
coefficient was estimated including the core by-pass channels. Hence, the
similarity in the feedback mechanism is guaranteed by correctly simulating
the void fraction in the core only. The effect of power deposition in the single-
phase water from the by-passes is small and can therefore be neglected. From
the thermal-hydraulic point of view, the lack of the core by-pass channels
creates a slightly higher quality in the chimney section and therefore a slightly
higher buoyancy force which has a destabilizing effect. For this reason, the
absence of the core bypass channels has a slight conservative effect.

Chimney and downcomer extra friction

Another consequence of the radial reduction in GENESIS (together with
the higher friction caused by Freon R-134a) is a higher frictional pressure drop
in the chimney and the downcomer sections. Because of these pressure drops
being uniformly distributed along the corresponding sections, they do not
strongly influence the stability of the system. In addition, the increased
friction is somewhat compensated by the higher buoyancy force created by
the slightly higher void fraction in the GENESIS chimney caused by the
absence of the core bypass channels (see Figure 2-13).
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2.2.5 Scaling sensitivity to the operational pressure

A novel method for controlling the power in the ESBWR by means of
varying the operational pressure has been suggested by some researchers?. It
is therefore of importance to study the stability performance of the ESBWR at
a pressure different than the operational one. The GENESIS facility, however,
is designed to be operated at the point in which the density number is
correctly matched (see Equation (2-1)). For different pressures, the operational
conditions (i.e. power and temperature inlet conditions) and geometry would
need to be modified in order to scale the reactor in this new situation. The
geometry of the facility, however, cannot be easily adjusted.

In order to investigate how the geometrical scaling, given by Equation
(2-12), should be modified when the operational pressure of the ESBWR is
changed, Figure 2-7 is constructed. This figure shows the correspondence
between the pressure in the ESBWR and the downscaled pressure in the
facility. The figure has to be interpreted as follows: for a given ESBWR-water
pressure at the right hand side scale, the corresponding downscaled Freon R-
134a pressure is presented at the bottom scale (via the dotted line). The
downscaled pressure can then be used to read the change in the geometrical
scaling factor X,, indicated by the left hand side scale (via the solid line).
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Figure 2-7: Pressure relation between the ESBWR (water) and the downscaled facility (Freon
R-134a). The resulting change in the geometrical scaling factor with respect of the
original conditions (71 bar in water) is also shown (indicated by o and x).

For instance, to investigate the geometry scaling of the reactor at 64 bar,
the water-Freon saturation pressure line can be used to read the
correspondent Freon operational pressure which in turn accounts to ~10.25
bar. This Freon pressure is thus used to read the normalized scaling factor
which in this example is ~1.0016.
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Figure 2-7 shows that, for a wide range of pressures, the change in the
geometrical friction factor is less than 0.5% and therefore can be neglected. In
other words, the stability of the ESBWR can be studied with a facility using
Freon R-134a for a wide range of pressures without geometrical changes.
Thus, the change in the time scaling is also negligible, see Equations (2-27)
and (2-37). The new scaling factors for the mass flux scaling, the power and
the inlet subcooling, however, must be recalculated with the fluid properties
at the new pressure, by using Equations (2-14), (2-16) and (2-18) respectively.

2.3 Application of the proposed scaling design approach

In order to analyze the proposed scaling design, the GENESIS facility is
constructed according to the scaling rules described in the previous sections.
Figure 2-8 shows a schematic view of the GENESIS test facility.
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Figure 2-8: Schematic view of the GENESIS facility (not to scale)
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The primary loop consists of a heated section, a chimney and a
downcomer section. The vapor separation takes place in the separation vessel
which design assures that no carry-under occurs. The heated section consists
of a fuel bundle with 5x5 rods which represents a fuel bundle of the ESBWR.
The core spacers and the tie plates are located in the same place as in the
ESBWR. Numerous sensors located at different positions (thermo-couples,
capacitance void fraction sensors, magnetic flowmeters and absolute and
differential pressure sensors) allow characterizing the operational status of the
facility (see the work of Marcel® for a complete description of the GENESIS
facility). The GENESIS facility can be operated with natural or forced
circulation. For this latter case, the primary pump needs to be used.

The two-phase flow created in the bundle enters the long chimney
section, after which it flows into the separation vessel. The liquid Freon flows
to the downcomer section, while the vapor flows upward towards the
condenser. A regulator system controls the pressure in the separation vessel
by means of a valve. The vapor leaving the separation vessel is condensed in
the condenser, after which it is introduced into the facility by the feed “water”
pump. The variable speed of this pump allows keeping the mass balance in
the system. The temperature at which the liquid Freon is introduced can be
controlled by the cooling system in order to satisfy the requirements
regarding the inlet temperature. A heat exchanger placed in the horizontal
part of the downcomer can enlarge the operation temperature range by
heating/cooling the liquid just before it enters the heated section again.

Three transparent sections (looking glasses) placed at the core and
chimney outlet and downcomer inlet allow visual inspection during
operation. From the looking glass placed at the downcomer inlet, it is
observed that carry-under does not take place as long as the liquid level is
kept above a certain minimum value.

Technical details of the GENESIS facility are given in APPENDIX A.

The fictional pressure drop component distribution

In order to check whether the geometrical scaling and the treatment of
the distortions resulted in a similar pressure drop distribution in the GENESIS
facility and in the ESBWR the following study is conducted. Figure 2-9 shows
the numerically estimated pressure drop for each section for both the ESBWR
and the GENESIS facility.

In the figure the pressure drop contributions are grouped into two
categories: the friction associated to the core (labeled as CORE) and the
friction at the top of the chimney mainly associated to the void separation
process (named as SS). It has to be mentioned that, even when the core
pressure drop in GENESIS is 8% higher than in the ESBWR, the proper
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adjustment of the exit chimney restriction allowed having the same value of
the non-dimensional friction number Y (see Equation (2-44)), for both systems.

ESBWR GENESIS
0,
0-1% 24.6% I Core Inlet 12.5% 24.8%
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I Sep. Steam Pipe
0.1% [ Upper plenum
o I 1 friction -DC
18.1% 6.6% I Lower plenum  35.3%
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5.4%

11.1%

0.8%

Figure 2-9: Calculated frictional pressure drop distribution at nominal conditions for the
ESBWR and the GENESIS facility.

Note the relatively higher friction in the chimney and downcomer
sections in the GENESIS facility which, however, do not influence the
stability.

Core frictional pressure drop distribution

It is interesting to discuss more in detail the different friction pressure
drop components in the core section for both the ESBWR and the GENESIS
facility.

ESBWR GENESIS
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Core Inlet 2% Core Inlet  Upper tieplate

Figure 2-10: Calculated core frictional pressure drop contributors at nominal conditions for
the ESBWR and the GENESIS facility.

From Figure 2-10, it can be seen that there exists a relatively larger
friction caused by the Freon R-134a flow than by the water flow. This
difference can be explained as follows:

e  the larger single and two-phase friction factors for Freon than for
water,

e  the relatively smaller core hydraulic diameter in the GENESIS core
section, and

e the slightly larger mass flux in GENESIS (see Equation (2-14)).
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For the neutronic-thermal-hydraulic stability, the axial core friction
pressure drop distribution is important since it may influence the resulting
void fraction distribution. For this reason, the axial core friction pressure drop
distribution for GENESIS and the ESBWR, need to be compared. This
characteristic plays a role in GENESIS when the so-called void reactivity
feedback (VRF) system is applied. Figure 2-11 shows the pressure distribution
of both systems, thereby assuming nominal conditions and by applying an
axially uniform power profile. To facilitate the comprehension, the
comparison is done in terms of the normalized core frictional pressure drop
and the normalized core axial length.
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Figure 2-11: Normalized core axial frictional pressure drop distribution at nominal conditions
for the ESBWR and the GENESIS facility.

As a result of the scaling process and the absence of core inlet friction in
the facility, the GENESIS core section exhibits a more top-peaked frictional
pressure drop distribution than the ESBWR. Consequently, the GENESIS
facility shows smaller stability margins (i.e. conservative results) than the
ESBWR from the neutronic-thermal-hydraulic point of view!.

System inertia distribution

The inertia distribution calculated for all the sections is shown in Figure
2-12 for the ESBWR and the GENESIS facility. From the figure it is clear that
the inertia distribution is approximately the same in the two systems, which is
a result of the use of the same scaling rule for radial and axial dimensions for
all sections. As in the ESBWR, the downcomer inertia significantly contributes
to the total inertia in GENESIS, being roughly two thirds of the total inertia.
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Figure 2-12: Inertia distribution for the ESBWR and the GENESIS facility.
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Experimental results

In order to test the behavior of the facility, the GENESIS facility was run
at different operational conditions. The experimental results obtained in
GENESIS are compared with numerical simulations of the ESBWR by using
the ATHLET system code® and the TRACG system code?. These results
comprise the mass flux (which is an independent parameter) and the stability
characteristics of the nominal point. In order to perform such a comparison,
the same operational conditions, defined by the non-dimensional phase
change number Nrch, and subcooling number Nsu, are used.

In Figure 2-13 the obtained mass flow and fluxes for different power

conditions are shown.
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Figure 2-13: The power mass flow and the power-mass flux map at the core inlet as found in
the numerical and experimental studies. The experimental results are rescaled to

ESBWR scale.

In the ESBWR, core bypass channels are installed which are also
included in the numerical simulation. These bypasses, however, are not
present in the facility due to the fact they do not significantly influence the
stability. Nevertheless, the cases with and without the bypass channels (i.e.
those obtained from ATHLET and GENESIS respectively), show a very good
agreement for the whole investigated range of powers, which indicates the
friction in GENESIS correctly represents the reactor. The agreement between
TRACG, ATHLET and GENESIS is also good for the nominal point (TRACG
results were only available for the ESBWR at the nominal point).

The absence of experimental points at low power conditions is due to the
difficulty to operate the GENESIS facility at low subcooling temperatures
(close to the saturation point) since limitations exist on the maximum
temperature at which Freon can be introduced at the feedwater sparger

position.

37



Downscaling the thermal-hydraulics of natural circulation BWRs - The GENESIS facility

Besides the relation between the power and the mass flux, the thermal-
hydraulic stability of the GENESIS facility and the ESBWR is investigated for
nominal conditions. The parameters characterizing the dynamics, are
extracted by analyzing the flow response of the GENESIS facility running at
nominal condition when slightly perturbing the steady state (power steps
with a magnitude being only a few percent of the nominal power and
randomly distributed in time were used for this purpose). These parameters
are the decay ratio DR, and the resonance frequency fr.. The same method is
used regarding the numerical experiments performed in ATHLET code which
allowed characterizing the ESBWR thermal-hydraulic stability performance.
In addition to the GENESIS and ESBWR-ATHLET results, the expected
natural frequency for density wave oscillations (DWO) is calculated from the
TRACG results. The results of that study are presented in Table 2-2.

GENESIS | ESBWR! ESBWR!
Decay-ratio, DR (-) 0.12 0.11 -
Resonance frequency, fis 011 0.13 0.083-0.17
(Hz) '

" Rescaled to real time scale by using Equation (2-37).

t Obtained from numerical simulations performed in ATHLET code.

t Estimated from the typical period found for DWO being between one to two
times the fluid transit time through the channel based on TRACG results.

Table 2-2: Thermal-hydraulic stability characteristics for the nominal operational point.

It is found that the experimental and numerical results show a good
agreement for both the decay ratio and the natural frequency. This good
agreement between the resonance frequencies certifies the correct time scaling
proposed in section 2.2.3. As a matter of completeness it can be mentioned
that the resulting frequencies from both ATHLET and GENESIS correspond
well with the expected natural frequency estimated from the transit time of
the fluid through the hot channel. This finding is in accordance with the
expectable behavior of density wave oscillations (DWO).

38



Chapter 2

2.4 Conclusions

The fluid-to-fluid scaling method for the simulation of the thermal-
hydraulics phenomena taking place in the natural circulation BWR has been
revised and discussed in detail. As a result of this approach, an experimental
facility (GENESIS) was designed and constructed in which thermal-hydraulic
stability performance was found to be similar to that of the downscaled
ESBWR which was taken as the reference natural circulation BWR. The
importance of correctly scaling the inertia and the friction distribution in the
loop has been shown. It is found that for stability investigations with fluid-to-
fluid downscaled systems, the same geometrical scaling factor has to be
applied to properly scale both the axial and radial dimensions of all sections
in the loop. As a consequence, the time in the downscaled facility was found
not to be scaled one-to-one with the time of the reference reactor. An explicit
rule applies for the time instead. In addition, it was found that the time ratio
is not independent of the geometrical scaling.

Scaling distortions have been discussed and a way of diminishing their
consequences in the case of higher friction in the core has also been presented.
By using the proposed methodology, it was shown that core friction-related
distortions can be reduced.

It was proven that the geometrical scaling is weakly dependent on the
operational pressure, allowing investigating the stability performance of the
original system in a wide range of pressures, without significant geometrical
modifications.

Experimental results, obtained with the help of the GENESIS facility,
were compared with numerical results obtained by using two different codes
(the ATHLET system code and the validated TRACG system code). This
comparison shows a very good agreement from both the steady state and
dynamic points of view. This finding confirms the validity of the downscaling
methodology for stability analysis proposed in this work.

In order to investigate the neutronic-thermal-hydraulic stability of
natural circulation BWRs void reactivity feedback needs to be implemented in
the GENESIS facility. The details of such implementation, and further analysis
regarding stability performance of natural circulation BWRs are presented in
Chapter 3.
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Chapter 3

Experimental investigations on
the stability of natural
circulation BWRs

3.1 Introduction

Numerous investigations have shown that modeling of two-phase flows
is still a difficult task which involves large uncertainties. In the particular case
of nuclear reactors, these uncertainties are extremely important since they
may lead to underestimations of the reactor safety margins of operation. Due
to this, experimental investigations on nuclear reactors involving two-phase
flows are very important since they can help to understand the interaction
between the complex mechanisms and also to validate numerical tools and
models. In BWRs a strong coupling exists between the vapor production in
the core and the resulting fission power, since the boiling coolant also works
as moderator. Therefore, the void reactivity feedback mechanism needs to be
taken into account in order to investigate the stability of those reactors. For
this reason large efforts have been done to obtain BWRs experimental data
relevant for stability studies. The limited operational range in which reactor
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experiments can be performed and also a lack in sensors present in the
reactors (which are mainly aimed for system monitoring), however, limits
such a task. Particularly difficult is the case of the natural circulation BWR
which may exhibit a characteristic dynamical behavior due to the fact that the
two-phase mixture is also responsible for driving the coolant flow. In this
case, the lack of natural circulation BWRs hinders the realization of reactor
experiments. The exceptions are the Dodewaard reactor tests which helped to
start understanding the stability of natural circulation BWRs!2 Novel natural
circulation BWRs produce more power and have larger cores than that of the
Dodewaard reactor. On top of this, they include a much taller chimney and a
different steam separation process which induces a large pressure drop at the
chimney outlet. These two last characteristics are known to destabilize the
thermal-hydraulic stability mode’. How those differences may affect the
reactor stability performance ie. when considering neutronic feedback,
however, is not clear. For that reason, a number of projects involving
numerical simulations and experiments have been carried out (see e.g.
Offerein?). Up to now, however, no good agreements have been obtained
between numerical and experimental results regarding stability of natural
circulation BWRs including the void reactivity feedback effect. The reason for
that may be found in the numerous difficulties numerical codes encounter to
accurately simulate complex two-phase systems together with some
limitations from the previous experimental facilities (e.g. they did not achieve
a proper dynamic thermal-hydraulic similarity®¢, limitations in the simulation
of the void reactivity feedback mechanism, a simplified representation of the
flow pattern’). On top of this, previous experimental facilities were designed
to obtain general knowledge about BWR stability issues. Now we aim at
represent as accurately as possible a reference natural circulation BWR
prototype, i.e. the ESBWR®.

In this chapter, an experimental attempt is performed with the GENESIS
test facility presented in Chapter 2. The design of such a facility is optimized
to simulate the thermal-hydraulics of the ESBWR by making use of fluid-to-
fluid scaling modeling. In order to simulate the reactor neutronics, an artificial
void reactivity feedback system is added to GENESIS. Details regarding the
implementation of such a system are given at the beginning of this chapter.
Experimentally obtained stability maps regarding the thermal-hydraulic
mode (obtained without accounting the neutronic feedback) and the reactor-
kinetic mode (including the neutronic feedback effect) are compared
afterwards with numerical simulations obtained from the TRACG code’
(which is optimized for representing BWRs for a broad range of situations)
and the ATHLET code! (specially developed for simulating nuclear reactor
safety-related incidents and accidents!!) for exactly the same conditions. The
results of such a comparison are further presented at the end of the chapter.
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3.2 The VRF system

3.2.1 The VRF system design

To simulate the reference ESBWR, the GENESIS facility needs to be
extended with a system simulating the reactor neutronics, the so-called void
reactivity feedback (VRF) system!?!3. The experience learnt from the VRF
systems developed by Kok, Zboray® and Furuya’ is used in order to
accurately simulate the neutronic feedback mechanism in GENESIS. In some
test facilities, e.g. in SIRIUS’, the reactor fuel bundle is simulated by an
annular channel. The following analysis shows that such a simplification may
cause the flow pattern to be different than that present in the reactor. Table 3-
1 presents a comparison of the core hydraulic diameter Dn and the subchannel
diameter Ds. (defined as the diameter of the largest circumference which fits
into the channel) between the ESBWR, SIRIUS and the GENESIS facility.

ESBWR (10x10) | SIRTUS (1x1) | GENESIS (5x5) ¢

/]DS-Ch
Dhc (mm) 9.5 6.5 7.5 @

Ds-ch, c* (mm) 10.5 33 8.4
t Diameter of the largest circumference fitting into the channel Ds-cn

tUpscaled to water

Table 3-1: Geometrical core comparison of the ESBWR, SIRIUS and the GENESIS facility.

Many investigators have pointed out the importance of the hydraulic
diameter and the subchannel diameter on determining the characteristics of
the two-phase flow!>1¢, In particular, it is observed a tendency for the vapor to
seek the less obstructed, higher velocity regions of the channel. The flow
pattern is important for the neutronic-thermal-hydraulic stability since it
affects the core pressure drop and also the axial void fraction profile. Table 3-1
shows that GENESIS more accurately represents the ESBWR core than an
annular channel such as it was used in SIRIUS.

The VRF system developed here estimates the core void fraction by
measuring the core pressure drop obtained from fast dP sensors. This choice
is based on to the small phase difference with respect to the actual core-
averaged void fraction found for such a measurement system?®”. This is related
to the fact the core pressure drop is an integral quantity.

As in the former implementations®’, the VRF simulation is implemented
in the form of a digital controller (DC) running on a single PC. The DC
controls the power of the electrically heated rods, based on the simulated
reactivity effect of the measured void-fraction fluctuations. The design of the
digital controller allows studying BWR dynamics for different fuel types and
reactor parameters like the void-reactivity coefficient, the delayed-neutrons
fractions and decay constants and also the neutron generation time (e.g.
important for studying MOX fuels).
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3.2.3 The VRF system implementation

The block diagram from Figure 3-1 shows the interaction between the
physical mechanisms taking place in the ESBWR and in the GENESIS facility.
a) ESBWR
Ge | P BN 1 Gy, —

reactor power heat flux to coolant

reactivity reactor thermalhvdraulics

< Ol GTH < vapor
GENESIS
b) §
pc  zoH P, Gie ! Gue
zero-order . . v
hold Heating rod dynamics pro:ill]:::)t‘;on
Ol GTH, G < vapor
GENESIS thermalhydraulics
DIGITAL CONTROLLER (DC)
' : -1
= Gconvl GR,G — (GF,G) ! — (va,G) J‘ GF —1 va -
void approximation  GENESIS vapor production ESBWR vapor
coefficient of Gg and heating rod dynamics production and fuel
compensation rod dynamics
NOMENCLATURE
Gr = Reactor transfer function from reactivity to power
Gw Gr  =Total transfer function from power to heat transfer to the coolant
GrH = Thermal-hydraulic transfer function from power to void production
Ty = Transfer function from void fraction to reactivity
Gconv = Void fraction determination transfer function
ZOH = Zero-Order Hold
ac = Void fraction in the core
Subscripts
G = GENESIS facility

Figure 3-1: a) The feedback mechanism of the ESBWR and b) the feedback system as
implemented in the GENESIS facility (adapted from Zboray?).

The thermal-hydraulics is represented by the Gru block. Since the scaling
of GENESIS (represented by Grxc) is designed to simulate the reactor thermal-
hydraulics, it is assumed that the ESBWR thermal-hydraulics is correctly
reproduced by the GENESIS facility (Gruc=Grn). The mean void fraction in the
GENESIS core is estimated (process represented by Geow) and afterwards used
to calculate the void reactivity feedback due to the variation in the neutronic
moderation. This feedback effect is calculated via the void reactivity
coefficient (represented with r,). In GENESIS the neutronics is simulated by a
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numerical model which is solved in real time (represented by Grc). As a
result, the applied power is adjusted according to the estimated fission rate.
Since the ESBWR fuel rods dynamics and the steam bubbles creation
mechanism (represented by Gr and Gvr, respectively) influence the dynamics
of the system, they are artificially simulated in the algorithm. Some
mechanisms present in GENESIS (which are absent in the ESBWR) need to be
removed or compensated for (e.g. the effect of the GENESIS heating rods and
the Freon vaporization, represented by Grc and G, respectively). These
compensations are implemented by adding the inverse transfer functions of
the mechanisms that need to be eliminated. All the transfer functions added
artificially are implemented in a discrete time form due to the discrete time
characteristics of the DC. For this reason, the Z transform is used instead of
the more common Laplace transform.

Determination of fluctuations of the core averaged void fraction (Gcony)

The axial average void fraction in the core is determined, as suggested
by Furuya’, by measuring the pressure drop over the core APc, and by
applying an iteration step regarding the momentum balance over the entire
core, thereby adjusting the core outlet quality xostep by step (3y0 =0.0005). The
next assumptions are made in the implemented algorithm.

e«  The homogeneous equilibrium model (HEM) is used. The use of
this simplification is supported by the homogenizing effect of the (6X)
GENESIS core spacers placed at the same location as in the ESBWR core.

e  The quality profile y« is linear, starting from the boiling boundary
position, ze.

. No void accumulation exists near the spacers.
e  Subcooled boiling is neglected.

e  The coolant physical properties are found by using the (estimated)
local pressure and temperature in correlations which are specially
developed for that purpose. Those correlations are obtained by
performing a high order fitting of the coolant physical properties.

The online determination of the average core void fraction takes place
according to the following steps:

1)  The value of the boiling boundary position zw is needed for determining
the void fraction profile ow. The location of zw is calculated by
performing a heat balance in the single-phase section of the core. The
input power signal is filtered with the dynamics introduced by the
GENESIS rods (given by Grc) since the power applied to the rods is not
instantaneously transferred to the coolant. Furuya” did not comment on
this effect in his VRF implementation and therefore, most probably he
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2)
3)
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did not consider it. The heat flux and the mass flow are then used in the
energy balance to predict zw. In order to validate this procedure, the
resulting value of zw was compared with the location of the breaking
point of the core axial temperature profile (reconstructed by using 7
thermocouples located in the core section) showing a good agreement.

The core pressure drop, APc is measured.

APc is used in the core momentum balance equation to find the best
fitting parameter b of the equation describing the linear quality profile
x= b(z-zw). The iteration algorithm (with an average calculation speed
of 0.001 s per converged solution) starts from high quality values (to
avoid spurious solutions) and runs until the convergence criterion is
fulfilled (|ar. ., - AP. ,,,,|= minimum). In the implemented algorithm, the

C,Meas
core is divided into two parts: a single-phase region and a region with
two-phase flow. The different terms from the momentum balance
considered in each of these regions are the following.

Cale —

Single-phase region

. Friction due to the rods and the walls, estimated by using the
Blasius formula'?,
f;=0.079 Re™® (3-1)

. Friction due to the spacers K -0.69 (experimentally found) (3-2)

. Gravitation
Two-phase region

e  Friction due to the rods and the walls, f,=0.079 Re®”. The following

correlation!” specially developed for Freons in small tubes, is used to
estimate the two-phase friction multiplier
P -1 P -1.64
b2o=(1-x )2 +2.87 XZ(FJ +1.68 x08(1¢)0-2 (Fj , (3-3)

c C

. - _ 1 -
Friction due to the spacers, K,,=0.69, q)io_{l{N_p_lJX], (3-4)

. Acceleration,

. Gravitation,

being fi the liquid friction factor, Ks the spacers friction coefficient
obtained from experiments, ¢ro the two-phase multiplier and P/P.=0.26
the reduced pressure (Pc is the critical pressure). The inertial term is
neglected since it is estimated to be small compared to the others (<2.5
%) for all conditions. Temperature gradients affecting the Freon density
have been considered in the connecting tubes of the dP sensors used in
the algorithm.
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4)  yw is then used to calculate the void fraction axial profile o). Due to the
HEM assumption, o can be found from y by using

o 1 . (3-5)
1+£1-1jpv
X Py

5) ou is then integrated to find the space averaged core void fraction,

()= [ o, dz. (3-6)

C e

Reactivity response to fluctuations in the average void fraction (r,)

Deviations from the power at critical conditions are calculated and
applied according to reactivity changes. Using a one-dimensional, axial,
model of the reactor and assuming small variations in the cross sections
around the equilibrium value, i.e. assuming a linear dependence on the
fluctuations in the void fraction, the void reactivity variation p is given by'®

LC
P =C[ 4§ . oa.dt, (3-7)
0

where Sa is the void fraction fluctuation regarding the average void fraction
in the core corresponding to a critical reactor (e, =« ., —a,.,) and ¢o is the

critical flux shape; C is a constant of proportionality.

For a flat power profile, Equation (3-7) can be expressed as
op=r, oa, (3-8)

where 1, is the void reactivity feedback coefficient. The value of r, used in this
study corresponds to a middle of cycle (MOC) profile condition of the
ESBWRY, which is r,=-1.03x10-3.

Power fluctuations from the reactivity fluctuations (Ggr,g)

As in former implementations®’, power changes are estimated by using
the point-kinetic equations for the neutron density and the six neutron
precursor densities®.

dn(t)

dt

pt) — 8

=T n(t) + Z Aici(t)

(3-9)
d i t 1
460 _ By vestr)
It needs to be pointed out that all the time dependent parameters from

Equation (3-7) had to be converted into the proper time frame, according to

the relation given by the time ratio, Equation (2-37) derived in Chapter 2,

X, = Homesis _ g 6 (3-10)

t
z-|ESBWR
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Dynamics of the GENESIS rods plus vapor production mechanism (Gr,c Gyp,c)

The dynamics of the power-to-heat flux regarding the GENESIS facility
is modeled as a first-order process in this chapter. In Chapter 4, this
simplification is discussed in detail. Therefore,

va,G GF,G z; (3-11)

TpeS +1
where Gr¢ represents the heat transport through the GENESIS heating rods
and G, the vapor production process taking place in the surface of the rods.
Experimental investigations performed in the DESIRE facility, have shown
that the time constant associated with the power to void creation in such a
facility can be approximated by a first order model with a typical time
constant 7 ~0.5s5%. Since the rods from GENESIS are similar to those from
DESIRE as well as the Freon R-12 and the Freon R-134a fluid properties, the
power to void creation mechanism in GENESIS (Gr¢ G,,,¢) is modeled with a
transfer function as the one given by Equation (3-11) withz, ;=0.5s5. The

dynamics of the heating rods and the void creation in GENESIS are
eliminated from the feedback mechanism by implementing in the algorithm
the inverse of Equation (3-11), expressed in z domain.

Dynamics of the ESBWR rods plus vapor creation mechanism (G G,p)

Once the dynamics of the heating rods plus vapor generation in Freon is
eliminated, the dynamics of the simulated ESBWR in water has to be
artificially implemented. The dynamics of the power to the rod surface heat
flux taking place in the ESBWR rods (indicated by Gr) cannot be described by
a first-order system?.. For this reason, in the GENESIS VRF system the reactor
fuel rods are not modeled as first order processes like in the previous
implementations®’. The solution for the temperature response within the rod
due to a step in power can be described by the following analytic relation?,

oo 2Bi (A 3-12
T(r’t)_;l”z(lf+3i2) () (1 exp( /Iﬂt)) ( )

where Bi=h.D/k is the Biot number, with h being the heat transfer coefficient
from fuel-to-coolant, k the rod heat conductivity and D the rod diameter; An is
the n root of Bi=Ax[]1(Ax)/Jo(Ax)] with Jo and J1 the first kind Bessel function of
the zero and first order respectively. All quoted quantities are non-
dimensional. The heat flux at the surface of the rods g”, is found from g"=f
(T'(r’,t')). The heat flux from the analytic relation is approximated by a

second-order model with a response described by
1

_ , 3-13
ris2+2§rps+1 ( )

F

obtaining, for an ESBWR fuel rod at MOC condition, two fitted time constants
71=5.42 s and 72=0.188 s (corresponding to 7/=1.01 s and £=2.78).
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The analytical solution and the second order approximation of the
resulting heat flux at the rod surface, resulting from a power step is shown in
Figure 3-2 in terms of the Fourier number, which is defined as

N, =t g"D, (3-14)
p V4

where pis the pellet density and C; its constant pressure heat capacity.

051
051
qll D."‘lz
— ]
q 000.35
0,24
0 15 — Analytic - derived from Eq. (3-12)
"1 f —Second order fitting
od

0 002 004 006 008 01 012 014
NFD
Figure 3-2: Evolution of the non-dimensional heat flux at the surface of the ESBWR rod after a
power step is applied. The time scale is given in terms of the Fourier number
(0.0288 (Nro)=1 s, thus 0.144 (Nro)=5 s).

The approximation to the analytic solution is in good agreement for a
broad range of Nr, numbers assuring a good representation of the rods
dynamics for the region of interest. When applying this transfer function, the
associated two time constants are converted into the GENESIS time frame by
using the factor expressed in Equation (3-10).

The heat transfer process from the surface of the rods to the bulk of the
boiling water is much faster than the heat transfer within the ESBWR rods. A
simple analysis of the heat resistance of each material (fuel pellets, gap and
cladding) and the boiling water boundary layer shows that most of the heat
resistance is due to the fuel pellet (~98.5%). The transfer function G, can

therefore be neglected®. Hence, G, ~1. Equation (3-13) is Z transformed for
its implementation in the discrete-time based algorithm.

The dynamic response of other devices like the power supplies, the
differential pressure sensors and the calculation time of the core average void
fraction are also taken into consideration. However, these are orders of

magnitude faster than the dynamic processes mentioned above and, therefore,
can be considered as instantaneous processes.
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3.3 Stability performance of natural circulation BWRs

In this section, the stability performance of the reference natural
circulation BWR, the ESBWR, is investigated by using the GENESIS facility.
Two stability modes are investigated: the thermal-hydraulic mode and the
neutronic-thermal-hydraulic mode, the so-called reactor-kinetic mode. These
results are then compared with simulations performed with the TRACG and
the ATHLET numerical codes.

In order to present the stability performance for conditions different
from nominal, the so-called stability maps are constructed. These maps
represent contour plots of the decay-ratio DR, and the main resonance
frequency frs for all investigated reactor conditions in terms of the power, the
flow rate and the core inlet temperature. However, in order to simplify the
representation, the phase-change number Nrcu, and the subcooling number
Nsuw, are used instead. Both the DR and the frs are determined from the
experimental results by using a third order model to fit the flow response to
step perturbations in reactivity. Details of the theoretical basis of such a model
can be found in APPENDIX B.

To simplify the notation, in the following a system with void-reactivity
feedback will be indicated with the ‘-R’ suffix from ‘Reactor’. For a purely
thermal-hydraulic system, the *-TH” suffix will be used instead.

3.3.1 Thermal-hydraulic stability

The DRs and the frs obtained from experiments carried out in the
GENESIS facility without using the VRF system are shown in Figure 3-3.

Resonance frequency, fres [HZ]

25

Decay ratio , DR [-]

25

? : 5 ‘ *
GENESIS-TH sy *
A @400 - 0.8 Dbl {015
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T 08 T N * g *
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0.2 . o *
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Figure 3-3: Stability maps of the experimentally found decay-ratio and resonance frequency
without reactivity feedback obtained from GENESIS.

From the experimental investigations it can be concluded that the
GENESIS facility representing the ESBWR is very stable for a wide range of
operational conditions and shows large margins to instabilities regarding the
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thermal-hydraulic instability mode. Since no unstable cases are observed in
the experiments, quantifying the (obviously large) margin to instabilities for
this oscillatory mode is difficult.

An area of discussion between GE people and the (US) Nuclear
Regulatory Commission (NRC), has been the effect of the thermal-hydraulic
mode of oscillation in the ESBWR; i.e. the low frequency mode driven by
changes in the coolant density in the chimney. This mode cannot be observed
in the TRACG calculations because with the neutronic feedback this mode is
very stable relative to the higher frequency density wave oscillations for the
ESBWR configuration (as it will be clarified in Chapter 4). As it was shown in
Chapter 2, the frs for the nominal operational point corresponds well to
typical frequencies found for density wave oscillations traveling through the
core plus chimney sections (about 5 s in the ESBWR at rated conditions). It is
thus clear that the transport time is important at the high power level of rated
conditions, indicating a static head dominated phenomenon instead of the
more common core friction dominated density wave oscillations. This result is
very important since it indicates the two oscillatory modes present in the
natural circulation BWR (the thermal-hydraulic and the neutronic-thermal-
hydraulic mode) seems to be decoupled, characterized by very different
resonance frequencies. This issue will be further investigated in Chapter 4.

Note that distortions arising from the downscaling procedure may
influence the similarity between the GENESIS-TH and the ESBWR-TH
stability. From these distortions, the most relevant ones are the difference in
the axial power profile and the core axial pressure drop profile (see Figure 2-
11). These two, however, have little influence on the thermal-hydraulic
instability mode (see Chapter 2). Because of this, a good agreement between
the GENESIS-TH and the ESBWR-TH stability performances is to be expected.

3.3.2 Reactor-kinetic stability

To investigate the reactor-kinetic stability of the reference reactor, the
VRF system detailed in Section 3.2 is applied in GENESIS using a constant
value for r,, which is an approximation since it is well known that such a
coefficient varies with the operational conditions (rqBoc=-0.107; rqmoc=-0.103;
rqe0c=-0.113)". The results of such experiments are presented in Figure 3-4.

Regarding the fws, since the oscillation mode is driven by the interplay
between the friction in the core section and the neutronic response due to void
changes in the core, the frequency is much higher than in the case of a system
without void-reactivity feedback (see Figure 3-3). These frequencies
correspond well with what is to be expected for Type-II DWOs, i.e. the
oscillation period being between 1.5 and 2 times the transit time through the
core section (about 1 s in the ESBWR at rated conditions).
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Figure 3-4: The experimentally found decay-ratio and resonance frequency with reactivity
feedback, represented in a stability map.

Because the stability characteristics at the nominal point are also
calculated by the GE validated TRACG code?, a comparison between the
GENESIS experiments and the TRACG calculations (regarding the reactor-
kinetic stability) can be made. TRACG is a General Electric (GE) proprietary
version of the Transient Reactor Analysis Code (TRAC)®. TRACG uses
advanced one-dimensional and three-dimensional methods to model the
phenomena that are important in evaluating the operation of BWRs. TRACG
has been approved by the USNRC for ESBWR stability analysis since it has
been extensively qualified against separate effects tests, component
performance data, integral system effects tests and operating BWR plant data.
The TRACG thermal-hydraulic instability modeling using the semi-explicit
integration scheme has been evaluated for adequacy by comparison to
experimental data from the FRIGG facility?. Plant data from operating BWRs
(e.g. LaSalle 2, Leibstadt, Peach Bottom) have been used to validate TRACG
predictions of core-wide and regional stability. The uncertainties in the
TRACG calculations have been quantified through extensive validation, and
Monte-Carlo analysis yields an uncertainty of the order of 0.1 in the core
decay ratio?. Hence, even with a very detailed description of the ESBWR and
its physical phenomena taking place (e.g. multi-channels, 3-D neutronics,
component-specific thermal-hydraulics models), a certain, non-negligible
uncertainty has to be taken into account.

The stability results found for the ESBWR at rated conditions are given
in Table 3-2.

REACTOR GENESIS TRACGY
DR () 0.30 0.33
fres (HZ ) 0.73 0.74

Table 3-2: The reactor-kinetic stability characteristics for the ESBWR at the nominal
operational point as obtained from GENESIS and TRACG.
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Although the results for the nominal conditions agree very well, a few
points need to be mentioned about possible deviations that might occur for
other operational points. Besides the differences resulting from the
downscaling discussed in Chapter 2, the following may cause differences
between the GENESIS-R and the TRACG results:

e«  The HEM model used in the VRF system for estimating the mean
void fraction in the core.

. The power profile (axially uniform profile in GENESIS and bottom
peaked in TRACG).

e  The core axial frictional pressure drop (less bottom peaked in
GENESIS than in the modeled ESBWR, see Figure 2-11).

As a result of the HEM model used in the GENESIS-R experiments, the
void perturbations are slightly overestimated. Consequently, the reactivity
perturbations are also slightly larger which, as it will be shown in Chapter 4,
leads to a less stable system and therefore conservative results.

In their works, Rizwan-uddin® and Zboray® showed that a BWR having
a bottom-peaked power profile results in a slightly less stable system than one
with a top-peaked power profile for both natural and forced circulation. In a
forced circulation BWR, the stability boundary for the uniform power profile
is found to be situated somewhere between those two extremes. Based on this,
the use of a uniform power profile in GENESIS-R experiments would lead to
slightly more stable predictions than those from the TRACG calculations.

The GENESIS core creates a pressure drop profile which is more
concentrated at the top than that for the ESBWR case at similar conditions (see
Figure 2-11). As discussed in section 2.3, this effect would result in less stable
estimations and therefore conservative results.

Regarding the neutronic modeling, TRACG uses 3-D neutronics whereas
in GENESIS a point-kinetic approximation is assumed. In the AEN/NEA
Ringhals Benchmark Report?* and the recent Kuosheng study?, however, no
evident distortion in the DR was found due to the use of less than three
spatial dimensions for the neutronics.

Table 3-2 shows that at rated conditions, the GENESIS-R and the
TRACG results for the DR and the frs are in very good agreement. A possible
explanation for this similarity is that the stabilizing effect of the uniform
power profile is canceled out by the destabilizing effect of the less bottom-
peaked core friction distribution, and the HEM used in the VRF system.
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3.3.3 The ATHLET numerical results

ESBWR numerical simulation results are presented in this section. The
simulations are performed by Manera'®> who used the ATHLET system code®
(Analysis of the Thermal-Hydraulics for Leaks and Transients). The ATHLET
code is a general system code that has been validated for a number of cases
(see e.g. Krepper, et al.?®) which mainly involve reactor accidents. ATHLET
uses a 1-D, two-phase fluid dynamic model based on the conservation
equations of the mass, the energy and the mixture momentum, together with
the drift-flux model®. The neutronics is modeled with the point-kinetics
equations with six groups of precursors in which data corresponding to the
ESBWR at MOC condition is used. The obtained numerical results are shown
in Figure 3-5.
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Figure 3-5: Numerical stability results for the thermal-hydraulic and the reactor mode.

As can be seen, the numerical results also show that the ESBWR is stable.
In addition, the trend of the iso-decay-ratio lines is roughly the same as that
one found in the GENESIS experiments. This trend is to be expected, as can be
seen in numerous stability studies®®. The resonance frequencies are roughly
the same for both the numerical and the experimental studies. It can also be
seen that for the reactor system, the ATHLET calculations predict a less stable
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system than the experiments do. The ATHLET stability boundary is situated
around the subcooling-number Nsub = 1.5 (corresponding to a margin for
inlet temperature of 6 K) for the largest range of Zuber-numbers, whereas a
stability margin for the inlet temperature > 30 K is found in the experiments.

In order to understand this result, the stability at the nominal point is
discussed in more detail. The ATHLET results for this point are compared
with those from the GENESIS experiments and the TRACG code in Table 3-3.

GENESIS TRACG ATHLET | GENESIS TRACG ATHLET

(TH) (TH) (TH) (REACTOR) | (REACTOR) | (REACTOR)
DR (-) 0.12 - 0.11 0.30 0.33 0.64
fres (Hz) 0.11 0.083 -0.17 0.13 0.73 0.74 0.66

Table 3-3: Thermal-hydraulic and reactor stability performance of the ESBWR at rated
conditions obtained by using GENESIS and the ATHLET and the TRACG codes.

A large difference in the DR is observed when comparing the ATHLET-
Reactor results with the TRACG results regarding the nominal point.

Since the uncertainties in the core decay ratio calculated by ATHLET are
not known, we can only speculate on this issue. Sources of uncertainties are
the single-channel approximation (the conditions in all modeled 1132 parallel
channels are the same), the fixed pressure boundary condition and the point-
kinetic neutronics. Due to the fixed pressure boundary in the steam dome, the
ATHLET results are conservative, since the feedback due to the compression
of the steam cushion in the steam dome has not been taken into account®.
Based on this, the differences in the numerical results from the two models
are most probably due to the uncertainties of the ATHLET numerical
simulations of the reactor thermal-hydraulics. This result should recall the
attention to the limitations existing in the codes to accurately predict the
stability performance of complex two-phase systems.

The same argumentation regarding the uncertainties in the ATHLET
thermal-hydraulics can be used to explain the differences in the stability maps
obtained from the experiments performed in GENESIS-R and the ATHLET-R
simulations. The scaling distortions and assumptions performed in the VRF
system, however, have also to be mentioned. Since it is not possible to
quantify these effects, a more detailed comparison is difficult to draw here
and need to be studied in the future.
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3.4 Conclusions

The stability performance of a natural circulation BWR has been
addressed by using a test facility and two numerical codes. For such a study,
the ESBWR is taken as the reference reactor. Special care has been taken to
reduce the differences regarding the experimental system and the real reactor.

The GENESIS test facility, being a downscaled version of the ESBWR, is
successfully equipped with a so-called void reactivity feedback system which
includes some improvements compared to systems developed in the past.

The experimentally found characteristic resonance frequency of the
thermal-hydraulic mode is found to be much lower (~0.11 Hz) than in forced-
circulation BWRs (~1 Hz). This result indicates a static head dominated
phenomenon for this instability mode since it corresponds well with typical
frequencies of DWOs traveling through the core-plus-chimney sections.

Complete stability maps for the thermal-hydraulic and neutronic-
thermal-hydraulic mode are experimentally obtained for a wide range of
conditions. The resonance frequency for the reactor case corresponds well
with typical frequencies of DWOs traveling through the core.

Results from the TRACG code and from the ATHLET code are used for
the numerical investigations. It is found that the experimental results for the
reference reactor at the nominal point agree very well with the numerical
estimations obtained with the validated TRACG code. Since a number of
(conservative and non-conservative) distortions and assumptions are done in
the GENESIS case, it is most probably that the good agreement found with the
TRACG code is a result of a compensation of the aforementioned differences.
For the nominal point it is experimentally found that the GENESIS facility,
representing the ESBWR, is stable with a large margin to instabilities (>30 K).

Besides the approximations used in the VRF simulation and the
limitations from the downscaling, it is shown that, if properly designed,
facilities with an artificial neutronic feedback implementation can represent
the stability behavior of nuclear reactors. To gain more confidence in the
comparison between numerical and experimental results it is suggested to
numerically simulate (e.g. by using the TRACG code) a water-based up-scaled
version of the GENESIS facility and benchmark the results to quantify the
simulation capabilities of the code and also the scaling rules.

The differences found between the ATHLET results and the GENESIS
and the TRACG results, indicate that stability predictions regarding BWRs are
still a challenging task for thermal-hydraulic codes and therefore,
considerations based on numerical results only have to be taken with care.
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Chapter 4

Chapter 4

An experimental parametric
study on natural circulation
BWRs stability

4.1 Introduction

During the design and optimization phases of novel reactor concepts,
many parameters and configurations are varied and investigated. Numerical
simulations and large scale experiments'? are commonly used for that
purpose. Those experiments, however, are extremely expensive and usually
do not include the reactivity feedback mechanism. As a result, a lack of
experimental evidence confirming numerical findings exists.

Another less expensive possibility is to use an experimental facility with
a simulated neutronic feedback system. Besides the advantage regarding the
operational costs of such a tool, a test facility can offer a large degree of
flexibility allowing studying different configurations. Operating experimental
facilities for long time allow using noise analysis techniques in order to get
accurate results. This approach has been successfully used by some
investigators as, for instance, Zboray and Furuya who have studied the effect
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on the stability of BWRs when varying some parameters, such as the void
reactivity coefficient and the inlet restriction value3*.

With the current GENESIS facility, being a downscaled version of the
most advanced natural circulation BWR prototype, i.e. the ESBWR, further
relevant investigations and parametric studies can be assessed. For instance,
the presence of a very long chimney section in novel designs may lead to new
instability features.

In this chapter, the flexible capabilities of the GENESIS facility are used
to study the aforementioned coupling and also the effect on the reactor
stability when varying some parameters such as the operational pressure, the
void reactivity coefficient, the geometry and the fuel rods.

4.2 GENESIS improvements

In previous chapters many experiments have been presented for
different operational points of the reference natural circulation BWR in the
non-dimensional plane. Due to the fact only little differences may be expected
in the stability performance when varying a parameter, it was decided to use
noise analysis techniques to investigate the stability performance of a certain
configuration. From the experiments presented in Chapter 3, it was found to
be difficult to operate GENESIS at a certain state for long time because of
fluctuations of some input parameters (e.g. system pressure, inlet
temperature, etc.). For that reason some modifications are introduced in the
facility which improved its controllability. For that purpose a better pressure
controller system is installed. On top of this, a by-pass system is added to the
feedwater pump loop to better control cavitation of this pump together with
the addition of two extra heat exchangers located at the core inlet. As a result
of those improvements, the system pressure could be controlled within + 0.02
bar and the inlet temperature within + 0.1°C of their respective set points.

In the same line, an investigation is conducted to more accurately
identify and model the different mechanisms taking place within the
GENESIS core which are afterwards used in the compensation functions of
the VRF system. The void fraction is estimated in the VRF system by
measuring the pressure drop over the core (see Chapter 3). This process can
thus be described by a number of transfer functions as shown in Figure 4-1.

Spower Oheat flux Svapor creation ddP core
——»  Grgc >  Guwpc Gic |—»

\ 4

Figure 4-1: Schematic representation of the power to core pressure drop transfer mechanism.
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The first two transfer functions, which need to be compensated for,
correspond to the dynamics of the heated rods Grc, and the vapor production
process in Freon Ge,c. The last transfer function named G, is related to the
transport of the coolant through the core, which is responsible of the
measured pressure drop. This last process associated to the mass transport
through the core has not to be compensated because it is correctly simulated
in GENESIS since the axial dimensions, the void fraction profile and the mass
flow rate, are properly considered in the downscaling (see Section 2.2.3).

The investigation regarding the characterization of the processes shown
in Figure 4-1 is divided into two parts. First, a numerical estimation of the
dynamics of the heating rods and the mass transport in the core is performed.
Second, the estimated time constants associated to those processes are used as
initial guesses for the fitting of the parameters of the transfer function from
8q-to-8dPc, i.e. Gpower-are= GF.c Gupc Gi.c presented in Figure 4-1.

A numerical 1D model® is used to describe the GENESIS rod dynamics
(represented by Grc in Figure 4-1) following the same procedure as in the
ESBWR fuel rods case, see Chapter 3 Section 3.2.1. A boundary condition of
no heat resistance at the outside of the rod is assumed in the modeling. As a
result of the simulation, it is found that the dynamics of the heating rods can
accurately be represented by a second order transfer function. Therefore,

_ Ay : (4-1)
PO (Mg s ) (14Tgg,S)

After fitting the response of the heat flux at the rod surface, after a

power step is applied to the rod, the following two time constants are found,

Tpg, =0.03s (4-2)
T, = 0.28s.

The boiling process is considered as a first order process. Thus,

CHp— (4-3)

i (1+'th Gs) .

The transfer function representing the coolant flow through the core G
can be approximated with a first order model with an associated time

constant ¢ equal to the effective transit time of the flow through the core®.
G. .= A3 . (4-4)

RG (1+T“,GS)

This transit time is calculated as in Section 2.2.3 by using the next set of
conditions.

Npoyy = 5.5

N,,,=1.65

M =0.62 kg/s

(4-5)

The corresponding effective fluid transit time in the core is found to be
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te. = 0.45s. (4-6)

The transfer function for the mechanism described in Figure 1.4 is thus,
G B A

poerale (14s0.03s™ ) (1+50.285™ ) (s 7,,, ¢ +1)(1+50.455™)
where A=A1A-As.

(4-7)

For the second part of this study, two signals are used (which are
obtained at the conditions detailed in Equation (4-3) and the VRF system
turned off): the electrical power input, to which a white noise with amplitude
of 6 % is added, and the signal from the dP sensor located across the core. The
cross correlation between these two measured signals CCFmeas is calculated

and presented in Figure 4-2.
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Figure 4-2: Cross correlation function of the noisy power input and the dP measured across
the core (solid line) and the analytical estimation (dotted line).

The peak located at ~0.67 s is found to be associated to three phenomena:

¢ heat transport within the GENESIS heating rods (represented by Grc),
e Freon boiling process (represented by Gu.c), and
e transport of the vapor-liquid through the core (represented by Gc).

A relation exists between vapor and flow fluctuations. Since the
measurements are performed without a pump, an increase in the vapor
production influences the flow by increasing buoyancy in the system. The
second peak located at ~4 s seems to reflect this feedback mechanism. This
reasoning can be confirmed since the distance between the two positive peaks
(~3.3 s) agrees well with the traveling time found for the chimney section (3.24
s). Since the feedback due to buoyancy can be well discriminated from the fast
processes occurring in the core, it is ignored in the following analysis.

The estimated transfer function Gpower-irc is used with the noisy power as
input to obtain an estimated pressure drop over the core. The Simulink tool
from the MATLAB environment is used for that purpose. A second cross
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correlation CCFest is calculated and compared with the previous CCFmeas. All
the time constants present in Gpower-irc (see Figure 4.1) are varied until the
similarity between CCFmeas and CCFest is optimized, i.e. the error of CCFest for
the first peak is minimal. The resulting CCFmeas is also plotted in Figure 4-2.

Table 4.1 summarizes the time constants estimated analytically and their
correspondence with the ones found through the fitting. By comparing the
experimental and analytical time constants it can be seen that a very good
agreement exists for the first peak. It can therefore be concluded that the
modeled physical mechanisms are well characterized.

) Numerical | Experimentally Previous
Physical process | Parameter . . .
value derived value | implementation

Heat transport TFG,1 0.03s 0.02s

within the rod TEG2 0.28 s 0.28 s 05s

Boiling process TvpG Unknown 031s

Void t

oid transport THG 045s 045s -

through the core

Table 4-1: Experimentally and analytically found parameters of the TF from Figure 4-1.

Since the processes occurring in the GENESIS core are successfully
modeled, the compensation transfer function presented in Equation (4-9)
(based on the experimental analysis presented above) can be expressed in the
z domain and implemented in the VRF system algorithm.

(1+s3.2s'1)(1+s3.Z7s'1)(1+s49.9s'1) (4-8)
S

G-Fl,G (S)G;lp,G (s):Gi)lower-ch,G (8)G (8=

with A’=3.37x10° 1/W.
The following results are obtained by using the improved compensation
transfer function expressed in Equation (4-9).

4.3 Parametric study

In this section, the capabilities of the GENESIS facility are exploited by
modeling different fuel rods, varying the void reactivity coefficient and
changing some operational parameters, such as the pressure and the
feedwater sparger location. Unless indicated, the power and inlet subcooling
(defining the operational point in the non-dimensional plane) are the same for
all experimental cases and correspond to a reference situation of the GENESIS
facility, named as REFERENCE CASE, which is characterized by:

N o= 5.7 (4-9)

N, =1.2.

All the results presented in this chapter are obtained by using noise

analysis. Details of the treatment of the data and the procedure followed in
the analysis are given in APPENDIX B.
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4.3.1 Effect of the improved VRF system

This study is intended to investigate the influence of using the
compensation function expressed in Equation (4-9) instead of the following
one used in Chapter 3.

-1 -1 + 1 .
GM,GFE% with - - 0.5s (4-10)
The stability obtained by using both algorithms is presented in Table 4-2.
R,=-0.103 DR [] fres [Hz]
REFERENCE CASE (Eq. 4-6) | 0.31+0.02 0.66+ 0.02
VREF from Chapter 3 0.26+0.02 | 0.66+0.03

Table 4-2: Experimental decay ratio and resonance frequency found for the reference case by
using the VRF system with the compensation functions described in Chapter 3 and
the more sophisticated ones developed in this chapter.

As can be seen, implementing the simple compensation function from
Chapter 3 seems to have a non-conservative effect since the decay ratio (DR)
is underpredicted compared with the one obtained from the improved
implementation. The resonance frequency is unchanged. As it will be shown
later, a slower dynamics of the heat transfer from the rods to the coolant
increases the neutronic-thermal-hydraulic stability. From the results
presented in the table it can be inferred that the time constant of the first order
implementation is smaller than the effective time constant from the more
sophisticated implementation developed in this chapter (defining the effective
time constant as the time constant corresponding to a first order model which
would give the same stability results as the real system). This result indicates
that care has to be taken when compensating a higher order system by a
lower order transfer function since non-conservative results may be obtained.

4.3.2 Effect of the modeling of the ESBWR fuel rods

Van der Hagen has proposed that the dynamics of heat transfer taking
place in a BWR core during Type-II oscillations is governed by small fuel time
constants that are associated with heat transfer from the outer region of the
fuel rods’. It is therefore important to investigate the effect on stability when
modeling the heat transfer within the fuel rods by using a first order model
since in such a case the rod dynamics is described by only one time constant.
The GENESIS facility is therefore used with a first order implementation of
the ESBWR rods. The associated time constant is obtained as detailed in
Section 3.2.1 but by using the solution of a first order system as a fitting
function. Experiments obtained at the same operational conditions as the
reference case are conducted by using this new rods implementation. As a
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matter of completeness, such rods are also implemented and tested in the VRF
algorithm used in Chapter 3. The results of this study are shown in Table 4.3.

Table 4-3 shows that by using a first order transfer function to model the
ESBWR fuel rods stabilize the system for both cases, when using the
sophisticated implementation presented in this chapter and also with the VRF
model from Chapter 3. This effect is due to the fact that by using a slow
representation for the fuel rods filters out the dynamics of the power-to-vapor
production effect which is important in the neutronic-thermal-hydraulic
instability mechanism.

r,=-0.103 tE1[s] | tR2[s] DR [-] fres [Hz]
2nd order approx.
REFERENCE CASE 0.57 6.55 0.31+0.02 0.66+ 0.02
1storder approx. 4.86 0.24 +0.03 0.64 +0.02
1storder approx. +
VRF from Chapter 3 4.86 0.20+0.02 0.64 +0.02

Table 4-3: Experimental decay ratio and resonance frequency found for the reference case
(which uses a 2nd order representation of the fuel rods) and the case in which a 1st
order model for describing the ESBWR fuel rods is used.

From the experiments it can be concluded that by using the first order
approximation with the fitted time constant results in non-conservative
results. It therefore can be confirmed that the effective time constant that has
to be used in the first order model is associated to fast responses taking place
in the fuel rods. It is thus recommended to represent the fuel rod dynamics as
(at least) a second order system in order to avoid undesired effects originated
from the modeling of such a component.

Table 4-3 also shows that the use of the VRF implementation from
Chapter 3 reinforces the stabilization effect caused by approximating the fuel
rods as first order systems, as discussed in section 4.3.1.

4.3.3 Effect of changing the rod diameter

The impact of changing the fuel rod diameter on the stability
performance is investigated in this section. For this purpose two cases are
studied and afterward compared with the reference case: a case in which the
fuel rods diameter is twice the one from the reference case and a case in which
the diameter is half of that. Different authors have predicted that when
modeling the fuel rods as first order systems, large time constants (large
compared to typical periods of thermal-hydraulic instabilities) have a
stabilizing effect on Type-II oscillations because of a significant filtering of
high-frequency oscillations in the void reactivity feedback loop®°. However, to
what extent this holds for a second-order approximation of the fuel rod
dynamics, is not known. The results of this study are condensed in Table 4-4.
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r,=-0.103 tE[s]t | TE2[s]t | tH[s]t DR [-] fres [Hz]
Drod= 2.0 Drod reF 1.31 17.65 14.05 0.28 £0.02 0.62 +0.02
REFERENCE CASE 0.57 6.55 4.86 0.31+0.02 0.66 +0.02
Drod= 0.5 Drod rer 0.22 2.04 1.67 0.34+ 0.01 0.67 £0.03
t Obtained by fitting the analytical solution with the solution for a second order system.
tIdem before but with the solution for a first order system (not used in the experiments).

Table 4-4: Experimental decay ratio and resonance frequency found for the reference case and
two cases using different fuel rod diameters.

Having the doubled diameter fuel rods stabilizes the system while
decreases the resonance frequency. This effect can be understood by the lower
cut off frequencies associated to thicker rods, which filters more effectively
the high frequency fluctuations induced by the void reactivity feedback
dynamics. For the same reason, the typical frequency associated to this type of
rod is lower. The opposite occurs in the experiments when modeling the fuel
rods having a diameter being half the reference one. However, these
differences are found to be less pronounced than those predicted by
numerical models using a first order approximation for the rods dynamics®.
This effect seems to be related to the larger time constant derived from the
first order approximation which tends to amplify the differences in the
dynamics of the rods. As a result of this, it is likely possible that numerical
investigations using a first order approximation for the fuel rods (see for
instance Reference 6) may overpredict the stability effect of the rods diameter.

4.3.4 Effect of using a MOX fuel

The recycling of plutonium as mixed oxide (MOX) has a promising
potential for reducing the long-term radiotoxicity of disposed nuclear fuel.
For this reason, the use of MOX fuel in light water reactors is an important
part of the nuclear strategy in many countries worldwide. It is thus of
importance to investigate the influence on the stability performance when
MOX fuels are loaded in a BWR. In this section, the stability behavior of the
reference reactor being fully loaded with a typical MOX fuel is investigated by
slightly changing the VRF system implementation in the GENESIS facility.
MOX fuel at the beginning of the cycle (BOC) is considered which is known to
have the most different neutronic behavior regarding UO: fuel'. Since the
geometrical and thermo-physical properties (relevant for the heat transfer
mechanisms) of the MOX fuels are practically the same as those for a fuel
filled with UO: pellets at BOC and MOC respectively!! the implementation of
the fuel rods remain unchanged. In order to account for the different
neutronic behavior of the MOX fuel, the neutronic parameters needed for the
six groups point kinetics model implemented in the algorithm are obtained
from numerical simulations when using a reference neutron flux (the
European Pressurized Reactor (EPR)'? being also a thermal reactor was used).
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The MOX fuel composition and the resulting neutronic parameters are given
in Table C-II from APPENDIX C.

From SIMULATE-3 calculations, Demaziere estimated the moderator
temperature coefficient (for which the void reactivity coefficient is the largest
contributor) to be 15% larger for a fully loaded MOX fuel core at BOC than the
correspondent UO:2 one at MOC®, In this investigation, the void reactivity
feedback coefficient for the MOX experiment is therefore 1.15 times the void
reactivity coefficient used for the reference case.

The results of the stability performance of a core fully loaded with MOX
and the reference case in which UO: fuel is used are presented in Table 4-5.

DR [-] fres [Hz]
REFERENCE CASE (UO: fuel, r,=-0.103, $=0.00562) 0.31+0.02 | 0.66+0.02
MOX case (MOX fuel, r,=-0.118, =0.004079) 0.33£0.05 | 0.91+0.02

Table 4-5: Experimental decay ratio and resonance frequency found for the reference case and
the case simulating a core fully loaded with MOX fuel.

It can be seen that the MOX fuel causes the system to be slightly more
unstable and shows a higher resonance frequency than that using a
conventional UO: fuel. This difference can be attributed to the smaller
effective delayed neutron fractions from MOX fuels, mainly caused by the
2¥Pu and %*°Pu content.

4.3.5 Effect of the pressure

In Chapter 2 it has been shown that the scaling factors used in the design
of the GENESIS facility are hardly dependent on the system pressure for
pressures close to the design value (11.4 bar). Based on this, GENESIS can be
used to explore the thermal-hydraulic stability performance of a natural
circulation loop when the operational pressure shifts to higher or lower
values. By changing the pressure, the fluid properties change, particularly the
vapor density and the saturation temperature. The inlet subcooling and the
power input were therefore adjusted in such a way the operational point in
the non-dimensional plane was kept the same. If those parameters were not
kept constant, the GENESIS working point would be different and therefore
no comparison could be made between the cases. The results of the
investigation regarding the pressure effect on the system stability (obtained
without reactivity feedback) are shown in Table 4-6.

r,=0 DR [-] fres [Hz]
Low Pressure (10.6 bar-Freon = 66 bar-water) 0.02 + 0.05 0.15+0.03
REFERENCE CASE (11.4 bar-Freon = bar 71-water) 0.09 + 0.04 0.13+0.03
High Pressure (12 bar-Freon = 74 bar-water) 0.07 £0.03 0.16 £0.04

Table 4-6: Experimental decay ratio and resonance frequency found when varying the
pressure while keeping the same operational point in the non-dimensional plane.
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From the table, no clear change is observed in the resulting stability. This
finding agrees well with numerical calculations obtained by Van Bragt who
found very little dependency of the stability boundary when varying the
system pressure in the modeled natural circulation channel 5. Such a finding
valid for natural circulation systems is due to the fact that there is no explicit
pressure dependency on the non-dimensional parameters which determine
the stability of the system (see Chapter 2). Since all the non-dimensional
numbers are kept the same (the inlet coolant temperature and the power are
adjusted to have the same Nrct and Nsw) the stability boundary location is
also preserved.

4.3.6 Effect of the feedwater sparger position

Zboray and Podowski have shown that fluctuations in the core inlet
coolant temperature can significantly influence the stability of closed-loop
reactor systems!®!”. As a result of numerical investigations, Zboray has found
that such thermal-hydraulic systems change their stability performance when
the feedwater sparger position is varied'. In the case in which the sparger
position is placed at the core inlet, he predicted the system to be
unconditionally stable regarding the thermal-hydraulic stability mode.
Zboray found that in his model the influence of flow variations on the boiling-
boundary position is cancelled out by the influence of the core inlet-
temperature variations if the sparger position approaches to the core inlet. In
order to investigate such a prediction, the GENESIS facility is destabilized by
increasing the chimney outlet local restriction which would amplify any
instability mechanism effect. The thermal-hydraulic stability performance of
this new configuration (the so-called DESTABILIZED CASE) is investigated
for three feedwater sparger inlet positions, which are located at different
heights regarding the core inlet (see Figure 2-8). The stability results for these
experiments (obtained without reactivity feedback) are presented in Table 4-7.

DESTABILIZED CASE - r,=0 DR [-] fres [Hz] @[]
+
FIW sparger at 7.3m 060002 | 01080002 | -253
(Nominal position)
tFW sparger at 3.3 m 0.83 £ 0.02 0.106 £0.002 | -168
tFW sparger at 0.3 m 0.75+0.02 0.110+£0.003 | -110

t With respect to the core inlet (See Figure 2-8)

Table 4-7: Decay ratio and resonance frequency found for the destabilized case using three
different feedwater sparger positions.

From the experiments it is seen that when lowering the feedwater
sparger position, the stability performance is affected. By investigating the
correlation between the signal from the coolant inlet temperature and the
signals corresponding to the primary flow, and the feedwater flow and
temperature, it is concluded that the core inlet temperature fluctuations are
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induced by changes in the primary flow and not by the feedwater flow
dynamics. Such an investigation is presented in APPENDIX D.

Zboray related the system stability to the phase between the core inlet
temperature and flow fluctuations ¢, which can be estimated by’¢,

Y= _27[ﬁav tt ’ (4_ 1 1)

where t=p Apc sparger/Mc,in is the coolant transit time from the sparger position
to the core inlet, Apc is the downcomer cross sectional area and Isparger is the
distance between the feedwater sparger and the core inlet. Note that Isparger is
different from the height at which the sparger inlet is located because of the
extra piping connecting the downcomer with the core inlet. The resulting
phases for the three cases are shown in the last column of Table 4-7.

Clearly the most unstable case is the one having a phase close to -180°.
For such a value, the inlet-temperature oscillations are out-of-phase with the
flow oscillations and therefore reinforce their influence on the boiling
boundary oscillations, which are known to have a destabilizing effect on the
system. This result seems to confirm the instability mechanism predicted by
Zboray. Unfortunately, the cases with ¢@=n.2m, with n=0,1,... could not be
examined which would make the conclusions stronger.

The stability effect of varying the sparger inlet position can be used to
optimize the stability regarding the thermal-hydraulic instability mode. It has
to be mentioned, however, that placing the sparger inlet at a too low position
may have negative effects on the reactor safety, since in such a case the risk of
a loss of inventory accident due to siphon drainage problems is increased.

4.3.7 Effect of the void reactivity feedback coefficient

The influence of the void reactivity feedback coefficient r, on the
stability of the coupled neutronic-thermal-hydraulic reactor system has been
investigated by using both numerical and experimental tools by Zboray and
Furuya. Those early works are extended here for the case of a novel natural
circulation BWR prototype. Two configurations are studied: The reference
case used in sections 4.3.1 to 4.3.5 and the destabilized case from section 4.3.6.

The experiments are obtained by operating the GENESIS facility in the
two aforementioned configurations and varying r, step by step, ranging from
0 (no neutronic feedback effect) to twice the nominal value. The resulting
trends in the DR and in the frs are depicted in Figure 4-4.

In the reference case a clear increase in the frs can be observed when
increasing r,. The value of fr is then stabilized for r, above the nominal value
of r,=-0.103. In this case the larger r, the more unstable the system is. This
effect is explained as follows. At r,=0 the only instability mechanism present
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in the system is attributed to density waves traveling through the core plus
chimney sections, with an associated low fr. When the neutronic feedback
mechanism is included, another instability mechanism appears which is
related to the vapor transport through the core section only. This process is
faster than the previous one which explains the higher frequency at larger
values of r,. The relative stabilization of the f.s value is explained by fact the
vapor transport in the core remains unchanged since the working point of the
facility is the same for all cases. The trend of the DR is due to the fact the
thermal-hydraulic mode is extremely stable for this configuration (see the low
DR value corresponding to r,=0) when compared to the reactor-kinetic
instability mode. By increasing the value of r, the reactor-kinetic instability
mode becomes more important and thus the DR increases. Interestingly the
shift from one instability mechanism to the other one is smooth as it is
revealed by the frs and the DR trends.

Z*ru,nom ru‘nom o’r nom 2'r ,nom ru‘nom or ,nom
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Figure 4-4: Effect of varying the void reactivity coefficient in the system stability.

For simplicity, in the following discussion the value of r, is considered
in an absolute sense, thus, omitting its negative sign.

For the thermal-hydraulic destabilized case it can be seen that, as a result
of the variations in the void reactivity coefficient, the system exhibits a
complex behavior. In this case, the system is less stable than in the reference
case regarding the thermal-hydraulic mode since the DR is larger when r, =0.
Increasing r, clearly affects the stability performance. In particular, a
transition region characterized by fluctuations in the obtained value of the DR
is found for -0.06< 1, <-0.03. A strong effect can be observed on fws in this
region, even for very small values of r,. When increasing the importance of
the neutronic feedback mechanism (i.e. increasing r,) in the range of -0.15< r,
<-0.06 the system shows a slight increase in the stability performance while
the value of frs corresponds to the Type-II neutronic-thermal-hydraulic mode.

In order to understand these findings, numerical results obtained by
Zboray with a reduced order model are recalled. Figure 4-5 shows the
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stability maps obtained when different void reactivity coefficients are used in
the numerical simulations. The root-loci diagrams corresponding to the points
A and B are also included in the right hand side plots.
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Figure 4-5: Stability map for different values of the void reactivity coefficient obtained by
Zboray™. The root-loci corresponding to the points A and B are also presented.
The reference case can be related to the point A in the stability map since
it corresponds to a relatively stable system from the thermal-hydraulic point
of view. From the root-loci diagram, it is seen that for r,=0 the thermal-
hydraulic stability mode dominates but as soon as r,<0, the pole associated to
the reactor instability mode moves to the right destabilizing the system.

The so-called destabilized case can be compared to the point B in the
stability map since it describes a relatively unstable system regarding the
thermal-hydraulic instability mode. In this case, the root-loci shows that for
r,=0, the pole associated to the reactor-kinetic mode is rather far from the
unstable half plane. In contrast, the pole related to the thermal-hydraulic
mode is close to the stability boundary and therefore dominates. By
increasing the value of r, the reactor-kinetic pole moves to the right and the
thermal-hydraulic pole moves to the left. As a result of this, a range of r,
values with associated low DR values is found. This phenomenon can
therefore be associated to the interchange of the importance of the poles
corresponding to the two instability modes. As a result of this, a range of r,’s
with low DRs is found.

In the GENESIS experiments two different resonance frequencies exist
which can be related to the fluid transit time through the core plus chimney
sections and the core section only, corresponding to the thermal-hydraulic
oscillatory mode (fr=0.15 Hz) and the reactor oscillatory mode (f.~0.66 Hz)
respectively. In order to further investigate the trend from one mode to the
other one, the power spectral decomposition of the detrended flow inlet
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signal obtained for the reference case, is analyzed. The PSD calculated for
different values of r, for the reference case is shown in Figure 4.6 a).
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Figure 4-6: a ) PSD of the inlet flow signal for different values of r,. b ) The projection of all
PSD functions is also presented.

As indicated before, frs varies smoothly from the low frequency value,
corresponding to the thermal-hydraulic mode, to higher ones in which the
neutronic mode is dominant. As soon as r,<0, the effects of the T-H mode are
strongly diminished since the PSD function at such low frequencies is
drastically reduced. This result agrees with the strong stabilization of the T-H
mode observed in the destabilized case when the VRF system is included.

On top of the smooth transition between the two resonance frequencies
of the system, when projecting all the PSD functions in the PSD - fis plane, it is
observed that three clear peaks exist located at three different frequencies. To
better characterize this finding, the experiments are divided into three groups
according to the shape of the PSD functions. The results are also shown in
Figure 4-6 b). It is observed that the first low frequency region, which is
associated with the T-H mode, is characterized by only two cases
corresponding to zero or very low values of r,. The region located at
intermediate frequencies is defined by the cases with r, between -0.02 and -
0.06. The existence of this peak has not been reported in the past and may be
related to a new mechanism for instabilities. Further investigations are
needed to elucidate this issue. Its location coincides with an intermediate
frequency (frs~0.4 Hz). The third region groups the experiments obtained with
r, between -0.07 and -0.20. This peak is associated with the void-neutronic
feedback mechanism and its location can be related to the time for the heat
transport within the rods plus the boiling process and the transport of such a
vapor through the core section.
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4.4 Conclusions

As a result of the parametric study which uses a more advanced
implementation of the VRF system developed in this chapter, the following
conclusions could be drawn:

e When using a first order model for the compensation function of the
VRF system, care has to be taken on selecting the appropriate time constant
since this parameter influences the resulting stability performance.

e Modeling the reactor fuel rods as a first order system (with the time
constant obtained by fitting the time response with a first order solution)
leads to a too low estimate of the decay ratio (DR). A higher order model
implementation is therefore needed to avoid erroneous results.

e Changing the fuel rods diameter to a half (doubling) decreases
(increases) the stability performance of the system while the resonance
frequency increases (decreases). This effect is probably be less pronounced
than when the fuel rods are modeled as first order systems because in the last
case the rods more effectively filters high-frequencies which are of relevance
for Type-II instabilities.

e The use of MOX fuels in a BWR is found to slightly decrease the
stability performance of the reactor since the smaller effective delayed
neutron fraction brings the system closer to prompt-criticality. In addition, the
resonance frequency is found to be higher than that for UO: fuels.

e The pressure has little influence on the thermal- hydraulic stability of
the system when studied in the non-dimensional plane (for 66 bar< P <74 bar).

e Lowering the position of the feedwater sparger position affects the
thermal-hydraulic stability of the system. This effect may be used to optimize
the stability margin of the reactor regarding that instability mode.

e Small values of the void reactivity feedback coefficient may strongly
affect the thermal-hydraulic instability mechanism.

e A strongly destabilized system regarding the thermal-hydraulic mode
can destabilize a reactor when considering the neutronic-thermal-hydraulic
mode. The last could be particularly important in accidental situations like in
the case of a blockage of a channel.

e A clear peak is found in the power spectral decomposition of the flow
signal at intermediate frequencies (regarding the resonance frequencies of the
thermal-hydraulic and the reactor-kinetic instability modes) when the void
reactivity coefficient is varied. Further investigations are therefore needed in
order to confirm the origin of this finding.
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Chapter 5

Experimental and analytical
investigations on flashing-
induced instabilities in a single
channel

5.1 Introduction

The tall adiabatic chimney placed on top of natural circulation BWR
cores makes flashing very likely to occur during the low pressure start-up
phase of these reactors. The feedback between vapor generation in the
chimney and buoyancy of the natural-circulation loop may, under specific
conditions, give rise to flow oscillations. In modern designs such as in the
ESBWR, the vapor separation is performed in the steam separators, which are
placed on top of the chimney (see Figure 1-1). These devices induce a large
pressure drop concentrated mainly at the swirlers!. To what extent this
restriction can influence the stability of the system is unknown and needs to
be investigated in order to assure a stable start-up of these reactors. On top of
this, the flashing mechanism is not fully understood and also discrepancies
exist regarding the results of the numerical simulations (see Manera? for a
comprehensive review). In order to thoroughly understand the mechanism of
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flashing-induced oscillations and to generate an accurate experimental
database, the CIRCUS facility equipped with a single chimney is used. The
experiments are presented in a novel manner, allowing observing the
dynamic evolution of the temperature, void fraction and pressure axial
profiles. As a result, a very good characterization of the instability
mechanisms can be done. The experiments are then used to benchmark a
numerical code especially developed for simulating flashing-induced
instabilities. The model is afterwards used to investigate the effect of having
different restrictions placed at the chimney exit.

5.2 The CIRCUS facility in the single chimney configuration

The CIRCUS facility® is a steam/water facility designed to perform
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’. A simplified scheme of the CIRCUS facility
including technical details is given in Figure 5-1.

Symbol description
Heat Exchanger

@ = Temperature sensor.
In Out

Chimney
®= Flow sensor. :u?:»:

®= Pressure sensor.

Buffer
Vessel

-®

= Differential pressure sensor.

OO
@= Void fraction sensor. o '@@

Characteristic Value O Rt
Power range per rod 0-3 kW - _®@ /
Pressure range 1- 5 bar
Fuel channel diam. 2x) | 20.4 mm T ®@ i )

Fuel rod diam. (2x) 12.5 mm Heated Channels I
Bypass channel diam. (2x) | 10 mm Bypass Channels @ \
Heated section length (2x) | 1.95m Pressure Inlet friction
Chimney diameter (1x) 33 mm Vessel m ®
Chimney length (1x) 3m Y ¥
Downcomer diameter (1x)|25.4 mm X

@@

Figure 5-1: Schematic view of the CIRCUS facility and its sensors in the single chimney
configuration (not to scale).

CIRCUS can be operated in two different ways: the single chimney
configuration and the two parallel chimneys configuration. In the first one,
CIRCUS is equipped with a single tall adiabatic section representing the
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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) characterize the flow at the heated section inlet and
chimney outlet. Several thermocouples (maximum inaccuracy of + 0.5°C) are
located at the inlet and outlet of each heated channel, along the chimney
section, 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 sensors are mounted across the steam dome, for
measuring the water level, and across the core inlet valve. Advanced
measuring techniques are used for detailed high sampling rate void-fraction
measurements, e.g. conductivity needle probes and capacitance-based
sensors. The channels in the facility are made of glass, allowing visual
inspection during the operation. To reduce the heat losses to the
surroundings, all the sections are covered with removable thermal isolation.

CIRCUS can be operated from 1 to 5 bar, the maximum electrical power
per rod is 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.

5.3 Experimental results

The following experiments are performed with the steam dome open to
the surroundings, thus the pressure at the top of the facility is assumed to be
always at 1 bar. Three non-dimensional numbers characterize a thermal-
hydraulic two-phase system at low pressure: the phase change number Nrcs,
which is defined in terms of the power-to-flow ratio, the subcooling number
Nsuw, and the flashing number Nrus®. Due to the fact that all the experiments
are performed at the same pressure (1 bar at the steam dome), the comparison
can be assessed in the Nrcu-Nsuw plane since Nris: remains unchanged.

Each experimental point is obtained by fixing the power applied in the
heating rods and varying the inlet temperature by changing the power
applied in the buffer vessel. By repeating this process at different powers, the
whole operational map can be covered. The operational conditions used for
the experimental study are summarized in Table 5-1.
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Three different configurations are investigated corresponding to
different core inlet restriction values (see Figure 5-1):

e no friction, i.e. the inlet restriction is fully open and thus Ki=0 +1,

e moderate friction, with an associated friction factor Ki»=8.65 *1,

e large friction, with an inlet friction factor being equal to K#»=340 £10.

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

Table 5-1: Experimental conditions for the measurements presented in this chapter.

The value of the friction coefficients is obtained experimentally by taking
the downcomer flow area Apc as a reference and using the following equation

K, ==L Ap,, (5-1)

where the mass flow rate M and the inlet restriction pressure drop APi: are
measured. The coolant inlet density p.i» is found from the inlet temperature.
The chimney outlet friction is estimated from the bending of the tubes
connecting the chimney with the heat exchanger (see Figure 5-1).

5.3.1 The stability maps

The stability maps for the three cases are shown in Figure 5-2. To
enhance clarity, the measured points defining the stability boundaries (SBs) of
Figure 5-2a) are not displayed. The inlet subcooling is defined in terms of the
saturation temperature at the steam dome (100°C).
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Figure 5-2: Measured SBs for the cases with Ki=0, Kin=8.65 and Kin=340.

From the results it is clear that increasing the core inlet restriction
enlarges the subcooling at which the instabilities start i.e. the so-called high

78



Chapter 5

subcooling stability boundary (HS-SB). This effect is mainly related to the
resulting flow decrease which increases the coolant core outlet temperature
thus promoting the onset of flashing. For Kin=0 and Kin=8.65, no stable two-
phase regime is found at low subcoolings, while a stable flashing situation is
found at high power and low subcooling conditions when Kin=340 which
onset defines the low subcooling stability boundary (LS-SB). A further
characterization of the instabilities reveals two different behaviors:
intermittent and sinusoidal oscillations which are described in section 5.3.3.

To compare the stability boundaries of the different configurations, the
experiments are plot in terms of the intrinsic variables of the system. Such a
comparison is given in Figure 5-3.
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Figure 5-3: High subcooling (HS) and low subcooling (LS) stability boundaries found when
Ki=0, Kin=8.65 and Ki=340. The dotted lines show the location where the quality
reaches the zero value at the chimney inlet and outlet.

The figure shows that by increasing the inlet restriction, the location of
the high subcooling SB significantly deviates from the chimney outlet zero
quality line (ycno=0). The fact that the onset of instabilities does not coincide
with such a line agrees with the visual observations of some bubbles present
in the chimney prior to the onset of instabilities. For the case with Ki=340 the
points defining the high subcooling SB are found at lower Nrcu values which
correspond to higher mass flow rates.

5.3.2 Dynamical characterization of the instabilities

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

VCh +%Vh

eated P (5-2)

TChunnel = Q

where Q is the time averaged coolant volumetric flow rate, Vcr the volume of
the chimney section and Vi the total volume of the core section. The factor
Y2 before Vi appears since a perturbation of the inlet flow rate produces a
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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 and Ki=8.65 have
been selected for this investigation. The relation between the oscillation
period and the transit time for such experimental cases is shown in Figure 5.4.
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Figure 5-4: Period of the oscillations vs. characteristic channel transit time.

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. For small oscillation periods,
which correspond to low subcooling values, the period slightly deviates from
these limits. In order to understand this, a more detailed characterization of
the experiments is needed. Such a study is presented in the following section.

5.3.3 From single-phase to stable two-phase flow

It is known that by increasing the inlet temperature (while maintaining
the power constant) four different types of behavior are observed?®: (a) stable
flow at high subcooling, (b) unstable intermittent two-phase flow, (c) unstable
sinusoidal two-phase flow and (d) stable flow at low subcooling. To clarify
these behaviors, four experiments corresponding to Ki=340, a power of 2 kW
per rod and different inlet subcooling are further investigated.

To characterize the facility at any position and time, the temporal
evolution of the axial temperature profile in the channel together with the
pressure and void fraction axial profiles in the chimney are 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 axial position respectively. The
temperature profile is obtained from the eight different places where the
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temperature is measured (see Figure 5-1). The void fraction evolution is
reconstructed from the six void sensors placed in the chimney. The local
pressure at locations where flashing occurs is difficult to measure since
flashing is a fast process which occurs in an explosive manner. Due to this,
this pressure is estimated by using the thermocouples and the void detectors
placed at the same axial location. The estimation is as follows. If vapor is not
detected, the pressure is found from the weight of the water column above
that location. If vapor is identified, the pressure is estimated by assuming a
thermal equilibrium between steam and water and by using the saturation
line from the water equation of state with the temperature as input. A small
scheme of CIRCUS 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) and the wavelet decomposition” (done
with the Coiflet package) which allow displaying different scale-pseudo-
frequency components of the signal at any time.

5.3.3.a High subcooling stable flow circulation

Figure 5-5 shows a case with high subcooling stable flow circulation
which is found at Tin<68°C. Single phase buoyancy plays a major role here.
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Figure 5-5: 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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The figure presents the axial temperature evolution and the void and
pressure plots for a case measured with an inlet temperature of 56°C.

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 axial pressure plot shows a linear profile in the chimney given by
the linear relation between the hydrostatic pressure and the height of the
water column. In some cases located close to the high subcooling SB, vapor
bubbles were identified in the chimney. For this reason in this work this case
is not denoted as stable one phase behavior, as some authors proposed?.

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 and the wavelet
decomposition of the flow signal, since no natural frequency is seen. In this
particular case, no vapor is detected in the chimney (see void fraction plot).

5.3.3.b Intermittent oscillations

By reducing the coolant inlet subcooling the high subcooling stability
boundary is crossed. Intermittent oscillations are found for the cases in which
68°C<Tin<83°C. Figure 5-6 shows the case with an inlet temperature of 77°C.
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Figure 5-6: Unstable intermittent oscillations. This case is characterized by periodical

oscillations occurring after a certain incubation time. The PSD and the wavelet
decomposition plots show clear frequencies.
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In order to clarify the details of the dynamic process shown in the plots,
let us focus on what happens at ~30 s. 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 certain point flashing occurs in the chimney
since the saturation temperature is reached by the hot coolant. As vapor is
created rapidly, the local pressure inside the steam bubbles initially increases.
This effect causes a thermal non-equilibrium between liquid and vapor phase
which can be very pronounced when flashing is not yet developed. The same
effect is reported in a previous work performed by Manera?. Such a thermal
non-equilibrium in the flashing bulk is reflected in the pressure plots as high
pressure spots located at the onset of the flashing events. The magnitude of
the temperature difference between liquid and vapor decreases during the
development of steam production until thermal-equilibrium is reached. The
high pressure spots decrease accordingly.

The vapor created by flashing enhances the flow circulation, allowing
the vapor to expand and the effect of vapor compression is thus diminished.
Due to the flow increase, the coolant passes the heated section faster 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 temperature at the chimney inlet starts to increase. Some
vapor is consequently 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 and,
when the superheated coolant reaches the chimney outlet, the cycle starts
again. Since from one flashing event to the next one a certain time is needed
(the so-called incubation time) this behavior is denoted intermittent flashing.

The PSD and the wavelet decomposition plots show numerous
frequencies after the main frequency indicating the presence of higher modes.

5.3.3.c Sinusoidal oscillations

The unstable case with sinusoidal oscillations is found for 83°C<Tin<97°C.
The results of the measurements performed with an inlet temperature of 87°C
are depicted in Figure 5-7.

In contrast to the intermittent oscillations case, in the sinusoidal
oscillation case, during the flashing event vapor appears in the core section
first. The coolant flow shows a regular behavior with a nonexistent incubation
time (see the PSD and the wavelet decomposition of the flow signal).

The pressure plot shows that at the onset of a flashing event, an increase
in the local pressure exists. This means the (saturated) temperature of the
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flashing bulk corresponds to pressures higher than the hydrostatic pressure
prior the onset of flashing. In contrast, for the tail of the flashing bulk, the
local pressure is close to the single-phase hydrostatic pressure since the water-
vapor mixture reaches thermal equilibrium.
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Figure 5-7: Sinusoidal oscillations case. This behavior is characterized by regular oscillations
with a practically non-existent incubation time. The flashing/boiling front starts
inside the heated section.

Unlike in the intermittent oscillations case, the combination of small inlet
subcooling and power allows creating superheated coolant in the heated
(section since the buoyancy mechanism is not efficient enough to transport the
hot coolant through the chimney). Consequently it is seen that just before the
steam is produced in the core, the temperature profile shows a clear hot spot.
It is expected that the existing negative temperature gradient may diminish
the vapor creation. An extreme example of this effect is the geysering
phenomenon which can lead to sustainable oscillations. Since the geysering
mechanism' is characterized by a much shorter oscillation period than that of
DWOs, having such temperature profile prior to the flashing event would
tend to reduce the oscillation period. This agrees with the shorter oscillation
periods found for the cases with low subcooling values shown in Figure 5-4.

t Originally defined for stagnant flow, i.e. with zero flow circulation.
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5.3.3.d Low subcooling stable flow circulation

By increasing the coolant temperature at the core inlet even further, the
low subcooling stable case is found when 97°C<Tin. Figure 5-8 shows the case
corresponding to a coolant inlet temperature of 98.5°C.
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Figure 5-8: Stable two-phase case. This behavior is characterized by stable two-phase
buoyancy driven flow. The flashing zone is characterized by a decrease in both
hydrostatic pressure and temperature.

In this case, coolant in a two-phase state is permanently present in the
chimney. The temperature profile is characterized by a sudden temperature
decrease in the flashing region (see the temperature plot). This decrease is due
to the strong decrease in the hydrostatic pressure induced by the smaller two-
phase mixture density compared to that from the liquid. Unlike the unstable
cases, in this case no dynamics effects are introduced by the vapor production
and, therefore, the flow inertia does not play any role. Consequently, the
pressure profile in the flashing zone can be well estimated by the hydrostatic
pressure profile. Note that the pressure at the chimney bottom is also slightly
smaller than that from the previous cases.

The PSD and the wavelet plots show no natural frequency in this case.
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5.3.4 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.

The cases used in this section correspond to the experiments reported in
Figure 5-6 and Figure 5-7. The time traces of the signals from the void fraction
sensors placed in the chimney are shown in Figure 5-9. 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”.

Figure 5-9a) shows that in the case of intermittent oscillations the
flashing front starts at the top of the chimney, at positions 6 and 5. The
flashing front then reaches the lower regions in the chimney, at positions 4
and 3. This evolution is explained by the fact the liquid is hotter downstream
(see the temperature profile prior to the onset of flashing from Figure 5-6) and
therefore flashing is likely to occur at higher positions where the hydrostatic
pressure is lower. The flashing front then travels upwards leaving the

chimney.
a) emiteni e prassose ] D) [T Shusocal wophase o5
Intermittent two-phase osc. _ .« pos 1Sinusoidal two-phase osc.
1.04{——Pos1 LA 1.0
o -
- 08 5 - 0.8
5 0.6- 3 \\ 0 0.6
© & Ly T
= 0.4 L Y= 0.4
(@) ] [ 4 (@) |
S 0.2 | S 0.2
MY % i
0.0 -fresemimaprrccs — 00
104 106 108 110 112 11 _
Time [s] Time [s]

Figure 5-9: a) Time evolution of the flashing front for the intermittent oscillations and b)
Flashing front time evolution for the sinusoidal oscillatory case.

The flashing front evolution for the sinusoidal two-phase oscillatory case
is presented in Figure 5-9b). As can be observed, in this case vapor appears at
the lowest void sensor location first and then travels upwards along the
chimney. It is to be expected that the area below the different vapor curves
increases when moving to higher positions in the chimney. Sensors 2 and 3,
however, have similar areas, indicating that the amount of vapor detected by
these sensors was the same. This result confirms the existence of condensation
effects induced by the negative axial temperature gradient which tends to
inhibit the creation of vapor by means of flashing.
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5.3.5 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 defined as follows

Fyo=(p-p)aLg, (5-3)
where a is the mean void fraction (obtained by integrating in space the
temporal evolution of the axial void fraction in the channel) and L 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 defined as
expressed by Equation (5-4).

Ey = p, 0,12
where vin is the coolant velocity at the core inlet.

Figure 5-10 illustrates the response of the kinetic energy to changes in
the two-phase driving force, for intermittent oscillations measured with

Kin=8.65 an inlet temperature of 88°C and a power input of 2 kW per rod.
0.030 ; : : :
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Figure 5-10: Relation between the driving force and the kinetic energy.
The figure clearly shows that no linear relation exists between the two

plotted quantities. To clarify this issue, the cross correlation of the mean void
fraction and the coolant velocity is calculated and plotted in Figure 5-11.
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Figure 5-11: Cross correlation between the void fraction and resulting flow response.
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A clear time delay of ~0.77 s exists between these two signals, which also
has been mentioned by Manera?.

The time constant of the transfer function from void-fraction fluctuations
to flow rate can be estimated from a first-order transfer function derived from
a model based on the linearized version of the momentum balance (see e.g.
section 2.2.3) in which two driving mechanisms are considered: the single-
phase and the two-phase natural circulation.

Il
MOZA—'
r= 1 i .
2L g[< a>g, (pl,Ch - pv) + (p’rDC ~ Picn )]

A time constant of Tmode1=0.91 sis found from the model, which is in the
same range as the time delay from the cross correlation (td¢eny=0.77 s). The

(5-5)

inertia term X[i/Ai is particularly important in natural circulation systems and
therefore has to be taken into account. In other words, the flow cannot be
considered to instantaneously adjust itself to changes in driving force and
friction.

It can be concluded that the delay between the two-phase driving 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
determination system.

5.4 A lumped parameter model

A numerical model is developed to investigate the influence of the
friction distribution on the mechanism of flashing-induced instabilities. The
model describes the heated section and the chimney with three regions: one
representing the whole heated section and the other two the single-phase and
the two-phase part of the flashing chimney (see Figure 5-12).

------ T Mecn, Lc=corelength

CHIMNEY st Ac = core area
2 Lcn = chimney length
""""""" TMCh,o,s Acin = chimney area
h = enthalpy
CHIMNEY M = mass flow
19 Ichs [ =variable length

g = heating power
Vi = liquid-vapor

T , specific volume
. _ ' ______ M m
g —p| CORE |q—
_> 17 -- -T MZ”
Kin D|q

Figure 5.12: Schema of the modeled flashing channel which consists of 3 regions: the core, the
single phase part of the chimney and the two-phase part of the chimney.
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Two local restrictions are considered: one at the core inlet and another at
the chimney outlet. The following is considered in the model:

e  The homogeneous equilibrium model is assumed.

o Natural circulation drives the flow.

e  Subcooled boiling is neglected.

e  The heat flux is constant and axially uniform.

e  The inlet subcooling is constant.

o The friction losses are concentrated at the channel inlet and outlet.

e  The Boussinesq approximation is valid.

The following balance equations are used to describe each of the regions.
Core region

d(h
AcpLe % =M, (hc,m —he, ) +q (5-6)
Chimney single-phase region
d(!
P ( Ch’w) =M, — MCh,1¢,a (5_7)
dt
d(l, h
APy W =M he, =My 15001001 (5-8)

Chimney flashing region
4 d(p2¢12¢) _

Ch dt =Myip0 = Mg, (5-9)
d(p, L, h
w% =M 15000115 = Mg oty (5-10)

The inertia terms in the momentum equation are neglected. A quasi-
static balance of forces in the momentum equation is used thus the
gravitational pressure head is balanced by the drag forces,

2 2

M M h2¢.0 -
(Km - 1)7 + (1 + Ko)/;;w = ég[pz (LC + LCh) - ch/,1¢ - lCh,l¢p1,l¢ - ZCh,2¢p2¢:| (5 1 1)
) 24

where the friction coefficients are defined as K = pA2AP/M?. Note that the core
area is used for both friction coefficients.

The following constitutive relation is used to close the model
-1

quﬁ:{’%JrZ; (h—hm,)} ' (5-12)

The resulting equations are non-dimensionalized and linearized around
the steady state point. The solutions are represented by the next general form,

X =X,e™. (5-13)

After some algebraic manipulation a third order eigenvalue problem is
obtained, which can be represented as
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(AI-D)X =0, (5-14)
where [ is the identity matrix and the chosen state variables are the non-
dimensional variation of the core exit enthalpy, 5h the non-dimensional

variation of the enthalpy in the chimney being at smgle phase, 5hCh .; and the
non-dimensional length of the chimney being at single phase, §lCh,S
sh,
X =| 6he,. |- (5-15)
olg,

The matrix D and details of the model can be found in APPENDIX E.

The stability is investigated by studying the roots of the characteristic
polynomial. The model and the stability conditions are implemented in the
Matlab environment. Special attention has been paid to implement an
accurate estimation of the thermo-physical properties of water and steam. For
that reason the XSteam computer programs? is used in the model.

From the non-dimensionalization of the balance Equations (5-6) to (5-10),
it is found that the friction effects are approximately controlled by a single
factor?, the so-called non-dimensional friction factor, which is defined as

y=KatK,, (5-16)

1+K,
where K'in and K are the local friction factors defined in terms of the cross
sectional area of the core. This result implies that two systems with the same
value of the non-dimensional friction factor would have the same stability
boundary in the non-dimensional plane.

5.5 Experimental results vs. numerical results

In the following section, simulations performed with the numerical
model are compared with the experiments shown in section 5.3. Such a
comparison for the cases with Kix=0 and Kix=8.65 is shown in Figure 5-13.
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Figure 5-13: Experimentally and numerically obtained stability maps for the configurations
with Kin=0 and Kix=8.65.
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As can be seen, a very good agreement is found between the
experiments and the numerical simulations for the location of the high
subcooling SB. This result is surprisingly good considering the simplicity of
the model. Regarding the low subcooling SB, no comparison can be made,
since as predicted by the model, this boundary is located at negative
subcooling values, which is far from the CIRCUS operational range.

The model is also applied to the case with Ki=340. From the resulting
comparison shown in Figure 5-14, it is clear that the model can predict both
the high subcooling and the low subcooling SBs well.

HS-stable flow ' 2

45 J
o) Unstable flow
. LS-stable flashing
g) 351 SB from the model 7
8 25- el ]
8 ] § 5 g o ¢
S . K =340 :
? 151 L -
° |
c
o 54 4
5 ]
O 5 , . ]

05 10 15 20 25 30
Power per rod [kW]

Figure 5-14: Experimental and numerical results when Ki=340.

The good prediction capabilities of the model indicate that the
phenomena which are not modeled (e.g. subcooled boiling, condensation
effects, etc.) play a secondary role in determining the stability of the system.

5.6 A numerical parametric study

Since the model demonstrated to be capable of predicting the stability
regarding flashing-induced instabilities, it can also be used to perform a
parametric study. In the following, the effect of the friction distribution on the
flashing-induced instabilities is numerically investigated. For a given
configuration, numerous cases are simulated with which the roots of the
characteristic polynomial determining the stability of the system are
calculated. The unstable cases are shown in the non-dimensional plane.
Hence, the area above these points indicate stable flow, whereas the area
below represents stable flashing, i.e. the high subcooling SB and the low
subcooling SB. All the friction factors are defined in terms of the core area.
The CIRCUS configuration is used in this investigation.

The result of varying the inlet friction factor Kin is shown in Figure 5-15.
As observed in the experiments, also in the simulations the high subcooling
SB does not coincide with the chimney outlet zero quality line, ycho. This
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result may have important implications. Since vapor can be created when the
reactor is still in a stable condition, pressure can be built up in the reactor
without encountering instabilities. By increasing the system pressure, the
flashing number reduces and therefore flashing-induced oscillations are less
likely to occur.

By increasing the inlet friction coefficient the system becomes more
unstable since the unstable area considerably enlarges. For the case with
K'#=805 and low subcooling number values, the low subcooling SB crosses the
zero quality line regarding the chimney inlet, ycnin. The points located below
this line, represent cases in which the core was also in a two-phase situation
which is beyond the model assumptions.
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Figure 5-15: Comparison of the resulting unstable cases in the non-dimensional Nrcu-Nsu
plane, numerically obtained for different inlet friction coefficients.
The effect of having a different friction distribution while maintaining
the same total friction is also studied. The results are shown in Figure 5-16 a).
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Figure 5-16: a) Effect of the friction distribution in the resulting stability and b) Unstable
cases obtained for different friction coefficients representing the same non-
dimensional friction factor.

From the figure it is clear that when the friction is concentrated at the
chimney outlet, the unstable region enlarges. The results indicate that while
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the high subcooling SB remains practically unchanged, the position of the low
subcooling SB is largely affected. This finding means that the large chimney
outlet restriction practically does not affect the ESBWR! stability at high
subcooling values. On the other hand, the simulations indicate that the large
friction coefficient associated to the swirlers in the ESBWR may degrade the
stability of the reactor regarding flashing-induced instabilities at low
subcooling values.

Different combinations of inlet and exit restriction values, corresponding
to the same value of the non-dimensional friction factor Y, are also simulated
with the model. The results are presented in Figure 5-16 b).

In this case, the points defining the three unstable regions are roughly
grouped in the same area. This finding agrees well with the expected behavior
since the same value for Y was used in all the experiments which (as a first
approximation) determines the stability of the system.

5.7 Conclusions

The effect on the stability performance of natural circulation BWRs
regarding flashing-induced instabilities, when placing a large restriction at the
chimney outlet, has motivated this investigation. In order to validate a
numerical model specially developed for such a study, detailed experiments
have been performed with the help of the CIRCUS facility in the single
channel configuration. A novel representation of the results allowed a
thorough understanding of the flashing mechanism. As result of this
investigation, the following is concluded.

The four different behaviors reported by previous authors are seen in
the experiments: stable flow at high subcooling; intermittent flow oscillations;
sinusoidal flow oscillations and stable flow at low subcooling.

A thermal unbalance has been detected in the flashing bulk in the onset of the
flashing event occurring during the instabilities.

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

Despite the simplifications done in the modeling, a good agreement is
found between the experiments and the numerical simulations.

Both the experiments and the numerical results show that a two-phase
stable region exists at high subcooling values prior to the instabilities. This
region may help to build up the pressure in the reactor vessel which in turn
would reduce the effects of flashing as a mechanism for instabilities. The draw
back of a possible start-up procedure based on this effect is the long time
needed to build up the aforementioned pressure since, for reactor conditions,
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this two-phase stable region is very narrow and the vapor production may be
small.

When increasing the inlet friction, the numerical model predicts a more
stable system at high subcooling values while it predicts a reduction of the
stability performance at low subcooling values.

The model predicts a destabilizing effect in the system at low subcooling
values when concentrating the channel friction at the chimney outlet. No
changes are observed in the stability at high subcooling values for such a
configuration.

As a first approximation, the stability effect of the friction distribution
seems to be controlled by the non-dimensional friction factor defined by
Equation (5-16).
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Chapter 6

Flashing-induced oscillations
in parallel channels

6.1 Introduction

In natural circulation BWRs the chimney section is usually divided 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 sections. Such instabilities may be different than the more
common flashing-induced oscillations occurring when only one chimney is
present, i.e. as those discussed in Chapter 5. Experimental investigations on
this field are still very limited. Aritomi et al. studied the low pressure stability
of parallel 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. For this reason, experimental
investigations are needed in order to clarify this issue which is important to
assure a safe start-up process of novel natural circulation BWRs.
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In this chapter, flashing-induced instabilities in parallel channels
relevant for the start-up of natural circulation BWRs are experimentally
investigated in the CIRCUS facility. The physical mechanisms behind
flashing-induced instabilities are discussed in depth, thereby focusing on the
coupling between the channels. The large number of experiments performed
in this work allowed constructing stability maps. Characteristics such as the
temperature profile in the chimneys during the oscillations, the partial flow
for each channel and the axial void fraction profile are discussed in detail
thanks to the novel way of displaying the results introduced in Chapter 5.
These experimental investigations demonstrated the existence of operating
conditions of the test facility with parallel channels, where the prediction of
the dynamics of the system seemed to be difficult. More precisely, it is
observed that the oscillations behaved a-periodical®.

It is well known that the dynamics of two-phase flows is governed by
several nonlinear phenomena*>¢. A good characterization of the physics
behind the experiments is important since this usually determines the degree
of sophistication needed in the modeling and also the numerical algorithms to
be used. Selected experimental cases are measured for this purpose, resulting
in long experimental data series allowing studying the possible presence of
non-linear effects. Focus is placed on the cases exhibiting a-periodical
behavior in order to determine whether they are chaotic and if they exhibit a
fractal structure. For such an investigation a multi-fractal formalism is applied
to the experiments. As a result of that study it is found that the a-periodical
oscillations have a multi-fractal structure in the dynamics which revealed the
presence of deterministic chaos in the experiments.

6.2 Description of the CIRCUS facility with two chimneys

The single chimney CIRCUS facility” used for the measurements
described in Chapter 5 is modified in order to place two chimneys on top of
the core section. Figure 6-1 shows a schematic view of the CIRCUS facility
with a two-parallel channels configuration.

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
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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.

Symbol description

@ = Temperature sensor.

®= Flow sensor.

® = Pressure sensor.

= Differential pressure sensor.

@= Void fraction sensor.

Heat Exchanger

In

Out

Chimneys =
e —

b4

L 1

Characteristic Value
Power range per rod 0-3 kW
Pressure range 1- 5 bar
Fuel channel diam. (4x) 20.4 mm
Fuel rod diam. (4x) 12.5 mm
Bypass channel diam. (4x) | 10 mm
Heated section length (4x) | 1.95m
Chimney diameter (2x) 33 mm
Chimney length (2x) 3m
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Figure 6-1: Schema of the CIRCUS facility with two parallel channels (not to scale).

6.3 Experimental results

During the experiments 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 (see Figure 6-1). By repeating this procedure with different
powers, the full operational map can be covered. In addition, all the
experiments are carried out without external pressurization to avoid any
influence of the pressure-drop oscillation mechanism® in the system.
Therefore, the steam dome is open to the surroundings. The operational
conditions used in this study are summarized in Table 6-1.

Magnitude Value
Power per rod 0-3 kW
Inlet Temperature 70-99 °C
Pressure 1 bar
Flow circulation Natural
Core-bypass channels Closed
Number of chimneys 2

Table 6-1: Experimental conditions corresponding to the measurements performed in the
CIRCUS facility with parallel channels presented in this chapter.
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The pump is not used in the experiments, thus the only driving force is
buoyancy. Moreover, the core-bypass channels are kept closed and the same
power is applied to each heating rod. In addition, the same inlet restriction is
used in all experiments. The friction coefficient is found as indicated in
Chapter 5. The inlet temperature is varied from low values (which lead to
single phase natural circulation) to higher values where a two-phase flow is
found, limited only by the maximum temperature achievable at the channel
inlet. The inlet subcooling is measured in terms of the saturation temperature
at 1 bar, i.e. 100°C.

6.3.1 The stability behavior

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

Figure 6-2 shows the stability map found when Ki=8.65 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.
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Figure 6-2: Stability map and typical time traces of the flow found when the inlet friction is
set to a value equal to Ki=8.65. The experiments marked with a ‘0’ are analyzed
in detail in section 6.3.2. The arrow indicates the points used in the
investigations presented in sections 6.3.3 and 6.3.5.

The first region I is mainly characterized by stable single-phase flow. In
the proximity of the stability boundary small bubbles were observed at the
chimney exit corresponding to low vapor quality values.
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The so-called in-phase 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 the next
section. It has to be remarked that no stable flashing region is observed in this
set of measurements.

6.3.2 Phenomenological description - From region | to IV

To clarify the four behaviors introduced earlier, selected experiments
performed with a power input of 2 kW per rod are presented in detail in this
section. These cases are marked with ‘0’ in Figure 6-2.

The dynamics of the axial temperature profile and the void fraction
profile in the two channels is displayed by using the same technique used in
Chapter 5. These profiles are obtained from the sixteen different positions
where the temperature and the void fraction is measured (see Figure 6-1). A
small scheme of the facility is included to see the axial positions in the plots.
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 axial temperature plots.

The partial flows time traces are plotted to show the differences between
the cases. The primary flow signal power spectral decomposition (PSD) and
wavelet decomposition’ (done by using the Coiflet package) are also shown.

6.3.2.a Region | — 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. Figure 6-3 shows this case where
stable single-phase natural circulation occurs in the facility.

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 frequency is observed in
the PSD and the wavelet decomposition plots 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.
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Figure 6-3: Region I is characterized by identical axial temperature profiles in the channels
and stable flows, similarly to the high subcooling stable cases from Chapter 5
This behavior is similar to the high subcooling stable flow circulation
behavior reported in Chapter 5 obtained when having a single chimney.

6.3.2.b Region Il — Unstable in-phase flow circulation

Figure 6-4 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 oscillations 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 ~100 s. As can be
seen in Figure 6-4, (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 appears in Channel 2 due to buoyancy. As a result, reversed flow
occurs 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,
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the water present in the core of Channel 2 is also heated twice (similar to Channel 1).
The temperatures in the lower part of the chimney in Channel 2 are 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 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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Figure 6-4: Region II. The in-phase 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.

To summarize, the parallel channels show reversed flow and flashing in
an alternating, but not sustainable way due to the relatively low power and
low inlet temperature. Since the channels behave 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
reported in Chapter 5 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 and also the
wavelet decomposition shows a rather complex but ordered structure.
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6.3.2.c Region Ill — Unstable a-periodical oscillations

A further increase in the inlet temperature leads to the a-periodical
oscillations of region III. A typical case of this behavior is shown in Figure 6-5,
obtained with the inlet temperature set equal to 88.5°C.
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Figure 6-5: Region III. The a-periodical oscillations exhibit a very complex temperature and
void fraction axial profile in the channels.

In this case, the combination of power and inlet temperature leads to
very complex dynamics resulting in a-periodical oscillations which are clearly
visible in the axial void fraction and temperature plots. This behavior is hard
to predict, contrasting with the regular oscillations from region II 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. The wavelet decomposition
shows a pattern which exhibits interesting self-similarities, suggesting the
presence of some fractal properties.

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 section 6.3.3.
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6.3.2.d 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 experiment depicted in
Figure 6-6 is obtained by setting the inlet temperature equal to 98.0°C.
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Figure 6-6: Region IV. The out-of-phase oscillations are extremely regular, where reverse
flow plays an important role creating ‘hot spots” which will flash afterwards.

To better explain the process taking place in this region, we will focus on
what happens at ~39 s. The high core inlet temperature 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
Channel 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-enter the heated section of Channel 2,
where it is heated for the second 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 subcooling, the coolant that is
heated twice starts to boil inside the heated sections. The noticeable gradient
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in the chimney axial temperature 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). This behavior
reminds to the sinusoidal oscillations of Chapter 5 in which the geysering
mechanism played a role in the instability mechanism.

The time evolution of the void fraction profile shows a clear correlation
in time between the vapor creation and the flow increase in the corresponding
channel. A more detailed study will show, however, that a small time delay
exists between those two. It is also found that some vapor 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. The wavelet decomposition
is characterized by high powers at scales associated to the corresponding
normal oscillation frequency.

6.3.3 Analysis of the instability mechanism

Since two possible instability mechanisms are identified, flashing and
geysering, the periods of the unstable cases obtained when applying a power
input of 2 kW per rod (indicated in Figure 6-2 with an arrow) are compared
with two characteristic parameters of density wave oscillations’®!! (DWO) and
geysering oscillations®: the traveling time through the channel 7r and the
boiling delay time plus the bubble transit time T+ Ty

Figure 6-7a) shows the relation between the oscillation period and the
flow where the inlet temperature is included in the upper axis.
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Figure 6-7: 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.
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It is found that the oscillation period monotonically decreases with the
inlet temperature, which was also found for the single chimney configuration
(see e.g. Chapter 5). The figure also reveals the long incubation time from
region II relative to the small oscillation period in region IV.

Figure 6-7 b) shows the relation between the channel oscillation period
and the transit time of the flow which is estimated for one channel as

Ve, +31V,

__Ch 2 " heated -

T Channel = e (6 1)
thannel

where gcrannel represents the time averaged volumetric partial flow rate, Ve the
volume of one chimney section and Vit the volume of one heated section.

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 Chapter 5 are also included in the figure.

Figure 6-7 b) clearly shows that the two regions with periodical
oscillations, i.e. regions II and IV, exhibit different slopes, suggesting 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 promotes the appearance of vapor
since a certain amount of hot coolant 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
difference, however, is reduced for large values of transit times, which
confirms that for high subcooling/low power conditions the channels behave
more independently, i.e. like in the single channel case from Chapter 5.

The existence of the geysering mechanism!?, which may complement
flashing, is also investigated. In experiments performed with a chimney it is
reported that the period of geysering-induced oscillations 1y, is nearly equal to
the boiling delay time 7w plus the bubble transit time z,#!. Details regarding
the definition of these two quantities are provided in APPENDIX E. The
periods of the oscillations 7r are therefore plotted in Figure 6-8 versus i+ .
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Figure 6-8: Channel oscillation period vs. boiling delay time plus bubble transit time.
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The regular oscillations from regions II and IV exhibit linear relations
with different slopes. In region II the slope is roughly similar to that in the
case of single channel oscillations. Since the oscillation 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,
however, is systematically underpredicted, suggesting that the instability
mechanism cannot be attributed to geysering only. This difference can be
explained as follows. The boiling delay time assumes the flow is zero during
the heating up process. The coolant flow, however, is not zero and therefore
some enthalpy is transported 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 estimations and
underestimated by predictions based on geysering oscillations.

6.3.4 Single channel behavior vs. two-parallel channels behavior

In the ESBWR the chimney is divided into more than two channels.
Whether increasing the number of interacting channels can influence the
stability of the system during start-up is therefore of importance. Such a
question cannot be fully answered with the help of the experimental results
obtained from the single channel configuration (Chapter 5) and the two-
parallel channels configuration (this Chapter). A comparison between those
experiments, however, may help understanding the physical mechanisms
present in a multi-channel situation.

Table 6-2 shows the main features of the behaviors found for the two
aforementioned configurations while the inlet temperature is increased.

Single Channel

Parallel Channels

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

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

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

axial
the

II - In-phase flow oscillations driven by flashing and to some
extent to boiling. Almost flat axial temperature profile
in the chimneys prior to the flashing occurrence.

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

III - 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.

Table 6-2: Summary of the different behaviors found in the experiments obtained with the
single channel and the parallel channel configuration.
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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 between the behaviors a and I, b
and II etc. as stated in Table 6-2 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 circulation
behavior corresponding to very low quality values in the chimney (a and I)
are similar for the two configurations. This similarity can be observed in the
channel axial temperature profiles, the chimney pressure profiles and the
stable mass flow rate (see Figure 5-5 and Figure 6-3). The very high
subcooling natural circulation mechanism is efficient enough to cool the
heated section. Apparently 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 (b) show analogies to the in-phase oscillations observed in the
parallel channels configuration (II). This is related to the fact that flashing is
the only instability- generating mechanism present here. As can be seen from
Figure 5-6 and Figure 6-4, 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 situation. In this
case, flashing induced instabilities and low-quality natural circulation are
alternating phenomena.

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

Some similarities exist between the sinusoidal oscillations observed in
the single channel configuration (c) and the out-of-phase oscillations in the
parallel channel case (IV), such as the axial temperature profile exhibiting the
same trend (see Figure 5-6 and Figure 6-4). The reverse flow from the latter
case, however, is not present in the single channel configuration. Reverse flow
shortens the flashing cycle since part of the fluid is heated twice, as can be
clearly seen in Figure 6-7b). The frequencies of the partial flow in the parallel
channel configuration are therefore found to be higher than for the single
channel configuration (see Figure 6-7b).
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The stable flow circulation induced by flashing observed in the single
channel configuration (d) has not been found in the parallel channels case.

The stability characteristics obtained for the single channel and the
parallel channels configuration are compared for the case in which the inlet
coefficient is Kin=8.65. The stability boundaries resulting from these
experiments plotted in tl}g dlimel}sionlless }I)lanel are Preselnted in Figure 6-9.
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Figure 6-9: Stability boundaries (SBs) obtained with the single channel and the parallel-
channels configuration expressed in the dimensionless plane (lines represent a
fitted second-order polynomial).

It is clear that the high subcooling stability boundaries obtained from the
experiments with one channel and two parallel-channels configurations are
close to each other. The dispersion of the experimental points, however, is too
large to draw more general conclusions regarding a multi-channel
configuration. From the figure it can be observed that both stability
boundaries are located below the saturation line corresponding to zero
quality at the chimney exit (Nec#=Nsub,ci). This result is in agreement with both
our visual observations of small steam bubbles in the chimney section and
with the numerical results of Cheung et al."® (2005). The important implication
of this finding is that the ESBWR can thus be started-up safely if it is operated
in the high subcooling stable region (the region between the high subcooling
stability line and the chimney exit zero-quality line): pressure can be built-up
by the vapor generated without encountering instabilities.

If we consider the ESBWR with many parallel channels, the pressure
driving the counter current flow is most probably reduced by the channels
surrounding the flashing channel. It is therefore to be expected that the
counter current flow would be less likely to occur in the ESBWR. Such
reasoning is in agreement with the numerical results obtained for different
start-up procedures reported by Cheung et al.!3 (2005). In the work of Cheung
et al., reverse flow is not observed, except for peripheral fuel bundles in a
particular start-up case in which relative high power was used (2.77% of rated
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power). Experimental evidence, however, is desirable in order to confirm the
findings of Cheung et al.

6.3.5 Non-linear analysis of the oscillations

This section presents an investigation on the nonlinear dynamics of the
behaviors presented previously. A bifurcation analysis, together with and an
attempt of determining the nature of the a-periodical oscillations is
performed. The largest Lyapunov exponent!* and the Kolmogorov entropy!>¢
are estimated in APPENDIX F.

In this section, experiments obtained at an input power equal to 2 kW
per rod and with an inlet friction coefficient Ki=8.65 are used. The inlet
temperature is varied in small steps of 0.5 °C. Each experiment is preceded by
waiting one hour before measuring, to reduce as much as possible any long
term drift in the inlet subcooling. Then, each point is measured for one hour
in order to get enough statistics for this analysis.

6.3.5.a Experimental evidence of bifurcations

Figure 6-10 a) is a contour plot that shows the PSD of the primary flow
signal for all the measured cases. A Henning window is used. The color
represents the logarithmic value of the power level for the corresponding
frequency component. Figure 6-10 b) 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 measurement noise.
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Figure 6-10: a ) Contour plot of the primary flow PSD. b ) PSD for three particular cases. A
bifurcation occurred from the first to the second plot.
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An abrupt change in the frequency pattern is seen when reaching the a-
periodical region IIl. Here, a broad band of frequencies emerges around the
main frequency. As predicted by the Feigenbaum scenario’, this may be due
to a cascade of period-doubling 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 characterized by no peaks.

6.3.5.b Investigations on the nature of the a-periodical oscillations

Here a further characterization of the a-periodical cases from region III is
done. In particular, the dimension of the oscillations from the case with
Tin=89.7°C is calculated. In order to perform such a task, two traditional
algorithms are used first: the Higuchi’s and the Detrended Fluctuation
Analysis (DFA) methods!®'. Then, a novel wavelet-based approach? is also
developed and used in this analysis.

The Higuchi's method and the Detrended Fluctuation Analysis (DFA) method

Higuchi’s method is based on the calculation of the length of a curve
associated to the measured time series. A new time series Zp(k) is then
constructed from the original one by making use of time delays k. The length
of the curve Ly(k) corresponding to Zy(k) is then calculated with Higuchi’s
formula. The average value of Li(k) over p=1,...k sets of Zy(k), denoted as
<Ly(k)>, should exhibit a scaling law according to the relationship given by:

(L, (k))oc k7 (6-2)

If the function g depends on k, the object has a multi-fractal structure.
Otherwise, the object is mono-fractal. A plot of log<L,(k)> versus log k
therefore shows whether the object has a mono- or a multi-fractal structure.

The DFA algorithm starts with the construction of a new time series from
the measured one, where each term in the new time series is defined as:
k —
z, = Z(xl. - x) (6-3)
i=1
where k=1,....N and x represents the mean value of the time series. The
integrated time series is then divided into boxes of equal length 7, and a least-
squares line fit to the data in each box of length 7 is performed. The coordinate
of the straight line in each box of length n is denoted by z.t and thus
represents the trend in each box. The following quantity is then calculated:

F(n)= iﬁ:(zk ~z,,) forn=2,.,N (6-4)

F(n) should exhibit a scaling law according to the following relationship:
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<F(n)> oc p 8™ (6-5)

If the function ¢ depends on #n, the object has a multi-fractal structure.
Otherwise, the object is mono-fractal. A plot of log<F(n)> versus logn

therefore shows whether the object has a mono- or a multi-fractal structure.

Results from the Higuchi’s and DFA methods

The plot of log L(k) vs. log k obtained with the Higuchi’s method and the
plot of log<F(n)> vs. log n from the DFA method are given in Figure 6-11.
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Figure 6-11: a ) Log(<Ly(k)>) vs. log k calculated by using the Higuchi’s method.
b ) Log<F(n)> vs. log n obtained by using the DFA method.
The calculated relations sensibly deviate from linearity in both figures,
indicating a multi-fractal character of the time series from region III.

Wavelet-based multifractal approach

The main advantage of wavelets compared to the traditional Fourier
analysis method is their ability to deal with non-stationary signals and thus to
analyze local behaviour of functions. Any scaling behaviour present in fractal
objects (i.e. self-similarity) is revealed by a wavelet transform?..

The so-called Continuous Wavelet-Transform (CWT) can be used to
approximate the measured time-series f(t) as

L) = () (6-6)

where a > 0 represents the scale parameter and y the wavelet function.

If f(t') has a singularity at time fo, the strength of such singularity can be
represented by a local scaling or Holder exponent? h(to). These singularities
determine the Hausdorff dimension of the set of points where those
singularities exist. It can be proved that the following scaling law holds

T, [f)(tga)cla ™, if h(4,)<n,, (6-7)

with n, the n"order derivative of the analyzing wavelet in the singular point.
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Revealing the physics behind flashing-induced oscillations in parallel channels

As can be seen from Equation (6-7) any scaling law characteristic of
fractal signals can be detected by a CWT by means of the power of the
corresponding scale parameter a. By using wavelets for analyzing fractals is
allows exhibiting any self-similarity in the time- and frequency-domains.

Figure 6-12 a) and b) show the spectrum of amplitudes of the CWT of
the primary flow respectively, in the time- and frequency-domains.
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Figure 6-12: a) Amplitude and b) skeleton of the CWT for the measured data (the 5"-order
derivative of the Gaussian function was used as wavelet).
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The Hausdorff dimension D(h) for the set where the Holder exponent is

equal to I can be defined as

D(h)=dim,, {f|h(t)=h}. (6-8)
In order to avoid using redundant information existing in the CWT, the
Wavelet-Transform Modulus-Maxima (WTMM) formalism is implemented.
In the WTMM implementation, a partition function Z(g,a) (being g™ moment

of the measure). In the limit @ — 0, the partition function Z(q,a) is expected

to scale as
Z(q,a)« a'? (6-9)
and thus
=1i . 6-10
7(q) £1Lr(}logalog2(q,a) ( )

If the slope of log Z(g,a) vs. log a deviates from linearity, i.e. if the scaling

exponent 7(g) has multiple values, the system is multi-fractal.

To compute the singularity spectrum D(h), two methods are used: a
direct Legendre transform and a computation of the so-called Boltzmann
weights from the WTMM! with which the first one is avoided.

From the multi-fractal formalism, the generalized or Rényi dimensions
are found to be given as

D= (o) (6-11)
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Further details on the wavelet-based multifractal approach used in this
work are given by Demaziere et al.?.

The partition function Z(g,a) computed along the chain maxima lines is
given in Figure 6-13 a). Deviations from a straight line in the double
logarithmic scale are clear.
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Figure 6-13: a) Partition function Z(g,a) for the a-periodical oscillations. b) Fractal spectrum
found by using the Legendre transform, marked with ‘+; and by using the
Boltzman weights from the WTMM, marked with ellipses.

The fractal spectrum, computed from the two methods based on the
WTMV, is presented in Figure 6-13 b). Both methods of computing the fractal
spectrum give the same results. It is clear that the fractal spectrum does not
reduce to a single point, thus indicating a multi-fractal character of the
system. Furthermore, the spectrum is roughly divided into two branches: a
branch with positive Holder exponents, and a branch with negative Holder
exponents. The scaling exponent t(q) as a function of g is given in Figure 6-14.
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Figure 6-14: Scaling exponent t with the associated uncertainty for the measured data.

Again, the corresponding curve significantly deviates from a straight
line. Based on Equation 6-17, it is found that the Rényi dimensions all differ
from each other, thus characterizing a multi-fractal object®. The box-counting
dimension gives a dimension equal to 0.77 + 0.02.
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All methods clearly demonstrated a multi-fractal structure in the
dynamics of the measured signal, thus revealing that the nature of the a-
periodical oscillations (region III) is deterministic chaos. The physical
mechanism driving these flow oscillations is mainly flashing combined with
some geysering. Although the chaos is proven to be deterministic, such a
chaotic behaviour of the flow oscillations is difficult to be modelled, since
there is sensitive dependence on initial conditions. Therefore, when trying to
model the behaviour 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
behaviours is further complicated by the strong asymmetrical response of each
pair of heated channels/chimney. The present investigation shows that on top
of the difficulties reported to model flashing-induced instabilities, in a
multiple chimney configuration, natural circulation BWRs might encounter a
chaotic region where most of the time-modelling techniques will fail, due to
the sensitive dependence on initial conditions. From a safety point-of-view,
such a region has to be avoided in real plants. This can be done by building up
pressure by means of vapour production which will reduce the importance of
the water saturation temperature difference for different locations.

114



Chapter 6

6.4 Conclusions

In this chapter, the instability mechanisms existing when having parallel
channels, have been thoroughly investigated (at conditions relevant for the
start-up phase of natural circulation BWRs) by using the CIRCUS test facility.

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

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

2. periodic oscillations in which the primary flow is roughly in-phase with
the partial flow in both channels and the main instability 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;

3. a-periodical oscillations which are attributed to multifractal deterministic
chaos. The wavelet decomposition of the primary flow signal exhibited
self-similarity properties; 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;

4. 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 coexist in this case being flashing and
geysering. The channel coupling creates reversed flow which causes hot
spots in the channels. This effect creates large gradients in the axial
temperature profile that favors the occurrence of condensation effects.

As a result of this investigation it is concluded that, in a multiple
chimney configuration, natural circulation BWRs might encounter a chaotic
region during the start-up phase. Such a dynamical behaviour may be
difficult to predict by most of the time-modelling techniques, due to the
sensitive dependence on initial conditions.

No clear differences can be observed between the location of the stability
boundaries obtained in the experiments with the single channel and the two
parallel channels configuration.

In order to avoid any instability during the start-up phase of natural
circulation BWRs, pressure has to be built up. Since it is found that vapor
produced by means of flashing is already present in the stable region I, the
reactor can be operated in such a state until the dependence of the local
pressure in the saturation temperature can be neglected (~15 bar). Such a
start-up procedure can also be followed in the case the reactor chimney is split
up into many channels, as Cheung et al.* (2005) have proposed.
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Chapter 7

Conclusions and
recommendations

New boiling water reactor (BWRs) designs use buoyancy to make the
coolant/moderator to flow through the reactor core. Buoyancy, however,
creates new feedback mechanisms which can affect the stability of those
reactors. Such phenomena are difficult to assess and therefore need to be
investigated by using dedicated experimental facilities and numerical models.
Many aspects of stability analysis were considered in this thesis including.
coupled neutronics-thermal-hydraulics and low pressure stability in single
and parallel channels configurations. The Economical Simplified Boiling
Water Reactor (ESBWR) design from the General Electric Company (GE) was
thereby taken as a reference.

High pressure/high power conditions

In order to investigate the ESBWR stability performance at rated
conditions (high-pressure and high-power conditions) as accurately as
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possible, a downscaled research facility, the so-called GENESIS facility, was
designed and constructed by using fluid-to-fluid scaling modeling. Such an
approach allows considerable reduction of the power, pressure, temperature
and dimensions to be used. A complete fluid-to-fluid downscaling procedure,
especially developed for performing stability investigations, was therefore
derived. It was found that for stability investigations of boiling systems, the
same geometrical scaling factor has to be applied for calculating the radial
and axial dimensions in the downscaled loop. In addition, it was found that
an explicit rule applies for the time ratio which is dependent on the
geometrical scaling. As a result it was found that the power per rod is reduced
to 2% of the power in a typical reactor fuel rod; the pressure is decreased from
75 bar to 11.4 bar and all dimensions are reduced by a factor two.

For the thermal-hydraulic system, it was found that the characteristic
resonance frequency is much lower (~0.11 Hz) than in forced-circulation
BWRs (~1 Hz), indicating a static head dominated phenomenon (since it
corresponds well with typical frequencies of density wave oscillations
traveling through the core-plus-chimney sections).

In order to investigate the reactor, the void reactivity feedback was
included in the experiments via a so-called void reactivity feedback system
(VREF); this system includes a number of refinements compared to earlier
developed VRF systems, such as a second order modeling of the reactor fuel
rods and a detailed determination of the boiling boundary. The GENESIS
facility (with VRF) was operated in a wide range of conditions, so that
stability maps for the ESBWR prototype could be constructed. Among other
things, it was experimentally found that the GENESIS facility, representing
the ESBWR, is stable with a large margin to instability (Tsw>30 K) for a large
range of conditions in terms of power (and thus flow).

In addition, a benchmark study with numerical calculations obtained
with the TRACG system code and the ATHLET system code was performed.
As a result, an excellent agreement between the GENESIS and the TRACG
results was found for the reference reactor at rated conditions. In particular,
the agreement in the resonance frequency confirmed the appropriate
downscaling design regarding the time scaling. Regarding the decay ratio, the
agreement is most probably a result of the compensation of a number of
conservative and non-conservative assumptions used in the downscaling
process. In contrast to the agreement between the TRACG results and the
GENESIS results, large differences in the estimated decay ratio were observed
between the ATHLET results and the TRACG/GENESIS results. The fact that
the uncertainties from the ATHLET calculations are not known, however,
makes drawing conclusions a difficult task. Nevertheless, the findings clearly
show that predicting the BWR stability is still a challenging task. Therefore,
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considerations based on merely numerical results (even for best-estimate
thermal-hydraulic codes) have to be taken with care. This point emphasizes
the importance of acquiring accurate experimental data regarding BWRs
stability in order to validate numerical codes.

Taking advantage of the flexibility of the GENESIS test facility, a
detailed parametric study was also performed. As a result of such an
investigation, the following was found:

« when simulating heat transfer situations both the GENESIS heating rods
and the reactor fuel rods have to be represented by (at least) second order
systems in order to avoid important sources of uncertainty;

« the use of MOX fuels in a BWR slightly decreases the stability
performance of the reactor since the smaller effective delayed neutron
fraction brings the system closer to prompt-criticality. From the
experiments it was also found that the resonance frequency is
significantly higher than that for UO: fuels;

« the pressure has little influence on the thermal-hydraulic stability of the
system (when the operational point is expressed in the dimensionless
plane) for a wide range of pressures (66 bar< P <74 bar). This result may
allow controlling the reactor power by slightly adjusting the operational
pressure, an issue that is being investigated by researchers from General
Electric;

« it was experimentally found that (as predicted numerically by Zboray?),
changing the position of the feedwater sparger affects the loop stability
regarding the thermal-hydraulic mode. This effect may be used to enlarge
the reactor stability margin regarding such an instability mode;

« when the void reactivity coefficient is varied, a clear peak appeared in the
power spectral decomposition of the flow signal at intermediate
frequencies regarding the natural frequencies of the thermal-hydraulic
and the reactor-kinetic instability modes. This finding may indicate the
presence of a new instability mechanism existing in natural circulation
BWRs which, for certain conditions, may be dominant. Further
investigations are needed in order to explore the origin of this finding.

Low pressure/low power (start-up) conditions

Two important issues which are of relevance for the starting up of novel
natural circulation BWR designs were investigated: first, the effect of a large
restriction on top of the chimney (induced by the so-called steam separators in
the ESBWR design) on the flashing instability mechanism; second, the
possible effect of dividing the chimney section into separate channels (another
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specific feature of the ESBWR design) which may cause parallel channels
instabilities.

The effect of placing a large restriction at the chimney exit was studied
by using a numerical model and very detailed measurements with the help of
the water based CIRCUS facility. From those experiments it was observed that
depending on the coolant inlet temperature, four different behaviors can be
expected in a single channel in which flashing is likely to occur. These are:

. stable flow at high subcooling (corresponding to very low qualities);

« unstable intermittent flow oscillations characterized by the existence of a
flat temperature profile in the chimney prior to the flashing event. In this
region the flashing front develops from the chimney top to bottom;

« unstable sinusoidal flow oscillations in which the temperature profile
exhibits a clear hot spot at the chimney inlet prior the flashing event;

- stable flow at low subcooling in which vapor produced by flashing is
continuously present in the chimney.

In addition, a very good agreement was found between the location of
the stability boundary observed in the experiments and the stability boundary
as predicted by the numerical simulations. Both the experiments and the
numerical results show that a two-phase stable region exists at high
subcooling values prior to the instabilities. This region can help to build up
the pressure in the reactor vessel during the start-up phase, which in turn
would reduce the effects of flashing as a mechanism for instabilities.

Regarding the friction distribution, increasing the core inlet restriction
stabilizes the system at high subcooling values according to the numerical
model and destabilizes the system at low subcooling values. In addition, the
model predicts a destabilizing effect of the chimney exit restriction coefficient
at low subcooling values while no changes are observed in the stability at
high subcooling.

From the study on flashing-induced instabilities in parallel channels,
performed with the help of the CIRCUS facility equipped with two parallel
channels, four different behaviors were observed, viz.

. stable flow circulation (corresponding to very low vapor qualities);

« periodic oscillations in which flow in the two channels behave very
similarly to the oscillations found in the single channel configuration;

« a-periodical oscillations which are attributed to multi-fractal deterministic
chaos. Supercritical bifurcations were observed in the experiments,
suggesting that period-doubling is the route towards chaos;
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« 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
instability mechanisms seem to be present in this case, being flashing and
geysering-like phenomena.

From the CIRCUS results obtained in this work (experiments obtained
with the single channel configuration, the parallel channels configuration and
also by the numerical experiments performed by using the lumped parameter
model) it was found that vapor can be created by means of flashing in the
high subcooling stable region. This finding confirms the numerical results
obtained by Cheung et al.2 who have found start-up trajectories in which the
ESBWR remains stable. It is therefore concluded that the ESBWR can be
started-up safely if it is operated in the high subcooling stable region until
enough pressure is built-up by the flashing generated vapor.

Concluding remarks and recommendations

New reactor designs always need to be investigated beforehand by
using both numerical and experimental tools. In this frame benchmark studies
are of great importance in order to identify the instability mechanisms and
assure enough margins to instabilities. In such studies test facilities as those
used in this thesis, which are simple to model, should occupy an important
place.

To quantify the simulation capabilities of the numerical codes and also
the downscaling rules, it is recommended to numerically simulate (preferably
by using a validated code with a known uncertainty such as the TRACG code)
a water-based up-scaled version of the GENESIS facility and to benchmark
the results. In this way sources of uncertainties related to geometrical
discrepancies between experiments and simulations can be eliminated
allowing a direct comparison of the benchmark results.

In order to enhance the similarities between the heated section of the
facility and the reactor core, heating rods with a more realistic power shape
than the axially uniform one used in the GENESIS facility should be used. In
such a case, a more sophisticated neutronic model has to be implemented in
which flux weighting factors for the void reactivity feedback need to be
incorporated. This refinement would need a more advanced methodology for
estimating the core axial void profile for which a number of pressure drop
sensors located across the core spacers can be used. A disadvantage of using
such a method could be the so-called pressure recovery length behind the
spacer which may degrade the accuracy of the void reconstruction method.
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To increase the operating range of the GENESIS facility, heat exchangers
placed in the lower part of the downcomer section can be used. Such a
modification would allow reaching a larger range of subcooling numbers,
which can help determining the ESBWR margin to instability more accurately.

At start-up conditions, the effect of dividing the reactor chimney into
many sub-channels (as in the ESBWR case) on the stability is not fully
understood and should be experimentally studied in the future. An extended
version of the CIRCUS facility, equipped with more than two parallel
channels, can be used for such an investigation.

From the numerical results obtained with the help of the nodal model at
start-up conditions it was found that the channel friction distribution affects
the stability performance. In order to confirm such a result, the CIRCUS
facility can be used. A number of variable flow restrictions (i.e. valves) should
therefore be installed, allowing investigating different configurations
regarding the friction distribution.
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APPENDIX A

The GENESIS facility technical details

The following table presents the technical details for the ESBWR and the

GENESIS facility.

Parameter Symbol, (unit) | ESBWR | Facility | Ratio
Power per rod Prod, (kW) 43 1.05 0.22
Pressure P, (bars) 71 114 0.16
Temperature Tsat, (K) 560 317 -
Number of fuel bundles NB, (-) 1132 1 -
Fuel pins per fuel bundle NP, (-) 92 25 ~0.25
Heating rods diameter Drod, (m) 0.01026 0.006 0.58
Water rods per fuel bundle NW, (-) 2 0 -
Water rods diameter Dwrod (m) 0.02489 - -
Pitch p (m) 0.01295 0.006 0.47
Chimney cell hydraulic diam. Da, (m) 0.6 0.04 0.07
No of fuel bundles per chimney cell Nioreh, (-) 16 1 -
Subcooling temperature Tsub, (K) 12
Fuel bundle area Am (m?) 0.008895 0.002 0.22
Bypass area Ab (m?) 0.0008895 - -
Core mass flux (no bypass) Gm, (kg/m?2s) 994 1001 1.007
Core hydraulic diameter Dn, (m) 0.009 0.00351 0.39
Heated length Lc = Lheated, (M) 3.0 1.41 0.47
Chimney Length Lr (m) 6.61+2.0 4.05 047
Steam separator length (effective) Lss (m) 4.2 1.97 0.47
Downcomer length Loc (m) 16.4 7.71 0.47
Core exit quality Yout 0.169 0.169 1

Table A-I: Technical details for the ESBWR! and the GENESIS facility?2.
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The GENESIS core

The GENESIS core bundle consists of 25 heating rods arranged in a 5x5
square configuration. Its most important details are given in the following figure.
Since the long heated elements would tend to bend, six spacers are included which
simulate the six ESBWR spacers. The figure also includes a plot of a typical spacer.
The spacers are constructed from a single piece of aluminum covering 33% of the free
flow area. ’ 4
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Figure A-1: Details of the GENESIS bundle: a) Configuration and dimensions (in mm). b)
Core spacer geometry.
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A typical GENESIS heating rod consists of an electrically heating wire
embedded in a magnesium oxide matrix. A stainless steel cladding provides
the necessary mechanical stability to the compound. An x-ray picture of a
GENESIS rod is shown in Figure A-2.

Figure A-2: X-ray picture of a GENESIS heating rod. The helicoidal heating wire is clearly
visible3.
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APPENDIX B

Noise analysis basic principles and DR estimation

Noise analysis is based on the fact that a noisy signal usually contains useful
information about the system from which it is originated. For instance, consider a
simple linear single-input/single-output system. In the frequency domain we can
write:

Yoy = Gl Xo) (B-1)

where Yw and Xw are the Fourier transforms of the output and input signals
respectively. Gw) is the transfer function of the system. Essential for this method is
that the input signal has a noise component at all the frequencies where we wish to
determine the transfer function. Often the input signals have sufficient intrinsic
noise; otherwise noise must be added to the system in some way. The auto power
spectral density function (APSD) of the input signal is defined as™:

APSD=X", X, = |X <w>|2

(B-2)
where * is the complex conjugate operator.

The cross power spectral density function (CPSD) between the input and the
output signal is defined as:

CPSD,, =X Yo, (B-3)
The APSD and CPSD are related by the transfer function of the system?:
_ X wlo (B-4)
@ |X(w) 2

From this equation it follows that the transfer function can be determined from
the signals X and Y, but only at those frequencies that are contained in the input

signal X (otherwise \X(a,)\z =0).

The inverse Fourier transforms of the auto- and cross-power spectral density
functions are the auto- and cross-correlation functions (ACF and CCF). These
functions represent the data in the time domain rather than in the frequency domain
and are often useful for understanding the physical processes taking place in a
system. The ACF can also be derived from the time signals':

,
%J.x(t)x(t +7)dt
ACF,,(2) = lim =

(B-5)
lJT'x(t)%lt
r 0
The ACF always lies between zero and one. The CCF can be derived in a
similar manner. One of the most used applications of the CCF is for transit time
estimations. If a signal disturbance (like a bubble) travels from one sensor to another,
the CCF of the two signals will exhibit a peak at the average transit time of this

disturbancel.
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The ACF can show the existence of 'memory' in the system. If the ACF is not
equal to zero at some time delay tdaelay it means that there is some physical mechanism
present which causes a fluctuation of the variable to have an effect on the same
variable a time tdaelay later. This physical mechanism can of course be a complex
combination of mechanisms and it may not be possible to separate these. Since white
noise has no 'memory’' (the value at each time instant does not depend on the values
at other times) the ACF of white noise is zero for every time shift tsir except for
tsnife=0.

The decay-ratio is commonly used to characterize the stability of BWRs'. For a
second-order system the DR is defined as the ratio of two consecutive maxima of the
impulse response function which can also be obtained from the ACF2. In higher order
systems one parameter cannot fully describe the stability of the system and the ratio
between two consecutive maxima of ACF will depend on exactly which maxima are
chosen?. Therefore, the DR is uniquely defined only for a second-order system. It is
possible to derive the ACF for higher-order systems and to obtain the DR from that.
In this thesis we use a third-order model to fit the measured ACF to estimate the DR.
Such a fitting is performed by ignoring the first peak since the contribution of the
least stable pole pair, which determines the stability, dominates in the impulse
response and the contributions of other poles die out soon.

To determine the stability, noise measurements are performed on the system.
The inlet flow signal is used for that purpose which is measured for a relatively long
record length (6000s-24000s) compared to the time constant of the dominant
processes (1-2 s), which reduces the windowing effects derived from the limited
length of the data. For the noise analysis technique to work, one needs (real)
fluctuations in the physical processes, parasitic (e.g. electronic) noise is not useful.
Boiling in a two-phase flow system is a stochastic process, but in a relatively stable
operating condition these fluctuations are too small to be practical. In this case the
system has to be disturbed by external noise. For this reason, a wide-band random
noise signal is added to the driving signal of the electrically heated rods to enable
noise measurement.

To study the stability of the GENESIS facility, the signal to be analyzed is first
de-trended by its mean and normalized before a fit to a third order model is carried
out. The third order model used to fit the time responses has the form:

y =be” cos(bit) + b,e™ sin(bt) + be™ (B-6)
where t is time. For such a model the DR is given by

DR = ¢*™"s/4» () (B-7)
and the corresponding frequency f is given by

f =2r/abs(b;) (B-8)

As an example the following figure is presented. The cross correlation exhibits
decreasing oscillations indicating a stable behavior. For this particular case, the
resulting decay ratio was found to be DR~0.85.
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Figure B-1: Procedure followed to calculate the DR by using noise analysis techniques.
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APPENDIX C

MOX fuel reference Neutronic data

The neutronic data used for the investigations in which the MOX fuel rods are
simulated are presented in Table C-1 and Table C-2. For completeness, the data for
typical UO: fuel rods are also included.

MOX fuel with 5% Pu loading
U-234 0.002 %
U-235 0.250 %
U-238 99.748 %
Pu-238 4.000 %
Pu-239 50.000 %
Pu-240 23.000 %
Pu-241 13.000 %
Pu-242 10.000 %

Table C- 1: Composition of the MOX fuel implemented in the GENESIS VRF system.

Delay neutrons Delayed Neutron generation
decay constant (s ) neutrons fraction time (us)
M=0.0125 3:=0.03
22=0.0306 B2=0.21
ESBWR A3=0.1150 Bs=0.19
UOX fuel A=0.3110 B+=0.39 A=50
(MOCQ) A5=1.2100 Bs=0.13
A6=3.2000 Be=0.05
Aeftective=0.09 Brota=0.00562
M=0.01318 B:1=0.02
22=0.03054 B2=0.21
EPR As=0.1234 Bs=0.18
MOX fuel A4=0.3329 B+=0.37 A=5.95
(BOQ) A5=1.282 Bs=0.17
A6=3.479 Be=0.05
Aeftective=0.08 Brota=0.004079;

Table C- 2: Neutronic for the ESBWR UOX fuel (Reference case) provided by GE!, and for the
EPR (MOX fuel?), obtained by Van Rooijen® by using the VAREX code*
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APPENDIX D

Analysis of the fluctuations of the primary flow signal

In order to clarify the physical mechanism behind the fluctuations of the
primary flow signal, the cross correlation performed between the (detrended)
signal of the inlet temperature and the (detrended) signals of the main flow,
the feedwater flow and the feedwater temperature are examined. The
corresponding results obtained by noise analysis techniques are depicted in
Figure D-1.
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Figure D-1: Cross correlation function obtained by using the inlet temperature signal and the
main flow, the feedwater flow and the feedwater temperature signals.

As can be seen from the cross correlation between the signals from the
inlet temperature and the primary flow, the location of the sparger inlet
influences the stability of the system regarding the thermal-hydraulic mode.
To further investigate the origin of such a relation, two more cross
correlations are calculated: the cross correlation between the core inlet
temperature signal with those from the feedwater flow and temperature. No
dependency is seen in these cases, which indicates that the core inlet
temperature fluctuations are induced by changes in the primary flow rather
than by the feedwater flow dynamics.
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APPENDIX E

The nodal model

The matrix form of the linearized balance equations in dimensionless
form of the model presented in Section 5.4 is shown below.

X=A4X;
where
dsh, /di Sh
X = dé‘hCh,S,j/th : X = 5};@” ;
dély,, ./ di Sl
-1 (1) 2 2 ! (=00, N, By 0,53 @k}—u” +y o K 2(1_};"‘0) +R,+ 1R )@K
:b/,n,/i/_n,/ 3 kz e By ) \2He) ProiNe| trroiPro i’m,o Proj Tlrroy /A%.O./AW Pro\ 1™ h/-‘(n 3
s ! ! 0
AR\/'lk,x.Qj A:e.jlm‘o, J
1 1
&Iaktfﬁf.ﬂ,/if.o./ ’zl&ilsf.OtilA/,O.i

By calculating the characteristic polynomial associated to matrix A, the
stability of a certain configuration can be investigated by analyzing the sign of
the roots. Thus,

a-A4 b c
det(A—ﬂ,.])z d e-1 0 =(a—ﬂ)(e—/i)(g—/1)+d.f.c—b.d.(g—i)=
0 f g-1
det(A—ﬁ,.I) :a.e.g—ﬂb(a.e-i-cz.g+e.g)+/12 (a+e+g)—/13 +d.fc—bd.g+bd A=
=2+ 1 (a+e+g)—/1(a.e+a.g+e.g—b.d)+a.e.g+d.f.c—b.d.g

The Descartes rule of signs is used to derive the stability criteria which
are used to characterize the numerical results. Thus,

Stability conditions
a+e+g<0
—(a.e+a.g+e.g—b.d)< 0
d.fc—bd.g<0

130




APPENDICES

APPENDIX F

The Geysering phenomenon

Geysering has been observed in a variety of closed end (or forced flow at
small flow rate) vertical columns of liquid which are heated at the base. This
process breaks down into three phenomena!, viz. boiling delay, condensation
(or expulsion of vapor), and liquid returning. In experiments performed
without a chimney it is reported that the period of flow oscillations 7, is
nearly equal to the boiling delay time 7w, because in most cases the boiling
delay time is much longer than that of the other two processes. In the case of
parallel channels however, as indicated by Aritomi? flow reversal plays a
significant role for the occurrence of geysering. Since flow reversal makes the
fluid temperature at the channel inlet higher than that of circulation fluid, the
definition of 7w is modified by evaluating the fluid properties at the channel
inlet instead of the circulation temperature. Thus, 7w is defined as the time
required for the fluid with subcooling ATsuw,in, to be heated up to the saturation

temperature based on the pressure at the channel inlet and is expressed by

Cp, . AT . A.L
z_hd — pl,m pl,m sub,in“ ~C*—C , (E-l)

q
where the liquid density piin, and the specific heat capacity at constant
pressure Cpiin, are computed at the temperature at the channel inlet; Acand Lc

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? It is found an acceptable
correlation for the measured data when the boiling delay time is added to the
transit time of the large bubbles passing through the chimney, which can be
calculated by the drift velocity vy, for slug flow in the following manner:

S (E-2)
Ui +U,,
12
with v, =035 (gAp—DC’“"“J , (E-3)
e,

g being the acceleration due to gravity, 4p the density difference between the
liquid and vapor phases, and ui» the mean inlet velocity.
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APPENDIX G

The Lyapunov exponents and the Kolmogorov entropy

The largest Lyapunov exponent (LLE)

Systems exhibiting a strong dependence on the initial conditions are
described in the phase plane by attractors with a complicated geometrical
structure. The Lyapunov exponents are used to identify such a strong
dependence on the initial conditions: if the system has a chaotic evolution
there is at least one positive exponent. If the system has not such an evolution
all the Lyapunov exponents are negative (the so-called point attractors). For
regular trajectories it is zero. The LLE is a measure of the rate of divergence if
the trajectories within such an attractor separate exponentially in time.
Another way to look at the Lyapunov exponents is the loss of predictive
ability as we look forward into time. In order to identify chaotic behavior it is
sufficient to determine the LLE. The LLEs, estimated with an algorithm based
on the tracking of divergence patterns of nearest neighbors!? implemented in
the MTRCHAOS software package?, are presented in Figure G-1.
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Figure G-1: The LLEs for the four different regions obtained from the primary flow signal.

Clearly, the stable region (I) and the in-phase region (II) show very low
values of LLEs which agrees with the fact that these cases are very
predictable. Thus, the divergence of trajectories is very small. A significant
increase in the LLEs can be noticed in region (III), where a-periodical,
oscillations are observed. Thus, the trajectories for the corresponding
attractors should preserve this degree of divergence. The experimental results
of region IV are more difficult to interpret. The experiments show that these
cases are very regular. It is to be expected that the attractor keeps this
regularity and thus the LLE should be small. The calculation of the LLEs
predicted a high degree of divergency of nearby trajectories. A possible cause
for this may be the large dispersion of these estimations.
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The Kolmogorov entropy (KML)

The Kolmogorov entropy KML is a measure of the rate of information
loss (or gain) along the attractor of a certain data set. It is usually expressed in
bits/seconds. A positive, finite KML means the time series and the underlying
system being chaotic. KML equal to zero represents a regular, cyclic or
constant motion. An infinite KML refers to a stochastic, random signal.

In this study the program RRCHAOS!, which uses the maximum-
likelihood estimation of KML proposed by Schouten?, is used for estimating
the KML of the experiments. Figure G-2 presents the Kolmogorov entropy
KML, as estimated by using the RRCHAOS software.
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Figure G-2: KML for the four different regions obtained from the primary flow signal.

Cases from region (I) exhibit a large degree of information creation due
to the relatively important contributions of the noise. The fact that in region
(I) KML is larger than zero may suggest a lack of sufficient statistical
accuracy in the data because of the long periods of the oscillations. The large
uncertainties found in this case seem to confirm this idea. When entering
region (III) the values of the KML increase, indicating a higher sensitivity to
external conditions and perturbations. The out-of-phase cases from region
(IV) show low KML values characteristic for regular oscillations.

As a result of the LLEs and the KML values, it is concluded that the a-
periodical oscillations characterizing region III can be attributed to chaos.
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Nomenclature

Nomenclature

Normal alphabet

A cross sectional area (m?2)

c delayed neutron density (m?)

Co distribution parameter (-)

Cp constant pressure heat capacity (] kg s?)
D diameter (m)

E*kin kinetic energy per unit of volume (J m-)
Fario two-phase driving force per unit of area (N m2)
f frictional factor (-)

Sfres resonance frequency (Hz)

fre two phase frictional factor (-)

g gravitational acceleration (m s?)

G transfer function

Gconv void fraction determination transfer function
Gr fuel rod transfer function

G traveling time associated transfer function
Gup vapor production transfer function

h enthalpy (J kg 1)

k heat conductivity coefficient (W m™ °K-1)
K local pressure drop coefficient (-)

1 variable length (m)

L length (m)

m”’ mass flux density (kg m?2s)

M mass flow rate (kg s?)

n neutron density (m?)

Nrod number of heating rods

P pressure (kg m™ s2)

q power (] s7)

q linear power transferred from fuel to coolant (J s m™)
q’ heat flux (J s m?)

r reactivity coefficient

S Laplace variable (s™)

t time (s)

T temperature (°K)

v velocity (m s)

Ugj mean drift velocity (m s™)

Vo velocity of the coolant at the core inlet (m s)
A% volume (m?)

Vig volumetric density (m3kg)

z axial position (m)

Greek

o void fraction (-)

B delayed neutron fraction (-)

X quality ()

d small perturbation

Y scaling dimensionless friction factor

D Romy’s multiplier (-)
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Nomenclature

A delayed neutron decay constant (s)

A neutron generation time (s)

0 angle with respect to gravity direction (rad)
p density (kg m-)

o surface tension (N m1)

Tw wall stress

T time constant (s)

Y dimensionless friction factor

Subscripts and superscripts

* dimensionless

0 characteristic

o void fraction (-)

b bubble

bb boiling boundary

bd boiling delay

cr critical

C core

Calc calculated

Ch chimney

Channel chimney plus core section
d departure of bubbles
driv driving force

D Doppler

DC downcomer

est estimated

f relative to the oscillations in the channel
fg difference between (saturated) vapor and liquid properties
F fuel

) phase

g gravitational acceleration (m s?)
G relative to GENESIS

h hydraulic

heated regarding heating rods
in inlet

l liquid

loss referring to losses

LO liquid only

m mixture

Meas measured

0 outlet

r radial

rod regarding fuel pin rod
R reactor

R-134a Freon R-134a

s single phase

sp spacer

SS steam separation

SV separator vessel

sat saturation

t transit
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Nomenclature

tot total

TH thermal-hydraulics
TP two phases

v vapor

Operators

A difference

< time average

* complex conjugate

Abbreviations

BOC beginning of cycle

BWR Boiling Water Reactor

CCF cross correlation function

CHF critical heat flux

CIRCUS circulation during startup (experimental facility)

DC digital controller

DFA detrended fluctuation analysis

DR decay-ratio

DWO density wave oscillations

EOC ending of cycle

EPR European Pressurized Reactor

ESBWR Economical Simplified Boiling Water Reactor

FW feed water

GE General Electric Co.

GENESIS GE natural-circulation experimental scaled facility for investigations on
stability

HEM homogeneous equilibrium model

HS high subcooling

LME linearized momentum equation

LS low subcooling

MOC middle of cycle

MOX mixture oxide fuel

NACUSP natural circulation and stability performance of BWRs

PC computer

PCH phase change

PSD power spectral decomposition

PWR Pressurized Water Reactor

SB stability boundary

SIRIUS simulated reactivity feedback implemented into thermal-hydraulic stability
facility

TH thermal-hydraulic

TF transfer function

ur upper plenum

VRF void reactivity feedback

ZOH zero - order hold
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Nomenclature

Dimensionless scaling factors

Xag axial geometry scaling factor
Xcoreag core axial scaling factor
Xcorerg core radial scaling factor i
Xd dynamic time ratio

X geometrical scaling factor
Xm mass flux scaling factor
Xp power scaling factor

XPress pressure scaling factor

Xt time ratio

Xid dynamictime ratio

Xiss steady state time ratio

Dimensionless numbers

L-q’ pl,o _pv,o

Nrca  Phase change number

m,0 " fg,0
m no 2
NFEr Froude number N,, =——"e
p‘ o gLC
" 2 L
Nwe Weber number N,, = (m m,v) e
P-o
N,. L’ .p’ .
Nes Eotvos number N, = NWe L P8
Fr pl o}
N, Density ratio number N, = Pro
pl,a
Nsub SubCOOling number N — hl,o,:at - hl,o pl,o - pv,o
sub T
hfg,o pv,u
Npe Péclet number N, = m"0Cp Dy
e 2{]
Ny G D,
I eometry number N, ==~
g LC
N; icti D
¢ Friction number N, = =
LO
no 2
Nerpn  Froude number based on Dr N, = Moo 10
pv,o g‘Dh
Nrash  Flashing parameter N = hcin=Pcro | Prcro _IJ
ashing
hy, Pg.chyo
Nro Fourier number N,, = t—4k
° pCD?
Nsi Biot number N, = hD
"k
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