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Abstract
The Pressure Suppression Pool (PSP) of a Boiling Water Reactor (BWR) is a large heat sink
designed to limit the containment pressure by condensing steam released from the primary
coolant system. The development of thermal stratification is a safety concern since it leads
to higher containment pressures than in completely mixed conditions, and can affect the
performance of systems such as the emergency core cooling and containment spray, which
the use PSP as a source of water.
The goal of this thesis is to develop and validate models for the prediction of the PSP
behavior during a steam injection in a Nordic BWR. The framework of the Effective Heat
Source and Effective Momentum Source (EHS/EMS) models is used to provide the integral
heat and momentum sources induced by the steam condensation. The EHS/EMS can be
implemented in a containment thermal-hydraulic or a CFD code, where the pool is modelled
with a single-phase liquid solver.
EHS/EMS models are developed for the low steam mass flux regimes appearing in (i)
large diameter blowdown pipes connecting the drywell to the wetwell pool; and (ii) multihole sparger pipes connecting the primary system to the pool.
Empirical correlations are developed to predict the effective momentum induced by
chugging in the blowdown pipes. The correlations are implemented in GOTHIC, where a
containment model is proposed to enable capturing the feedback between pool conditions
and drywell pressure. Validation is performed against the PPOOLEX experiments.
Conceptual designs are proposed for a set of large-scale pool experiments with spargers
in the PPOOLEX and PANDA facilities. Correlations are proposed for the erosion velocity of
a cold layer, and ranges are estimated for the angle, profile and turbulence of the momentum
sources created by steam injection. CFD simulations of the experiments is done to calibrate
the momentum sources in the oscillatory bubble regimes. A concept of the Separate Effect
Facility (SEF) is proposed to provide a measurements of the effective momentum. Empirical
correlations for the bubble radius, velocity, heat transfer coefficient, etc. are also developed
and compared to available data from the literature.
Application of the developed CFD and EHS/EMS models to full-scale containment
behavior shows that thermal stratification can occur during prototypic steam injection
conditions. Recommendations are given on how to avoid this.
Keywords: Steam injection, EHS/EMS, blowdown pipes, spargers, chugging, oscillatory
bubble, CFD, condensation pool, stratification, mixing.
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Sammanfattning
Kondensationsbässangen (på engelska Pressure Suppression Pool, PSP) är en stor kylfläns
i en kokvattenreaktor (på engelska Boiling Water Reactor, BWR) utformad för att begränsa
inneslutningstrycket genom att kondensera ångutsläpp från det primära kylsystemet.
Utvecklingen av termisk stratifiering är en säkerhetsfråga eftersom det leder till högre
inneslutningstryck än under helt blandade förhållanden. Det kan påverka systemens
prestanda så som härdnödkylning och inneslutningssprinkler som använder PSP som
vattenkälla.
Målet med denna avhandling är att utveckla och validera modeller för att förutsäga PSP
beteende under insprutning av ånga i en nordisk BWR. Ramverket för Effective Heat Source
and Effective Momentum Source (EHS/EMS) modeller används för att förse väsentliga
källor av värme och rörelse till följd av ångkondensering. EHS/EMS kan införas i en
inneslutnings termohydrauliska kod eller i en CFD kod där bässangen är modellerad med
en flytande solver med enfasflöde.
EHS-/EMS-modeller är utvecklade för regimer med lågt ångmassflöde som förekommer
i (i) nedblåsningsrör med större diameter som sammankopplar övre och nedre
primärutrymmet och (ii) tystkokare med flera hål som sammankopplar det primära
systemet med bassängen.
Empiriska samband har utvecklats för att förutspå den effektiva rörelsemängd som
uppstår av chugging i nedblåsningsrören. Dessa samband har implementerats i GOTHIC
där en inneslutningsmodell föreslås för att återge samspelet mellan bassängens förhållande
och övre primärutrymmets tryck. Validering har genomförs mot PPOOLEX experiment.
Konceptuell design föreslås för en uppsättning storskaliga bassängsexperiment med
tystkokare i PPOOLEX and PANDA anläggningar. Samband föreslås för erosionshastighet
av ett kallt lager, och spann uppskattas för vinkel, profil och turbulens från drivkällan
orsakad av ånginjektionen. CFD-simuleringar av experimentet har genomförts för att
kalibrera drivkällorna i oscillatory bubble regimes. Ett koncept för Separate Effect Facility
(SEF) föreslås för att möjliggöra mätningar av den effektiva rörelsemängden. Empiriska
samband för bubbelradie, hastighet och värmeöverföringskoefficient etc. är också
utvecklade och jämförda med tillgänglig data från litteraturen.
Tillämpning av de utvecklade CFD- och EHS-/EMS- modellerna till fullskaliga
inneslutningar visar att termisk stratifiering kan uppstå under förhållanden med
prototypisk ånginsprutning. Rekommendationer för hur detta kan undvikas föreslås.
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1. INTRODUCTION
The world’s energy supply was about 158.7 PWh in 2105 [1]. Fossil fuels accounted for
81.4%, biofuels and waste 9.7%, nuclear 4.9% and hydro, wind and solar combined 4%.
At some point, wind and solar should take over the energy production, leaving the danger
of global warming, dam breaks and nuclear accidents in the past. We are very far from this.
But we should focus on the first step, which is to identify the most dangerous source and
reduce its share until it is no longer a threat. Fossil fuels, responsible for over 3 million
premature deaths per year due to air pollution [2], are the current candidates. Hydro, which
has caused over 150,000 deaths in the past 70 years [3], might be the next ones.
A reduction of the fossil fuels share should be done by a combined effort of all other
sources. If one is neglected, it will simply take more time to achieve. Nuclear has been
recognized as a key player in this task [4]. However, accidents at Three Mile Island,
Chernobyl and Fukushima have shown that it requires a continuous assessment of its safety.
In this thesis, we do so by analyzing an important system of the current fleet of Boiling Water
Reactors (BWR): the pressure suppression pool.

1.1. Nordic BWR
BWRs are built with a single circuit to drive the steam from the vessel to the turbine [5] [6].
This makes them more compact than Pressurized Water Reactors (PWRs), which require
large steam generators and a secondary circuit. As a result, the containment volume of a
BWR is 5-10 times smaller than in a PWR.
The small containment volume of BWRs could result in a faster pressure increase than
in PWRs during a Loss-of-Coolant Accident (LOCA). To solve this issue, BWR containments
are divided into a gas space known as drywell, and gas space with a water pool, the Pressure
Suppression Pool (PSP), known as wetwell (Figure 1). These two volumes are connected with
large diameter pipes submerged in the pool, the blowdown pipes. With such arrangement,
steam released into the drywell during a LOCA is passively injected into the pool once the
drywell pressure over-comes the static head at the blowdown pipes outlet. The reduction in
volume caused by the steam condensation in the pool leads to a slower pressure increase.
The Residual Heat Removal (RHR) system is designed to provide cooling of the pool during
the steam injection. However, this system requires power to operate, which might not be
available during certain transients.
Other accident scenarios such as Station Black-Out (SBO) require a controlled
depressurization of the vessel. This is done by the Automatic Depressurization System
(ADS), which discharges steam from the main steam lines into the wetwell pool through
small diameter multi-hole pipes known as spargers.
The PSP also serves as a water source for the Emergency Core Cooling System (ECCS)
and the containment sprays. It also has a scrubbing capability, meaning that some of the
fission products released into the containment can be retained in the water, reducing the
risk of a radiological release.
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Figure 1: Schematic of a Nordic BWR containment, ASEA Atom.

1.1.1. Thermal stratification and mixing
The water volume of the PSP in Nordic BWRs ranges between 2000 to 3300 m3 [7]. These
sizes were determined mainly by the reactor power and limits of temperature and pressure
during LOCA or SBO transients [8].
Competition between buoyancy and momentum sources induced by the steam
condensation can lead to thermal stratification or mixing of the pool. Thermal stratification
is a safety concern since it reduces the active volume for storing heat (Figure 2), leading to
faster pressure increases than in completely mixed conditions. This is mainly due to the pool
surface temperature, which affects the steam partial pressure in the gas space. An example
of such behavior can be observed in the Fukushima Daiichi Unit 3 accident, during the
operation of the Reactor Core Isolation Condenser (RCIC) [9]. Lumped parameter codes
under-estimated the maximum pressure by about 160 kPa assuming a mixed pool
conditions, whereas a much better agreement was obtained assuming pool stratification
[10].
Thermal stratification can also increase the risk of cavitation in the ECCS pumps due to
the larger temperatures reached at the hot layer. To avoid this, the pumps are stopped when
the pool temperature reaches 95 oC.
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Figure 2: Possible thermal stratification profiles in a pool, depending on the heat sources
distribution.

1.2. Literature review
In this section, the most relevant studies concerning the analysis and modelling of pool
thermal stratification and mixing during a steam injection are presented.

1.2.1. Experiments on direct contact condensation
Sonic jets appear when the steam injection pressure is about 0.53 times higher than the
ambient. Jet parameters such as condensation length, expansion ratio, heat transfer
coefficient, etc., are mainly dependent on the steam mass flux, pool subcooling (saturation
minus pool temperature) and injection hole diameter [11]. They are classified into conic,
ellipsoidal and diverging jets, depending on the shock-wave pattern and subcooling [12].
After the condensation, they produce a self-similar liquid jet [13] with turbulent intensities
reaching maximum values of 30% [14].
Sub-sonic regimes are characterized by a more unstable behaviour than sonic ones. The
lower heat transfer coefficients [15] allow steam bubbles to grow attached to the injection
hole to then detach and collapse [16], giving the name of oscillatory bubble regime. The
frequency of this cycle is in the order of 100 Hz and it is mainly dependent on the subcooling
and injection hole diameter [17] [18]. Presence of non-condensable gases in the injected
steam leads to a significant reduction of the frequency [19]. At lower steam mass fluxes, the
flow enters into the chugging regime, characterized by low frequency oscillations of the
liquid level inside the pipe due to sudden bubble collapses [20]. At even lower steam mass
fluxes all steam is condensed inside the pipe.
Single-hole condensation regime maps for sub-sonic regimes have been proposed in
[21]-[23]. In all of these works, the steam mass flux and subcooling were identified as the
most important parameters. The injection hole diameter was added in [24], where a 3D map
was generated based on the previous 2D maps. Condensation regime maps for the different
modes of chugging regime were also proposed by Gregu et al. [25]. Condensation regime
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maps for sonic and sub-sonic flow were proposed in [26] [27], where it was observed that
the transition between sonic and sub-sonic regime occurs at approximately 330 kg/(m2s).

1.2.2. Experiments on pool behavior
The full-scale Marviken-FCSB tests showed that chugging can occur during prototypic
LOCA transients in a BWR Mark II [28]. Extensive experimental campaigns were carried
out by General Electric in a 1:130 scale facility to analyze the pool behavior during a LOCA
in a BWR Mark I-III [29]-[31]. Unfortunately, these reports are not public and could not be
analyzed by the authors. LOCA experiments were also performed in Japan by JAERI using
a full height 20o sector of a BWR [32] [33]. Chugging was again observed in most of the tests.
However, the short duration of each test prevented the study of thermal stratification.
The pool behavior at the late stages of a LOCA in a European Simplified (ES) BWR was
analyzed in the LINX facility using a single-hole 40 mm sparger [34]. Air concentrations
above 5 % in mass were observed to cause a complete mixing of the pool; whereas pure
steam injections led to a significant thermal stratification development.
Experiments performed with a prototypic multi-hole spargers of an APR1400 showed
complete pool mixing when injecting at high steam mass fluxes (sonic regimes) [35]. Using
a scaled down quencher of the AP1000 showed that prototypic steam injection conditions
can lead to significant thermal stratification [36]. Extensive experimental campaigns were
performed in the POOLEX/PPOOLEX facility in Lappeenranta University of Technology
(LUT), Finland, using blowdown pipes [37]-[42]. Thermal stratification was observer during
prototypic steam injection conditions of a BWR, even during weak chugging regimes.
The effect of containment pressure in thermal stratification was addressed in [43] using
a small-scale facility representing the RCIC exhaust of a BWR. A similar small-scale facility
was used in [44], where the transition between stratification and mixing was predicted
based on the Richardson number (ratio between buoyancy to inertia forces). The Richardson
number has also been used in the field of atmospheric and oceanic research to predict the
erosion regime and erosion velocity of the stratified layers [45]-[47].

1.2.3. Analytical and numerical modelling
Analytical models to predict the bubble diameter and detachment frequency during the
oscillatory bubble regime were developed in [48] using the Rayleigh-Plesset equation and
momentum balances across the bubble. Chugging models were developed in [49] [50] based
on the conservation equations, and were later extended in [51] to include the effect of noncondensable gases. Stability analysis performed in [52] showed that chugging is usually
sustained in the natural, manometer type, frequency of the system.
CFD modelling of the PPOOLEX chugging experiments was performed to analyze the
suitability of different heat transfer correlations (based on the Nusselt, Reynolds and
Prandtl number) to model direct contact condensation. Using a Euler-Euler 2Daxisymmetric model in ANSYS Fluent, the Chen and Mayinger correlation was observed to
under-predict the condensation [53], whereas the Hughes and Duffey [54] and Coste [55]
correlations provided better results. A Rayleigh-Taylor instability model was proposed in
[56] to predict the larger interfacial area not captured in coarse mesh 3D simulations.
The Steam Condensation Region Model (SCRM) was introduced in [57] [58], based on
previous work done in [59]. In the SCRM, equations of mass, momentum, and energy are
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solved in a control volume where steam is expected to condense completely. Single-phase
liquid boundary conditions are then imposed at the volume boundaries to model the jet
behavior. Implementations of the SCRM were done in Star CCM+ and ANSYS Fluent, which
showed good agreement to complete mixing transients. Applicability to thermal
stratification and mixing transients was not provided.
Lumped parameter correlations for the modelling of PSP stratification were developed
in [60] based on simulation results obtained with 3D GOTHIC models. However, no
evidence of the GOTHIC validity for prediction of pool mixing were demonstrated.

1.3. EHS/EMS models
Modeling of direct contact condensation and its effect on a water pool is a challenge for
contemporary codes. Two-phase flow simulations require modelling the small scales of
steam condensation and the large scales of the pool flow structure. This leads to
computationally expensive simulations which are unaffordable for long-term transients in
a PSP [53]-[56]. Containment and thermal-hydraulic codes such as GOTHIC [61] and
RELAP5 [62] do not have models to predict the pool behavior induced by different
condensation regimes. Available condensation models are mostly designed for pipe flow
regimes such as bubbly, churn, film, etc.
To develop predictive capabilities for long-term thermal stratification and mixing
transients, Li and Kudinov [63] introduced in 2010 the concept of Effective Heat Source
(EHS) and Effective Momentum Source (EMS) models. The goal of these models is to
predict the time-averaged heat and momentum sources induced by different steam
condensation regimes. These sources can be added to any CFD-type code to predict the large
scale pool circulation using a single-phase liquid solver (Figure 3).
The effective heat 𝑄𝑒𝑓𝑓 and momentum 𝑀𝑒𝑓𝑓 sources are computed using equations (1)
and (2) respectively [64],
𝑄𝑒𝑓𝑓 (𝑡) =

1 𝑡
∫ 𝑄(𝑡)𝑑𝑡
∆𝑡 𝑡−∆𝑡

(1)

𝑀𝑒𝑓𝑓 (𝑡) =

1 𝑡
∫ 𝑀(𝑡)𝑑𝑡
∆𝑡 𝑡−∆𝑡

(2)

where the integrals represent the time-average of the instantaneous variations of the sources
over a period ∆𝑡 of time. These variations are due to the oscillatory nature of direct contact
condensation. For example, the large scale motions of the liquid inside the pipe during the
chugging regime [64] [65], the small scale oscillatory bubble behavior, etc. (Figure 3).
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Blowdown pipe

Sparger

∆t

20 ms

A
Condensation
inside the
pipe

Heat source
(EHS)

B

Pool circulation
∆t 100 s
∆x 1 m

B

A

Momentum source
(EMS)

Heat source
(EHS)

10 mm

Figure 3: Location of the heat and momentum sources induced by a steam injection through
blowdown pipes and spargers. Image (A) PPOOLEX PAR-11 experiment [40] and (B)
PPOOLEX SPA and SEF experiments.
The ultimate goal of the EHS/EMS models is to provide the effective heat and
momentum sources through the chart shown in Figure 4. This approach is similar to what
is currently used for other thermal-hydraulic applications, such as the heat transfer
coefficient of two-phase pipe flows.

Steam mass flux
Steam temperature
Pool temperature

Geometrical parameters

Condensation regime
Correlations for the given
condensation regime
Effective Heat and
Momentum Sources
Figure 4: Calculation diagram of the EHS/EMS models

1.4. Goals and tasks

2

The goal of this thesis is to develop and validate EHS/EMS models for the assessment of the
PSP behavior in Nordic BWR containments. This development is focused in the direct steam
condensation regimes appearing in blowdown pipes and spargers. Specific tasks to achieve
this goal are
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Develop EHS/EMS models for blowdown pipes at different steam injection
conditions, taking into account non-uniform heat distribution along the blowdown
pipe walls and the feedback between pool temperature and drywell pressure. –
Addressed in Section 3 (Paper I).
Develop a conceptual design and a test matrix for the pool experiments with sparger
in the large-scale PPOOLEX and PANDA facilities, for the purpose of the model
development and code validation. In order to address relevant plant conditions and
phenomena, a scaling approach was applied in the design. – Addressed in Section
4.1 (Paper II).
Analyze the experimental data from PPOOLEX and PANDA to identify the most
important physical phenomena governing stratification and mixing transients. –
Addressed in Section 4.2 (Paper II).
Develop guidelines for the CFD modelling of stratification and mixing transients
during a steam injection through spargers. Calibrate the effective momentum
sources induced by the oscillatory bubble regimes in the PPOOLEX and PANDA
experiments using the CFD simulations. – Addressed in Section 4.3 (Paper III).
Develop a conceptual design and a test matrix for a Separate Effect Facility (SEF) to
measure the effective momentum. Based on the SEF data, develop semi-empirical
correlations for the momentum sources in the oscillatory bubble regimes. –
Addressed in Section 4.4 (Paper IV).
Apply the EHS/EMS models and CFD modeling guidelines to assess the behavior of
a full-scale PSP in a Nordic BWR during a steam injection through spargers. –
Addressed in Section 4.5 (Paper V).

1.5. Main achievements
1. A scaling approach and respective empirical correlations were developed to predict
the frequency and amplitude of the chugging oscillations as a function of the
geometrical, pool and steam injection parameters.
2. The EHS/EMS models were developed and implemented in GOTHIC to enable
prediction the pool stratification and mixing phenomena and their effect on the
containment pressure. The models were successfully validated against PPOOLEX
test data.
3. A set of experiments with spargers in the large scale PPOOLEX and PANDA facilities
was proposed and analytical support for the design and execution of the tests was
provided. Among the main observations and conclusions from the tests are:
Richardson scaling can be used predict the regimes of erosion of the stratified layers
and velocity of the interface between the layers; effective momentum has a
noticeable downwards angle at the sparger outlet; depending on the sparger design,
there is a potential for non-uniformities of the radial component of flow velocity in
the azimuthal direction at the vicinity of the sparger head; steam condensation
induces high turbulence intensities near the injection point.
4. EHS/EMS models for spargers were developed and implemented in the CFD code
ANSYS Fluent 17.0. A new correlation was proposed for modelling of buoyancy effect
on the turbulent dissipation source term in two-equation models.
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5. Guidelines for selection of appropriate numerical approaches for modeling of pool
stratification and mixing phenomena in CFD were proposed.
6. Calibration of the effective momentum induced by a steam injection in the
PPOOLEX and PANDA tests was done using the EHS/EMS models implemented in
CFD.
7. Design and test matrix for a Separate Effect Facility (SEF) was proposed in order to
measure the effective momentum and analyze the details of direct contact
condensation phenomena.
8. Semi-empirical correlations were proposed to predict the effective momentum in the
oscillatory bubble regime based on the steam injection conditions and Kelvin
Impulse theory using the SEF data.
9. Analysis of safety concerns associated with thermal stratification during a steam
injection through spargers into a full-scale Nordic BWR pool was carried out using
the developed CFD and EHS/EMS models.
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2. FLUID FLOW SOLVERS
The equations of mass, momentum and energy for a compressible fluid are [66]
𝜕𝜌 𝜕(𝜌𝑢𝑖 )
+
=0
𝜕𝑡
𝜕𝑥𝑖

(3)

𝜕(𝜌𝑢𝑖 ) 𝜕(𝜌𝑢𝑖 𝑢𝑗 )
𝜕𝑃 𝜕𝜏𝑖𝑗
+
=−
+
+ 𝜌𝑔𝑖
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖 𝜕𝑥𝑗

(4)

𝜕(𝑢𝑗 𝑃) 𝜕(𝑢𝑖 𝜏𝑖𝑗 )
𝜕(𝜌𝐸) 𝜕(𝜌𝐸𝑢𝑗 )
𝜕
𝜕𝑇
+
=
+
+ 𝜌𝑢𝑗 𝑔𝑗
(𝜆
)−
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗 𝜕𝑥𝑗
𝜕𝑥𝑗
𝜕𝑥𝑗

(5)

where the stress tensor 𝜏𝑖𝑗 for a Newtonian fluid is assumed to be
𝜏𝑖𝑗 = 𝜇 (

𝜕𝑢𝑖 𝜕𝑢𝑗 2 𝜕𝑢𝑘
+
−
𝛿 )
𝜕𝑥𝑗 𝜕𝑥𝑖 3 𝜕𝑥𝑘 𝑖𝑗

(6)

The system of equations is complete. We have 5 transport equations and 5 unknowns
(𝑢𝑖 , 𝑃, 𝑇). The remaining fluid properties are obtained with the equation of state. Direct
Numerical Simulation (DNS) of equations (3)-(5) is currently too computationally expensive
due to the need to resolve the turbulent spectrum down to the Kolmogorov microscales.
Large Eddy Simulation (LES) reduces the computational cost by resolving about 80 % of the
turbulent spectrum and modelling the remaining 20 %. In the Reynolds-Average NavierStokes (RANS), the whole turbulent spectrum is modelled through a new set of equations.
This last approach will be the one used during the thesis.
In incompressible flows, the RANS equations are obtained by time averaging equations
(3)-(5) and separating the flow variables into a mean and fluctuating part, e.g. 𝑢𝑖 = 𝑢̅𝑖 + 𝑢𝑖′ ,
where
𝑢̅𝑖 (𝑥𝑖 , 𝑡) =

1 𝑡+𝑇
∫ 𝑢𝑖 (𝑥𝑖 , 𝑡)𝑑𝑡
𝑇 𝑡

(7)

Compressible flows require a mass-time (Favre) averaging to eliminate the ̅̅̅̅̅̅
𝜌′ 𝑢𝑖′ tensors
which would appear when using a time averaging alone. The flow variables are similarly
separated in mean and fluctuating parts, e.g. 𝑢𝑖 = 𝑢̃𝑖 + 𝑢𝑖′′ , where
𝑢̃𝑖 (𝑥𝑖 , 𝑡) =

1 𝑡+𝑇
∫ 𝜌(𝑥𝑖 , 𝑡)𝑢𝑖 (𝑥𝑖 , 𝑡)𝑑𝑡
𝜌̅ 𝑇 𝑡

(8)

Equation (8) can be regarded as a general form of (7) since it simplifies to the latter in
constant density flows.
We simplify the notation to 𝑢̃𝑖 ≡ 𝑈𝑖 . In the momentum equation, the Favre averaging
𝑅
generates a tensor 𝜏𝑖𝑗
with 6 additional unknowns containing the effect of the turbulent
fluctuations. So far, no universal turbulence model has been found; only a more suitable
model for a specific application. Within the available options, we will focus on two-equation
𝑅
models based on the Boussinesq eddy-viscosity assumption, where 𝜏𝑖𝑗
is modelled as
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𝑅
𝜏𝑖𝑗
= −𝜌𝑢𝑖′′ 𝑢𝑗′′ = 𝜇𝑇 (

𝜕𝑈𝑖 𝜕𝑈𝑗 2 𝜕𝑈𝑘
2
+
−
𝛿𝑖𝑗 ) − 𝜌̅ 𝑘𝛿𝑖𝑗
𝜕𝑥𝑗 𝜕𝑥𝑖 3 𝜕𝑥𝑘
3

(9)

where the turbulent viscosity 𝜇𝑇 is a flow variable which represents the diffusion induced by
turbulence, similar to the one caused by molecular viscosity 𝜇 in equation (6). The turbulent
kinetic energy 𝑘 is defined as
𝑘=

1
𝜌𝑢′′ 𝑢′′
2𝜌̅ 𝑖 𝑖

(10)

Two-equation models solve transport equations for 𝑘 and its dissipation 𝜀 or 𝜔, giving
the names of 𝑘-𝜀 and 𝑘-𝜔 models. The turbulent viscosity 𝜇𝑇 is obtained as a function of
these parameters. The assumptions behind these models are severe. For example, the
assumption of isotropic turbulence in equation (9); no effect of system rotation; no
transition to laminar; turbulence dissipation at small scales is modelled in analogy to the
production at large scales; and the closure coefficients of the 𝑘 - 𝜀 and 𝑘 - 𝜔 models are
calibrated with simple configurations such as homogeneous shear flow. Despite these
assumptions, two-equation models are the current work horse of most industrial
applications due to their computational efficiency, robust implementation and well-known
deficiencies.
To solve the previous transport equations, the finite volume approach used by most
Computational Fluid Dynamics (CFD) codes can be summarized as follows [67]:
(I) Domain discretization. Usually done with tetra or hexa cells. For a given grid size,
tetras require about 5 times more cells than hexas to fill the same volume. Tetras cannot be
aligned with the flow, leading to larger numerical diffusion than when aligning hexas.
(II) Approximation of integrals and derivatives. Based on the selected discretization,
the surface integral of a variable 𝜑 can be approximated by its face center values 𝜑𝑘𝑓𝑐 and
the volume integral by its cell center 𝜑𝑐𝑐 (both second order accurate). Higher order
schemes, such as Simpson’s rule, requires data on face node values.
𝑁

∫ 𝜑𝑑𝑆
𝑆

∑ (𝜑𝑘𝑓𝑐 𝑆𝑘 ) ;
𝑘=1

∫ 𝜑𝑑𝑉

𝜑𝑐𝑐 𝑉

(11)

𝑉

Gradients of 𝜑 can be computed using the Gauss Theorem as the vector sum of the face
node values 𝜑𝑘𝑓𝑛 or by assuming a linear dependency with the between adjacent cell centers.
𝑁

∇𝜑

1
∑ (𝜑𝑘𝑓𝑛 ̅̅̅
𝑆𝑘 ) ;
𝑉
𝑘=1

∇𝜑𝑥

𝜑𝑐𝑐1 − 𝜑𝑐𝑐2
|𝑥1 − 𝑥2 |

(12)

Face values required in equations (11) and (12) are estimated with interpolation schemes,
using the point locations at which they are solved. First order schemes are robust but very
diffusive, whereas higher order schemes allow a better resolution at a higher computational
cost. Un-bonded schemes, which can produce values outside the range of the neighboring
points, are typically used with limiters. Slope limiters are also used to remove spurious
oscillations of the gradient schemes.
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(III) Solution of the discretized equations. The equations are first linearized around a
guess value which is updated every iteration. The linear system of equations is solved
iteratively, usually with a Multi Grid (MG) approach. The number of iterations required by
ILU or Gauss-Seidel (GS) methods scales by (𝑁 2 ), where 𝑁 is the number of nodes. They
remove the high frequency errors efficiently but stall in removing the low frequency
components. The idea of MG solvers it to quickly remove high frequency errors with a
symmetric GS method and interpolate the remaining smooth errors to a coarser mesh,
where they become of higher frequency and can thus be easily removed by the same GS
method. The number of iterations of the MG solver is independent of the number of nodes,
and the computational cost is thus proportional to its number.
Coupled solvers solve the momentum and continuity equations simultaneously. They
offer great stability but are very memory intensive for large meshes. Segregated solvers solve
the momentum equation with an initial guess for the pressure and then correct the velocity
fields by solving the Poisson equation for the pressure. For both solvers, turbulent and
energy equations are solved at the end, velocity fields are updated, and outer iterations are
performed until convergence is achieved.

2.1. ANSYS Fluent
ANSYS Fluent is a general purpose CFD code for single and multi-phase flows [68]. These
can be modelled with RANS, LES, or blenders such as Detached Eddy Simulation (DES).
Within the RANS models, it provides one-equation, two-equation and Reynolds-Stress
turbulence models.
It uses an unstructured mesh solver and allows combinations of tetra, prism, hexa and
polyhedral cells. Interpolation schemes range from 1st order upwind to 3rd order MUSCL. It
offers coupled and segregated solvers. The latter are divided into SIMPLE, SIMPLEC and
PISO, which contain different levels of approximation for the solution of the pressure
equation. It uses the MG method with a GS smoother as default selection for segregated
solvers. User Defined Functions (UDF), written in C, can be added by the user to control
boundary conditions, add source terms in the transport equations, etc.

2.2. GOTHIC
GOTHIC is a general purpose thermal-hydraulic software package for design, licensing,
safety and operating analysis of nuclear power plant containments [61]. It provides lumped
and 3D modelling capabilities; and built-in components such as pumps, heat exchanges,
valves, etc.
Cartesian meshing is the only available option. Volumes with 1D or higher resolution are
treated with a CFD-RANS approach. Available turbulence models are the Mixing Length, 𝑘𝜀, and Reynolds-Stresses. Momentum equations are solved independently for three phases:
drops, liquid and vapor. Boundary layers and interfaces are modelled with built-in
correlations for mass, momentum and heat transfer.
Time dependency is treated semi-implicitly and space interpolation is done with 1st or
nd
2 order bounded upwind schemes. The Bi-Conjugate Gradient method is the default option
for the iterations. Dynamically Linked Libraries (DLL), written in C, can be defined by the
user to control boundary conditions, add source terms in the transport equations, etc.
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3. BLOWDOWN PIPES
The blowdown pipes found in Nordic BWRs inject steam vertically downwards through a
single hole of 600 mm diameter. The submergence and number varies with the design. Due
to the large injection hole area, LOCA transients can lead to low steam mass flux regimes
such as chugging [28] and complete condensation inside the pipe. This section covers
Paper I, where EHS/EMS and GOTHIC models are developed and validated for such
regimes.
The pool behaviour during a steam injection through blowdown pipes was studied in a
series of experiments performed in the PPOOLEX facility [69]-[74]. Analysis done by Li et
al. [64] [65] showed that the regime of complete condensation inside the pipe produces a
negligible momentum which allows the development of thermal stratification; whereas
certain chugging regimes were able to mix the pool.
The EMS model for chugging was developed based on synthetic jet theory [64]. A
synthetic jet can be generated with an oscillatory membrane which induces a zero-net flow
through an orifice. The train of vortices generated during the blowing phase can have
enough thrust to propagate downstream and not be destroyed during the suction phase.
Work done in [75] [76] showed that that synthetic and continuous jets with equal Reynolds
number produce the same far-field momentum flux when the velocity scale of the synthetic
jet is given by
𝑈𝑒𝑓𝑓 = √2𝑓𝐴

(13)

where 𝑓 and 𝐴 are the frequency and amplitude of the membrane oscillations, respectively.
In chugging, 𝑓 and 𝐴 become those of the liquid level oscillations inside the pipe. Based on
this velocity scale, the effective momentum induced by chugging is [64]
𝑀𝑒𝑓𝑓 = 𝜌𝐿 (

𝜋𝑑2
2
) (√2𝑓𝐴)
4

(14)

where 𝑑 is the blowdown pipe diameter.
The frequency and amplitude were estimated in [64] using the PPOOLEX MIX data and
assuming that the chugging oscillations behave as a harmonic of the type 𝑧 =
(𝐴/2)sin(2𝜋𝑓𝑡). Simulations done in [65] [77] using equation (14) and the estimated 𝑓 and
𝐴 showed a good prediction of the pool behavior during the chugging regimes of the MIX
experiments.

3.1. Scaling of the frequency and amplitude of chugging
Villanueva et al. [78] showed that the frequency and amplitude of the chugging oscillations
obtained in the MIX experiments were well correlated with the Froude number
𝐹𝑟 =

𝐺/𝜌𝑠
√𝑔𝑙𝑠

where 𝐺 is the steam mass flux, 𝜌𝑠 the steam density and 𝑙𝑠 the submergence depth.

(15)
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Non-dimensional forms of the amplitude and frequency were also proposed in [78] as
𝐴̃ =

𝐴
𝑉/𝑛
(
);
𝑙𝑠 𝑙𝑝 𝜋𝑑2 /4

𝑓̃ =

𝑓𝑙𝑠
𝐺/𝜌𝑠

(16)

where 𝑉 is the drywell volume and 𝑙𝑝 the pipe length. Scaling of the MIX amplitude data
using equation (16) showed good agreement with Aya and Nariai measurements [79].
However, deviations between the MIX experiments were observed in the frequency scaling.
In this work, the scaling from equation (16) was modified based on the following
assumptions. The pressure drop in the drywell after a bubble collapse decreases with larger
drywell volumes 𝑉, due to their lower sensitivity to volume changes caused by the collapse.
On the other hand, the drywell pressure increases with the injection area 𝑑 2 , which leads to
larger collapsing bubbles; and with submergence depths 𝑙𝑠 , which induces larger hydrostatic forces. These considerations lead to a non-dimensional scaling factor 𝑉/(𝑙𝑠 𝑑2 ) .
Assuming that chugging is independent of the gas space geometry, the pipe length 𝑙𝑝 does
not appear as an necessary scaling variable. Thus, the scaling of 𝐴̃ in equation (16) was
modified by using 𝑙𝑠 instead of 𝑙𝑝 (Table 1).
Table 1: Scaling factors and correlations for the liquid level oscillations inside the blowdown
pipe during the chugging regime
Coefficients for the Gaussian correlation

Non-dimensional
scaling factors

𝐴̃ =

𝐴
𝑉/𝑛
(
)
𝑙𝑠 𝑙𝑠 𝜋𝑑2 /4

𝑓̃ = 𝑓/√𝑔

𝑉/𝑛
𝑙𝑠2 𝜋𝑑2 /4

𝑉/𝑛
̃
𝑈
𝑒𝑓𝑓 = 𝑈𝑒𝑓𝑓 √ 2
𝑔𝑙𝑠 𝜋𝑑2 /4

(

(

𝑎

𝑏

𝑐

22.3
(
)
0.16 + 𝑒 −∆𝑇/𝑇𝑝

0.9

1.0

(17)

0.0019
0.07 + 𝑒 −(∆𝑇/𝑇𝑝 )

1.7

)

0.17
1.5

0.034 + 𝑒 −(∆𝑇/𝑇𝑝 )

(

) (

0.21
1.4

)

1.0

(18)

1.5

)

0.7

(19)

0.19 + 𝑒 −(∆𝑇/𝑇𝑝 )
0.15
0.15 + 𝑒 −(∆𝑇/𝑇𝑝 )

A new scaling factor for the frequency 𝑓̃ was obtained through an analogy between
chugging and manometer-type oscillations [52]. That is, considering a submerged pipe with
the steam-water interface at its outlet, the vertical momentum balance over a slug of fluid
displaced a distance 𝐴 up into the pipe can be written as
𝜕2𝑧
𝐴 = −𝑔𝑧
𝜕𝑡 2

(20)

This results in a harmonic oscillation of the type 𝑧 = (𝐴/2)sin(2𝜋𝑓𝑡) and a relation of
𝑓 ∝ √𝑔/𝐴, similar to what was derived by Aya and Nariai in [21]. The scaling factor for the
frequency can be derived using the same relation, 𝑓̃ ∝ √𝑔/𝐴̃, and the effective velocity as
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̃̃
̃
𝑈
𝑒𝑓𝑓 ∝ 𝑓 𝐴 , based on equation (13). The resulting scaling factors were then fitted to a
Gaussian distribution given by
(ln(𝐹𝑟)−𝑏) 2
)
𝑐

−(
𝜙̃ = 𝑎𝑒

(21)

where the 𝑎 , 𝑏 , and 𝑐 coefficients were correlated as a function of the pool and steam
temperature as shown in equations (17)-(19) (Table 1).

Figure 5: Scaling of the non-dimensional amplitude 𝐴̃, frequency 𝑓̃, and effective velocity
̃
𝑈
𝑒𝑓𝑓 of the chugging oscillations. Symbols (○) corresponds to the MIX 01-12 experiments,
(⋆) to Aya and Nariai data, Fig. 8 in [79], and (—) to the Gaussian correlations. The color
band represents the subcooling (∆𝑇 = 𝑇𝑠 − 𝑇𝑝 ). Geometry data of the MIX experiments: 𝑉 =
13.3 m3, 𝑙𝑠 = 1.05 m, 𝑑 = 214 mm (MIX 01-06) , and 𝑑 = 109 mm (MIX 07-12).
We can see in Figure 5 that the proposed scaling and correlations enable a good
agreement between the MIX experiments and the data from Aya and Nariai [79]. The
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decrease in the oscillations due to lower subcoolings is also well captured. Nevertheless,
since the effect of 𝑉 and 𝑙𝑠 was not systematically studied in MIX, the validity of the
proposed scaling should be further addressed as experimental data at different scales
becomes available.

(a)
(b)
Figure 6: PPOOLEX MIX experiments (a) condensation regimes and color band with the
amplitude of the chugging oscillations compared to Lahey and Moody regime map [6] and
(b) details of the TC measurements inside the blowdown pipe, where the zero elevation
corresponds to the pipe outlet.
In the MIX experiments, transition between complete condensation inside the pipe and
chugging was observed at steam mass fluxes of about 3.5 kg/(m2s) (Figure 6). Temperature
effects on the transition were only observed at point C in Figure 6. Chan and Lee [23]
proposed a transition at ~2 kg/(m2s). However, they recognized that the flow rates at this
boundary were “so low that it was impossible to determine the steam mass flux”.
The different observations in the location of the transition boundary could be due to
parameters not considered in 2D regime maps based on 𝐺 and 𝑇𝑝 . Analysis of the STB [37]
[38] and STR [39] experiments suggests that the drywell volume 𝑉 can also affect the
transition (Figure 7). The larger pipe submergence used in STB should have led to more
steam condensation inside the pipe than in STR, requiring larger steam mass fluxes to reach
chugging. Still, the STB showed an earlier onset of chugging, which could be attributed to
its smaller drywell volume. The larger surface area available for steam condensation on the
drywell walls of the STR could also be an explanation for this difference. Another possibility
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is that the larger amplitude induced by the small drywell volumes of the STB may have
enabled an earlier identification of chugging than in the STR (note the >1900 mm
amplitudes at point B in Figure 7). Further experimental data is needed to clarify this.

(a)
(b)
Figure 7: POOLEX STB and PPOOLEX STR experiments. (a) Estimated regimes of (+)
condensation inside the pipe and (●) chugging and (b) details of the TC measurements
inside the blowdown pipe, where the zero elevation corresponds to the pipe outlet. Note that
the estimated regimes are affected by having the first TC 100 mm above the pipe outlet.

3.2. GOTHIC containment model
Previous simulations of the MIX experiments done in [65] [77] only modelled the wetwell
volume (pool + gas space), to enable an efficient calibration of the effective momentum
sources. However, feedback between pool temperature and drywell pressure is an important
safety parameter which should be included in the models.
The EHS/EMS containment model developed in this thesis enables capturing the
feedback between wetwell and drywell during a LOCA type transient. As we can see in Figure
8, the blowdown pipe outlet is connected to a pressure boundary condition ‘2P’, rather than
directly to the wetwell pool. The pressure at this boundary is set to the hydro-static pressure
at the injection hole level, preserving the pressure difference between drywell and wetwell.
A direct injection into the pool would result in an erroneous momentum since GOTHIC
does not have built-in models for chugging or other direct contact condensation regimes.
With the proposed arrangement, the effective momentum can be predicted based on the
flow injected into ‘2P’, and applied in the pool through a pump component ‘1P’, equivalent
to a source term in the momentum equation. Non-uniform condensation inside the
blowdown pipe is modelled with a thermal conductor connected to the wetwell pool. The
heat from the un-condensed steam at the blowdown pipe outlet is added with a heater.
Liquid and gas injected into ‘2P’ are injected into the wetwell through boundary conditions
‘3F’ and ‘4F-5F’, respectively.
The gas boundary condition ‘5F’ injecting into the wetwell gas space was used to prevent
artificial pool mixing caused by injection of small gas volume fractions. This effect is due to
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a numerical stabilizer used in GOTHIC which artificially increases the interfacial gas-liquid
shear when the gas volume fraction goes below 0.01 (see Section 8.3.8. of [61]). To avoid
this issue, the gas injection was switched from ‘4F’ to ‘5F’ when the gas volume fraction in
the cell below the blowdown pipe was estimated to be lower than 0.01.

(a)
(b)
Figure 8: EHS/EMS containment model implemented in GOTHIC. (a) Over-view of the
control volumes and boundary conditions and (b) location of the source terms at the
blowdown pipe outlet.
Previous work done in [63] showed that modelling of DCC in GOTHIC leads to numerical
oscillations of the flow which can induce artificial mixing of the pool. This effect was
minimized in the model from Figure 8 by time-averaging the numerically oscillating flow
injected into ‘2P’ before it is used for the EHS/EMS correlations and boundary conditions.
A time-averaging model was developed by combining Low Pass (LP) and High Pass (HP)
filters to a so called modified double exponential smoother
LP(𝑥 𝑖 )
𝑦1𝑖 = 𝛼𝑥 𝑖 + (1 − 𝛼)𝑦1𝑖−1
𝑖
𝑦2𝑖 = (1 − 𝛼)(𝑥 𝑖 − 𝑦1𝑖−1 )
𝑦 𝑖 = 𝑦1𝑖 + 𝑦3𝑖 ; {HP(𝑥 )
LP (HP(𝑥 𝑖 )) 𝑦3𝑖 = 𝛼𝑦2𝑖 + (1 − 𝛼)𝑦3𝑖−1

(22)

where 𝑥 𝑖 is the original data, 𝑦 𝑖 the filtered data and 𝛼 a constant dependent on the time
step and cut-off frequency. Such combination enables mass conservation over a physical
step increase on the flow rate, compared to the mass loss which would be obtained using a
LP filter alone. We can see in Figure 9 that equation (22) is efficient at removing the high
frequency components of the numerical oscillations produced by GOTHIC.
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Figure 9: Numerical oscillations of the flow at the blowdown pipe outlet when injecting
steam directly into a pool using GOTHIC. The figures were obtained using the same case,
but with a small variation in the time step. Post-processing of the oscillations using the timeaveraging model from equation (22) and a cutoff frequency of 0.003 Hz shows the same
stable value.

3.3. Validation against the MIX-04 and MIX-06 experiments
The MIX-04 and MIX-06 experiments were performed with 214 mm diameter blowdown
pipes submerged 1.7 m into a water pool of 2.13 m depth [41]. Similar to a LOCA, steam was
released into the drywell and passively injected into the pool through the blowdown pipes.
The experiments consisted on an initial clearing phase, where a high steam injection pushed
all the non-condensable gases into the wetwell gas space; a stratification phase at lower
steam flow rates; and a mixing phase where the steam flow was increased to induce
chugging.
During the stratifications phase the pool surface temperature measured in PPOOLEX
was well predicted with the EHS/EMS containment model, Figure 10. This is due to the
time-averaging model, which prevented the numerical oscillations at the blowdown pipe
outlet from entering into the pool; and to the gas flow boundary condition in the wetwell gas
space, which prevented small gas volume fractions to enter into the pool and induce artificial
mixing. GOTHIC simulations run without EHS/EMS models (using a direct connection
between the drywell and wetwell) showed artificial mixing during the stratification phase
and were not able to capture the mixing pattern induced by chugging (Figure 11b).
In the mixing phase, the EMS model predicted a transition to chugging and estimated
the effective momentum based on equation (19). The mixing time was 350 s, similar to the
400 s obtained in the PPOOLEX experiment (Figure 10).
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(a)
(b)
Figure 10: Pool temperature evolution along a vertical line obtained in the (a) PPOOLEX
MIX-04 experiment and in the (b) GOTHIC simulation using the EHS/EMS models.
The artificial mixing effect of low gas volume fractions can be observed in Figure 11a,
which was run with the same EHS/EMS model as in Figure 10b, but injecting all the gas into
the wetwell pool (i.e. boundary ‘5F’ in Figure 8 was not used). We can see that flow rates as
low as 0.2 g/s were able to induce a delay in the development of stratification, causing an
under-estimation of the pool surface temperature.

(a)
(b)
Figure 11: Pool temperature evolution along a vertical line obtained in the GOTHIC
simulations of the PPOOLEX MIX-04 experiment. (a) EHS/EMS containment model,
injecting all the time-averaged gas flow into the wetwell pool and (b) direct steam injection
simulation, no EHS/EMS models.
The EHS/EMS models were also able to reproduce well the pool temperature during the
stratification phase of the MIX-06 experiment. The re-stratification phase was also
captured, but the time for re-stratification was predicted about 400 s earlier than in the
experiment, causing a deviation with the pool surface temperature obtained in the
experiment (Figure 12). GOTHIC simulations run without EHS/EMS model (i.e. direct
steam injection) showed a complete mixing of the pool throughout the re-stratification
phase.
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(a)
(b)
Figure 12: Pool temperature evolution along a vertical line obtained in the (a) PPOOLEX
MIX-06 experiment and (b) GOTHIC simulation using the EHS/EMS models.
The pressures in the gas spaces were also well predicted with the EHS/EMS models
(Figure 13). The low pool surface temperatures of the MIX-04 experiment led to almost no
difference between the simulations with and without EHS/EMS models. On the other hand,
the larger surface temperatures at the end of the MIX-06 led to a more pronounced
deviation. This behavior can be explained by the steam pressure relation of 𝑃 ∝ 𝑒 (𝑎/(𝑇+𝑏)) ,
which shows that pressure increases exponentially with the liquid temperature.

(a)
(b)
Figure 13: Pressures in the drywell and wetwell gas space obtained in the PPOOLEX (a)
MIX-04 and (b) MIX-06 compared to the GOTHIC simulations.
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4. SPARGERS
In a Nordic BWR, prototypic spargers are built with an upper ring of downward facing holes,
known as the Load Reduction Ring (LRR); and a lower section with several rings injecting
radially outwards, known as the sparger head. They discharge steam into the PSP directly
from the primary coolant circuit.
The goal of this section is to develop and validate EHS/EMS models for spargers. In
order to do this, a large set of experiments with spargers was designed in the PPOOLEX and
PANDA facilities (Section 4.1 - Paper II). Analysis of the experimental data was done to
identify the most important physical phenomena governing the pool behavior (Section 4.2 Paper II). Based on this analysis, CFD simulations were performed to establish modelling
guidelines and estimate the effective momentum sources (Section 4.3 - Paper III). A
Separate Effect Facility (SEF) was designed to provide a direct measurement of the
momentum sources, compare them with the CFD predictions, and develop EMS correlations
(Section 4.4 - Paper IV). Using the developed CFD and EMS models, simulations were
performed to address thermal stratification and mixing in a full-scale PSP (Section 4.5 Paper V).

4.1. Scaling of the PPOOLEX and PANDA experiments
This section covers the first part of Paper II.
The goal of the scaling was to preserve ranges of parameters and regimes that determine
the most important physical phenomena appearing in plant scale. Experiments in reduced
scale facilities cannot be designed to preserve simultaneously all scaling parameters,
preventing a direct extrapolation to plant behavior. Thus, the experimental data was used
for code development which, once validated, can be used to predict plant behavior.
The roadmap to scaling proposed by D'Auria and Galassi [80] was followed in this work.
Pre-test simulations were performed in GOTHIC to ensure that scaled designs enabled
studying thermal stratification and mixing/erosion of the pool (see research reports 10 and
12). Therefore, the steps presented below should be considered as part of on an iterative
process between scaling and pre-test results. The final design parameters are presented in
Table 2.
1. Identify the plant and sparger to be scaled: SBO in a Nordic BWR were 8 Safety
Relief Valves (SRV) are opened to discharge through 32 spargers. The flow rates
during this transient were estimated with GOTHIC, were it was observed that 500 s
after the SRVs activation the steam mass fluxes reach sub-sonic condensation
regimes below 200 kg/(m2s). Thus, the experiments were designed to investigate
these regimes.
2. Macro scale (water pool): Best preserved in a full-length and time-preserving
experiment. The pool depth was selected as the maximum possible value allowed by
the vessel geometries. The total water volume and steam flow rates were determined
to preserve characteristic time-scales of mass, energy and momentum of the steam
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injected into the pool. The sparger was submerged 70 % into the pool to preserve
the ratio between cold layer thickness to pool depth. However, further experiments
might consider preserving the actual distance between the sparger and pool bottom.
3. Meso scale (sparger pipe): To preserve the steam condensation regime inside the
sparger, which determines the heat and flow distribution. This was done by defining
a pipe diameter which, combined with the steam mass flow rates available in
PPOOLEX and PANDA, would preserve prototypic steam mass fluxes inside the
sparger.
4. Micro scale (injection holes): Two-phase flow phenomena should not be scaled [81]
[82]. Thus, the injection hole parameters were maintained as close as possible to
full-scale spargers. That is, 8 and 9.5 mm diameters, approaching to the 10-15 mm
found in plants; similar pitch to diameter ratios; area ratio between sparger pipe
and injection holes; chamfer at the injection holes, etc. Further designs might
consider preserving the number of holes per ring (i.e. angle between each axial
orientation, which affects jet interaction).
The scale difference between PPOOLEX and PANDA allowed counterpart tests to assess
the scalability of different phenomena, which enables addressing possible implications
when applying the codes to full-scale.
Table 2: Dimensions of the PPOOLEX and PANDA sparger experiments obtained with the
scaling compared to prototypic BWR values.

Pool

Sparger

Injection
holes

a
b

BWRa

PPOOLEX

PANDA

Volume

2000-3300 m3

13 m3

45 m3

Depth

6-11 m

3m

4m

Diameter

11-14/22-25 m

2.4 m

4m

Submergence ratio

70 %

70 %

70 %

Pipe inner diameter

150 mm

68 mm

81 mm

Diameter

10-15 mm

8 mm

9.5 mm

Rings × holes per ring

LRR 1×16
Head 9×16

LRR 1×8
Head 4×8

LRR 1×8
Head 4×8

Horizontal/vertical
pitch to diameters

3.6/4.5

3.3/4.5

3.3/4.5

Approximate values based on available data
Values of the BWR correspond to the inner/outer diameters of the annular pool

4.1.1. Instrumentation and experimental procedure
The location of the sparger and instrumentation is presented in Figure 14. The pool behavior
was measured using ~60 K-type TCs of ~0.5 Hz in each facility, arranged in vertical lines
with larger resolution at the pool bottom (where larger thermal gradients due to
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stratification are expected). In PPOOLEX, a TC mesh capable of recording at 20 Hz was
placed in front of the sparger injection holes. Particle Image Velocimetry (PIV) was used in
PANDA in front of the injection holes, and in PPOOLEX at the level of the thermocline. The
steam injection conditions were measured with flow meters and TCs inside the sparger.

(a)
(b)
Figure 14: Over-view of the (a) PPOOLEX and (b) PANDA facilities during the pool
experiments with sparger.

Figure 15: Trajectories of the PPOOLEX and PANDA experiments with sparger and expected
condensation regimes based on Chan and Lee [23] and Song et al. [27] data.
The experiments were designed to study the separate effect of the sparger head alone by
blocking the LRR holes. The mass flow rate was initially low to induce stratification and then
increased to erode the cold layer. Most of the tests were designed to analyze the pool
behavior during the sub-sonic regime of oscillatory bubble (Figure 15). Exploratory tests
were run in the chugging regime (SPA-T2) and in stable cone jet regime (SPA-T1).
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4.2. Analysis of the PPOOLEX and PANDA experiments
This section covers the second part of Paper II.

4.2.1. Pool phenomena
During the low steam injection phases the condensate flow was driven upwards by buoyancy
and a cold layer developed below the sparger (Figure 16a). Larger steam injections led to a
reduction of the cold layer thickness as a result of the following phenomena (Figure 16b).
Pool mixing, where the momentum was sufficient to overcome buoyancy forces and mix the
cold and hot layers; or erosion, where macroscopic mixing was not observed, only a slow
one-at-the-time temperature increase on the TCs at the thermocline. In some erosion
transients, it took about 30 min to erode 300 mm of the cold layer.

(a)
(b)
Figure 16: Temperature contours and velocity vectors during the (a) low and (b) high steam
injection phases of the PANDA HP5-2 experiment. Symbols + denote the location of the TCs
and FOV the Field Of View used in PIV.
The hot and cold layers were separated by thermocline of about 50 mm during the
stratification and erosion phases. PIV images showed eddies above the thermocline and
non-zero velocities below, probably induced by tangential shear stress and oscillations of
the interface (Figure 17a). The TC measurements at the thermocline presented low
frequency temperature oscillations (detail of Figure 17b). Due to their low frequency, they
were attributed to large-scale fluid motions rather than turbulence. This was confirmed
through a fast Fourier transform analysis, which suggest that they correspond to the first
natural oscillation mode of the thermocline within the hot-cold layer system.
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(a)
(b)
Figure 17: (a) Averaged velocity fields at the thermocline during the low steam injection
phase of the PPOOLEX SPA-T8R experiment. TC measurements were not located within the
PIV plane, but are displayed together for better visualization. (b) Temperature evolution
along a vertical line of TCs during the PPOOLEX SPA-T4 experiment.
Work done by Fernando et al. [46] [47] shows that the different erosion regimes of a
stratified layer can be predicted by the bulk Richardson number 𝑅𝑖 , which for shear
dominated erosion becomes
𝑅𝑖𝑠 =

∆𝑏 𝐷
𝑈2

(23)

where ∆𝑏 = 𝑔(𝜌𝑐 − 𝜌ℎ )/𝜌𝑐 is the buoyancy jump across the thermocline, 𝐷 the distance
between the shear source and the thermocline, and 𝑈 a velocity scale above the thermocline.
Shear-free erosion regimes (e.g. induced by oscillating grids) define the Richardson number
as a function of the turbulent scales.
According to [46] [47], at low 𝑅𝑖 eddies can penetrate through the thermocline; at
intermediate splash on its surface; and at large values they can only induce waves of a scale
similar to the eddy size which would include intermittent mixing when breaking and
colliding with each other. It has also been shown that the erosion velocity 𝑈𝐸 (vertical
velocity at which the cold layer is displaced) can be predicted based on the 𝑅𝑖 number using
the so called “entrainment law” [45]
𝑈𝐸
= 𝐶 ∙ 𝑅𝑖𝑠−𝑛
𝑈

(24)

where 𝐶 and 𝑛 are coefficients to be determined experimentally.
The erosion regimes of the PPOOLEX and PANDA experiments should be a combination
of shear and shear-free turbulence, as a result of the mean flow and turbulence induced by
the sparger injection. However, since the turbulent scales were not measured in the
experiments, we assumed pure shear erosion and computed the 𝑅𝑖𝑠 and 𝑈𝐸 from equations
(23) and (24) based on the TC data. The velocity scale 𝑈 was computed assuming that the
radial injection of the sparger behaves like a shear source, distributing the momentum along
the cross section of the pool as
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𝜌𝑠 𝐴𝑖
𝑈 = 𝑈𝑠 √
𝜌𝐿 𝐴𝑝

(25)

where 𝐴𝑖 is the injection hole area and 𝐴𝑝 the pool cross section area.
The erosion velocities obtained in PPOOLEX and PANDA suggest a good agreement with
the entrainment law (Figure 18). This agreement also suggests that the slow erosion regimes
are due to the intermittent wave breaking induced by the eddy impingement on the
thermocline. Thus, the low frequency oscillations observed in the detail of Figure 17b are
expected to have little effect on the erosion.
Important deviations with the entrainment law were observed in the PPOOLEX SPA-T3
and T4 experiments (Figure 18). According to equations (23) and (24), the erosion velocity
should decrease as the distance 𝐷 between sparger and thermocline increases. This
behaviour was observed in PANDA, but not in the cited PPOOLEX tests. The reasons for this
could be changes in the condensation regime which led to changes in the velocity scale 𝑈 not
captured in equation (25).

Figure 18: Richardson scaling of the erosion velocity of the cold layer during the PPOOLEX
and PANDA experiments with spargers. The effect of subcooling in the erosion velocity can
be observed in Point I (∆𝑇 = 80 oC) and Point II (∆𝑇 = 20 oC), all other injection parameters
were the same in these two points.
A recent experiment with sparger not included in the attached publications was done in
the PPOOLEX facility to further investigate the Richardson scaling (Figure 19). The sparger
was moved to the center of the pool and the distance between the sparger and pool bottom
was increased to 1.8 m, compared to the 1.2 m used in the previous experiments.
Maintaining a constant steam flow rate, the erosion velocity was reduced at about 75 oC,
leading to a re-stratification at the level of ~676 mm. This behavior could not be observed
in the SPA-T4 experiment since the maximum pool temperature reached during the erosion
phase was 60 oC.
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The results from the CT2 experiment are in agreement with the entrainment law: the
erosion velocity decreases as the distance to the sparger 𝐷 increases. Changes in the
condensation regime caused by the pool temperature increase could also be the reason for
the decrease in erosion velocity. However, as it will be shown in Section 4.4.2, oscillatory
regimes produce larger effective momentum at larger pool temperatures. Further
experiments where the pool temperature is maintained constant as the erosion progresses
would be useful for determining the separate effect of each phenomenon.

Figure 19: Pool temperature evolution along a vertical line of TCs during the PPOOLEX SPACT2 experiment with sparger.

4.2.2. Steam condensation phenomena
The steam jets induced by the sparger injection were observed to condense within 50 mm
(Figure 20a), about 6 injection hole diameters, similar to the observations from [11]. Jets
oriented in the same direction were observed to merge after a short distance, a common
effect caused by suction forces of entrainment [83].
The jets were also observed to have a downwards injection angle of about 10 o (Figure
20b). This was attributed to the downward steam velocity inside the sparger, which cannot
be re-directed at the sharp injection holes. A theoretical injection angle 𝛼𝑡ℎ was obtained
assuming even flow distribution through the injection holes. This resulted in an angle of 15 o
for PPOOLEX and PANDA spargers (both have the same are ratios), which was corrected
with an empirical coefficient 𝐶𝛼 = 0.67.
𝐴𝑖
1
𝛼 = 𝐶𝛼 tan−1 (
(1 + ))
2𝐴𝑠𝑝
𝑁𝑟

(26)

In equation (26) 𝑁𝑟 is the number of rings of holes, 𝐴𝑠𝑝 the sparger cross section area,
and 𝐴𝑖 the injection hole area. Further calibration of 𝐶𝛼 should be done for other sparger
geometries.
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(a)
(b)
Figure 20: Time-averaged temperatures in front of the injection holes obtained in the TC
mesh from PPOOLEX. (a) Effect of pool bulk temperature and (b) temperature contours
during the high steam injection phase of the SPA-T3 experiment, where ⨁ denote the
elevation of the sparger injection holes and + the TC mesh.
PIV data obtained in the PANDA facility was used to correlate the velocity profiles in the
vertical direction to the standard jet equation
𝑈(𝑥, 𝑟) = 𝑈0 (𝑥) exp (−𝐾

𝑟2
)
𝑥2

(27)

where the expansion coefficient 𝐾 was estimated to be about 40 (Figure 21ab). Single-phase
round jets have 𝐾 77 and plane jets 𝐾 50. Work done by Choo et al. [13] showed that
two-phase sonic round jets lay in the 𝐾 72-86 range. The differences with the estimate of
𝐾 = 40 could be due to the multi-hole injection, which should be in between round and
plane jets; and to oscillatory bubble regime, which could lead to a larger spread that the
sonic jet regimes.
The velocity profile in the azimuthal direction was not measured in PIV. However, it was
estimated using equation (27) and assuming axis-symmetry of the jets. The spargers with 8
holes per ring used in the experiments show potential non-uniformities, whereas plant
spargers with larger amount of holes led to a more uniform distribution (Figure 22). This is
due to the reduction in angle between the axial direction of each jet. A parameter which
might be considered to preserve in the scaling for other sparger designs.
The turbulent intensities induced by the steam injection were calculated from the PIV
data. Values between 50 to 90 % were observed (Figure 21cd), much larger than the 30 %
intensities measured by Van Wissen et al. [14] for single-hole sonic steam jets. The ~25 %
intensity measured at z = 1800 mm could be an indicator for the over-estimation from the
PIV data. Further measurements using other techniques might be needed to confirm these
results. The turbulent viscosity was also estimated. However, the large errors propagated to
this quantity prevented us from deriving adequate conclusions.
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(a)

(b)

(c)
(d)
Figure 21: PIV data in front of the sparger injection holes during the low steam injection
phase of the PANDA HP5-2 experiment, time-averaged over 200 s. (a) Velocity contours,
(b) comparison between the velocity profiles and jet expansion equations, (c) turbulent
kinetic energy contours and (d) square of the turbulent intensity profiles.

Figure 22: Estimated interaction between neighboring jets in the azimuthal direction for a
sparger with 8, 16, and 24 holes, calculated with equation (27) using 𝐾 = 20 and 40. The
results are applicable for any given distance with a non-dimensional velocity scaled to unity.
The PPOOLEX SPA-T2 experiment done in the chugging regime (Figure 15) showed
periodic liquid level oscillations inside the sparger pipe which were able to mix the pool. In
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PANDA, the shakedown tests HP5-0 was performed at similar 𝐺 and 𝑇𝑝 as the SPA-T2.
However, chugging was not observed and the pool presented stratification. This result
indicates that, despite the similarities in pool and condensation phenomena observed in this
section, small differences in the design can also cause significant changes in the steam
condensation and pool behavior. See Paper II for further analysis of the chugging
experiments.

4.3. CFD modelling of the PPOOLEX and PANDA experiments
The goal of the CFD simulations was to establish guidelines for modelling pool stratification
and erosion induced by a sparger and to calibrate the effective momentum induced by the
steam condensation regimes developed in the PPOOLEX and PANDA experiments. This
section covers Paper III.
The analysis of the sparger experiments presented in Section 4.2 suggested that slow
erosion regimes are caused by the action of small-scale turbulent eddies interacting with the
thermocline. LES could be used to resolve such eddies, but at an unaffordable computational
cost. Therefore, the RANS approach was selected, where the effect of the eddies is modelled
through an equivalent turbulent viscosity. The computational tools were ANSYS ICEM for
the mesh and ANSYS Fluent 17.0 for the simulations.
The sparger experiments were mostly performed in the oscillatory bubble regime (Figure
15). The effective momentum induced by this regime is expected to be dependent on
condensation parameters such as frequencies of bubble collapse, bubble radius, etc. These
are all uncertain parameters which were not measured in the sparger experiments. Thus,
the effective momentum was estimated with
𝑀𝑒𝑓𝑓 = 𝐶𝑀𝑡ℎ

(28)

where 𝐶 is a condensation regime coefficient and 𝑀𝑡ℎ a theoretical steam momentum at the
injection holes defined as
𝑀𝑡ℎ = 𝜌𝑠 𝐴𝑖 𝑈𝑠2 + 𝐴𝑖 (𝑃𝑖 − 𝑃∞ )

(29)

where 𝑈𝑠 is the steam velocity at the injection holes, 𝐴𝑖 the injection hole area, and 𝜌𝑠 the
steam density, computed as a function of the pressure at the injection holes 𝑃𝑖 . For sub-sonic
regimes 𝑃𝑖 becomes the hydro-static pressure 𝑃∞ .
The calibration of 𝑀𝑒𝑓𝑓 was done varying the 𝐶 coefficients in equation (28) and
comparing the CFD results to the pool temperature and velocity fields measured in the
experiments.

4.3.1. Modelling of buoyancy effects
The Volume Of Fluid (VOF) model, extensively used for pool transients such as sloshing,
was observed to be inadequate when buoyancy forces are of importance in the liquid. This
is due to the reference density 𝜌0 , added to the momentum equation to improve the
sensitivity between pressure and velocity changes
−∇𝑃 + 𝜌𝑔𝑖 = −∇(𝑃 − 𝜌0 𝑔𝑖 𝑥𝑖 ) + (𝜌 − 𝜌0 )𝑔𝑖

(30)
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The VOF model only allows defining one reference density, which is suggested to be the
one of the lowest density phase (air). Thus, small density differences in the liquid are usually
buried in the hydrostatic pressure, causing an artificial mixing of the pool. Choosing 𝜌0 as
the one from the liquid enables a good prediction of pool stratification, but leads to a
complete de-stabilization of the gas space, which imposes severe restrictions on the timestep. Eulerian-Eulerian models suffer from the same problem: despite solving independent
momentum equations for each phase, they only allow defining one reference density for all.
Due to this, it was decided to run the simulations using a single-phase solver for the pool.
The liquid level rise due to the added mass and expansion of the liquid were modelled with
dynamic layering at the pool surface.
The Boussinesq approximation for buoyancy is valid for the temperature ranges of the
PPOOLEX and PANDA experiments since they fulfill the 𝛽(𝑇 − 𝑇0 ) ≪ 1 condtion. However,
Fluent does not allow defining a variable thermal expansion coefficient 𝛽, which leads to
significant errors when the pool temperature deviates from the one used to obtain 𝛽. For
this reason, the water density was set to be temperature dependent, based on a 4th order
polynomial obtained through fitting of the IAPWS water properties.
In two-equation models, buoyancy effects appear in the derivation of the compressible
𝑘 equation as 𝒢 = 𝑔𝑖 𝜌′ 𝑢𝑖′ [66] [84]. Based on the Standard Gradient Diffusion Hypothesis,
𝒢 can be approximated as
𝒢

𝑔𝑖 (𝛽

𝜇𝑇 𝜕𝑇
)
𝑃𝑟𝑇 𝜕𝑥𝑖

(31)

The dissipation equation 𝜔 is not derived analytically but built in analogy to the 𝑘
equation. Thus, buoyancy 𝒢 and shear production 𝒫 terms are taken from the 𝑘 equation
and added to the 𝜔 equation multiplied by a certain coefficient as shown below
𝐷(𝜌𝑘)
= 𝒫 + 𝒢 − 𝜌𝛽 ∗ 𝑘𝜔 + 𝒯𝑘
𝐷𝑡

(32)

𝐷(𝜌𝜔)
𝜔
= 𝐶𝛼 (𝒫 + 𝐶3𝜀 𝒢) − 𝐶𝛽 𝜌𝜔2 + 𝒯𝜔
𝐷𝑡
𝑘

(33)

The current consensus on the 𝐶3𝜀 coefficient is that it should tend to zero in stable
stratification and to one in unstable [68]. The reason for this is that 𝒢 can be positive or
negative ( 𝒫 is always positive) and should not increase the dissipation of 𝜔 in stable
stratification.
The equation used in Fluent [68] and Star CCM+ [85] to model 𝐶3𝜀 is
𝐶3𝜀 = tanh|𝑈𝑧 /𝑈𝑥𝑦 |

(34)

where 𝑈𝑧 and 𝑈𝑥𝑦 are the velocity vectors parallel and perpendicular to the gravity vector,
respectively. In this thesis, we propose to model 𝐶3𝜀 based on the gradient Richardson
number 𝑅𝑖𝑔
𝜕𝑇
𝜕𝑧
𝑅𝑖𝑔 =
2
𝜕𝑈𝑦 2
𝜕𝑈
( 𝑥) + (
)
𝜕𝑧
𝜕𝑧
𝛽𝑔

(35)
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Transition between stable un unstable stratification has been observed to occur between
0.2 < 𝑅𝑖𝑔 < 1 [86] [87] [88] [89]. Based on this, the 𝐶3𝜀 coefficient can be modelled as
𝐶3𝜀

0
−1.25𝑅𝑖
={
𝑔 + 1.25
1

𝑅𝑖𝑔 > 1 (Stable)
0.2 < 𝑅𝑖𝑔 < 1 (Transition)
𝑅𝑖𝑔 < 0.2 (Unstable)

(36)

One advantage of equation (36) over (34) is that having a 𝑈𝑥𝑦 ≫ 𝑈𝑧 does not imply stable
stratification. Any jet flow perpendicular to the gravity vector fulfills 𝑈𝑥𝑦 ≫ 𝑈𝑧 (e.g. the
injection at the sparger head). However, if the jet is positive buoyant, its upper region is in
unstable stratification, whereas the bottom can be in either stable of unstable conditions.
This behavior can be captured with equation (36) (Figure 23).
The absence of significant temperature and velocity gradients at the cold layer can result
in any 𝐶3𝜀 value between 0 and 1 when using equations (34) or (36). This is a similar
drawback for many turbulence models, not designed for laminar flows which could be
expected at the cold layer. The benefit of equation (36) is that the 𝜕𝑇/𝜕𝑧 ≫ 𝜕𝑈/𝜕𝑧 across
the thermocline provides an efficient “insulation” between the hot and cold layers; whereas
equation (34) can lead to sudden over-shoots of the turbulent viscosity and cause strong
temperature diffusions not observed in the experiments (Figure 24).
From the available two-equation turbulence models, 𝑘-𝜔 models produce less artificial
turbulent viscosity in low 𝑘 regions (expected to develop in the cold layer). Simulations done
with 𝑘-𝜀 models showed that for any of the considered 𝐶3𝜀 models the thermocline was
completely diffused due to over-predictions of turbulent viscosity. Therefore, the 𝑘-𝜔 BSL
model with added buoyancy terms and 𝐶3𝜀 given by equation (36) was selected for the CFD
simulations.

(a)
(b)
Figure 23: Temperature contours and local 𝐶3𝜀 values at 𝑡̃ = 0.48 as obtained from the
simulations from (a) Figure 24a using 𝐶3𝜀 = tanh|𝑈𝑧 /𝑈𝑥𝑦 | and (b) Figure 24b using
𝐶3𝜀 (𝑅𝑖𝑔 ). Note that only points below 𝑧̃ = 0.6 are included.
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(a)

(b)
Figure 24: Pool temperatures along a vertical line and contours of the pool temperature 𝑇̃
and turbulent viscosity ratio 𝜈𝑇 /𝜈 at 𝑡̃ = 0.48 obtained with the 𝑘-𝜔 BSL turbulence model
using (a) 𝐶3𝜀 = tanh|𝑈𝑧 /𝑈𝑥𝑦 | and (b) 𝐶3𝜀 (𝑅𝑖𝑔 ).

4.3.2. Sensitivity to injection conditions
The analysis of the sparger experiments done in Section 4.2 suggests that the condensate
liquid induced by the steam injection has a downwards angle 𝛼 10 , a jet expansion
coefficient of 𝐾 40, and turbulent intensity levels of 50-90 %. In this section, sensitivity
studies are performed within the uncertainty ranges of these parameters to address their
effect on the pool behavior.
Larger injection angles directed a larger fraction of momentum towards the cold layer,
inducing a faster erosion during the high steam injection phases (Figure 25a). In a similar
manner, larger 𝐾 coefficients decreased the jet spread and concentrated the momentum in
a specific direction. This enabled it to overcome buoyancy forces for a longer distance,
leading to a faster erosion of the cold layer (Figure 25b).
The turbulent sources induced two competing behaviors (Figure 25c). On the one hand,
turbulent sources with 𝜈𝑇 /𝜈 values of 6,000 seem to have propagated towards the
thermocline and increased the erosion speed. On the other, 𝜈𝑇 /𝜈 values of 12,000 led to a
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diffusion of the jets around the sparger which reduced the erosion velocity (analogous
behavior as decreasing the jet expansion coefficient 𝐾).

(a)

(b)

(c)
Figure 25: Effect of the (a) injection angle 𝛼 (b) jet expansion coefficient in the azimuthal
direction 𝐾 and (c) turbulent viscosity sources 𝜈𝑇 on the pool behavior. The results show the
temperature profile during the low steam injection phase (𝑡̃ = 0.42) and the temperature
evolution along a vertical line during the high steam injection phase.
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Based on Figure 25, we can conclude that prediction of the pool behavior requires
information not only on the total magnitude of the effective momentum, but also on its
angle, profile and turbulence induced by the condensation. Therefore, the predictions of the
effective momentum magnitude done with CFD will be subject to the uncertainty of these
variables, which could not be measured at each experiment.

4.3.3. CFD calibration of the momentum sources
The mesh used in the PANDA and PPOOLEX simulations was built with hexa cells using the
multi-block approach in ANSYS ICEM. 2D-axisymmetric simulations showed flow
instabilities in the transition between the low and high steam injection phases of the
experiments. This was attributed to the lower degrees of freedom of 2D, which made it
difficult to accommodate a sudden change in the circulation pattern. Flow instabilities were
not observed in 3D slice models. However, these showed important deviations compared to
full 3D in terms of the erosion velocity of the cold layer. Moreover, the inter-connecting pipe
in PANDA (cylindrical protrusion in Figure 26a) and the off-centered location of the
PPOOLEX sparger were observed to induce symmetry breaking effects which required full
3D. Thus, the CFD simulations were run in full 3D models (Figure 26ab).
The mesh resolution was 25 mm in the vertical direction below the sparger, and 128 cells
in the azimuthal direction around it. Further details on the domain and mesh sensitivity
studies can be found in Paper III.

(a)
(b)
(c)
Figure 26: Mesh used in the CFD simulations of the (a) PANDA and (b) PPOOLEX
experiments with sparger and (c) example of the velocity field around the sparger induced
by the momentum sources.
Based on Sections 4.3.1 and 4.3.2, the model parameters for the PANDA and PPOOLEX
simulations are presented in Table 3. The heat and momentum sources were distributed
around the sparer using UDFs with the non-homogeneous profile given by equation (27).
An example of the velocity field around the sparger induced by the momentum sources is
given in Figure 26c.
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Table 3: Mesh and numerical parameters used in the Fluent simulations for the PANDA and
PPOOLEX experiments with sparger
PANDA

PPOOLEX

Full 3D, 540 000 cells

Full 3D, 470 000 cells

Dynamic layering at pool surface
Mesh

Phases

Turbulence model

ICEM quality data: worst/average values (0-1)
Determinant: 0.46/0.91
Skewness: 0.41/0.89
Orthogonality: 0.58/0.96

Determinant: 0.55/0.91
Skewness: 0.50/0.87
Orthogonality: 0.57/0.96

Single-phase liquid
Temperature dependent density
𝑘-𝜔 BSL (Kato-Launder and Production Limiter enabled)
UDF for buoyancy sources with 𝐶3𝜀 (𝑅𝑖𝑔 ), equation (36)
Wall functions y+ independent: max y+ 50-150

EHS/EMS models

Equation (28), 𝐶 coefficient calibrated with experiments
Non-uniform heat and momentum sources (𝐾 = 40)
Downwards inclination of the jets (𝛼 = 10o)
No turbulence sources added

Solver

PISO
1 neighboring and 1 skewness correction, coupled

Pressure solver

Body Force Weighted

Gradient scheme

Least Squares Cell Based

Space interpolation

QUICK (all variables)

Time scheme

Second Order Implicit

Time step

0.02-0.1 s (max Courant 1)

Residuals

10e-6 energy, 10e-5 rest

Relaxation factors

0.7 pressure, 0.3 momentum
High Order Term Relaxation 0.6 for all variables

The 𝐶 coefficients calibrated with the CFD simulations are presented in Figure 27. We
can see an inverse relation to the subcooling ∆𝑇 for all experiments. In the low steam
injection phases, the PPOOLEX and PANDA experiments were well predicted using similar
𝐶 coefficients between 0.25 and 0.45. In the high steam injection phases, PPOOLEX
required larger coefficients than PANDA. For example, despite the PANDA HP5-1 and
PPOOLEX SPA-T3 were run at similar steam mass fluxes 𝐺 and pool temperatures 𝑇𝑝
(Figure 15), the estimated 𝐶 values were different: 𝐶 0.5 for PANDA and 𝐶 1 for
PPOOLEX. The reasons for this deviations are not clear. They could be due to differences in
the condensation regime not captured by 𝐺 and ∆𝑇 alone, or to differences in the injection
angle, momentum profile or turbulent sources, which were assumed to be the same for all
the simulations (Table 3). Other possibilities are discussed in Paper III.
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Figure 27: Condensation regime coefficient 𝐶 estimated in the CFD simulations as a
function of the subcooling ∆𝑇 = 𝑇𝑠𝑎𝑡 -𝑇𝑝 . Symbols correspond to ● PPOOLEX and ▲ PANDA.
Examples of the temperature evolutions obtained in the CFD simulations are presented
in Figure 28a (PANDA) and Figure 28b (PPOOLEX). The sharp temperature gradient across
the thermocline was well captured during the low and high steam injection phases. The
erosion velocity, expected to be caused by eddy interactions with the thermocline, was also
well predicted through the equivalent turbulent viscosity of the RANS approach and the
proposed buoyancy models. Thus, LES does not seem to be required for these type of
simulations.
None of the simulations showed the low frequency oscillations of the thermocline layer
observed in the experiments (Figure 17b). In principle, RANS models should be able to
model these type of oscillations. However, since they are not expected to be critical for the
prediction of the erosion velocity, the issue was not further investigated.
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(a)

(b)
Figure 28: Temperature evolution along a vertical line during the experiments (left) and
Fluent simulations (right) of the (a) PANDA HP5-2 and (b) PPOOLEX SPA-T5 using the
EHS/EMS models with the 𝐶 coefficients from Figure 27.

4.4. EMS for the oscillatory bubble regime
We have seen in Section 4.3 that the effective momentum calibrated with CFD can be subject
to large uncertainties, affected by the injection angle, momentum profile around the sparger
and turbulence levels at the condensation region.
In this section, analytical correlations for the effective momentum are developed based
on experimental data obtained in a small-scale facility. The first correlation is based on a
direct fitting of the momentum as a function of the injection conditions. The second is based
on the bubble parameters using the theory of the Kelvin Impulse, traditionally applied to
cavitation dynamics. This section covers Paper IV.

SPARGERS | 41

4.4.1. SEF facility
The Separate Effect Facility (SEF) presented in Figure 29 was designed to provide a direct
measurement of the effective momentum. The dimensions of the water tank are
1500×300×600 mm. Steam is injected into the pool through the sparger pipe. The
condensate flow is guided into the Poly-Carbonate (PC) pipe to impinge on the disk stack,
designed to convert axial flow into a radially outwards flow. The forces induced by the steam
and condensed liquid are measured with two independent force sensors connecting the
sparger and PC pipe to rigid structures fixed to the ground.
Steam
injection
Rotating axis

Force sensor 2
(for liquid)

Force sensor 1
(for steam)

PC pipe

Sparger pipe

Injection plate

Injection Holes

Disk stack

Disk stack

Figure 29: Separate Effect Facility (SEF). Over-view and details of the injection holes and
disk stack. Line (▬) denotes the cross section plane used to visualize the interior of the tank.
The sparger pipe was insulated to minimize steam condensation. The disk stack at the
end of the PC pipe was designed with CFD simulations done in ANSYS Fluent, which showed
that stacking several disks with reducing inner diameter reduces the amount of backflow out
of the PC pipe, which could induce errors in the force measurements.
Force and pressure transducer measurements were recorded at 7000 Hz. Videos of the
condensation were also recorded, at 2800 fps (except some initial tests at 700 fps).
Temperature and pressure were both measured inside the sparger pipe and in the pool. The
liquid level in the pool was also measured to determine the hydro-static head at the injection
holes.
Post-processing of the video images was done with Matlab to obtain the time-dependent
bubble dimensions and location. The bubble surface was first approximated through 15
user-defined seed points. Automatic detection of the bubble surface was then obtained
based on the maximum color gradients along the approximate bubble contour generated
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with the seed points. The surface was then approximated to an ellipse using a least-squares
method and axis-symmetry was assumed along the injection axis.
Two calibration tests were performed. In the first, a known force was applied at the
injection holes and compared to the force reading. In the second, water was injected through
the sparger into the pool, which should have led to equal readings at the sparger and PC pipe
force sensors. Assuming normal error distributions, the 95 % confidence intervals for the
errors were +0.4 % and -2.2 % for the sparger force, and +8.8 % and -2.5 % for the PC pipe
force.
Table 4: Test matrix used in the SEF experiments. Steam mass flux 𝐺, Reynolds 𝑅𝑒, Weber
𝑊𝑒 and Mach 𝑀 numbers are the averaged values for each experiment. The Jakob 𝐽𝑎
number is presented with the min-max values reflecting temperature change in the pool. All
variables are computed assuming steam properties at hydrostatic pressure 𝑃∞ . Shakedown
tests S1 and S2 are not included.
Exp.
identifier

S10
S6
S11
S7
S5
S12
S13
S3
S4
S14
S15
S18
S19
S16
S17

# injection
holes ×
diameter

1×16 mm

1×12 mm
3×8 mm
pitch = 26 mm

1×16 mm
1×12 mm
2×8 mm
pitch = 36 mm

S8
S9

1×16 mm

Ranges

8-16 mm

𝐺
[kg/(m2s)]

𝐽𝑎 ∙103 [-]

𝑅𝑒/103 [-]

No PC pipe
80
25 - 108
105
129
28 - 113
168
176
25 - 109
229
213
18 - 105
277
320
60 - 124
408
123
32 - 110
120
170
29 - 110
166
123
39 - 125
139
330
32 - 125
365
PC pipe (with disk stack)
70
44 - 126
91
123
22 - 111
160
174
41 - 127
227
323
53 - 136
413
125
42 - 112
122
125

43 - 112

115

PC pipe (with drilled holes)
32 - 108
159
122
39 - 112
405
317
70-330

25-136

91-413

𝑊𝑒/103 [-]

𝑀 [-]

2.60
6.64
12.53
18.38
35.3
4.52
8.71
5.18
34.23

0.45
0.63
0.80
0.90
1.12
0.58
0.77
0.52
1.10

1.89
6.07
11.75
33.48
4.63

0.35
0.58
0.75
1.17
0.61

4.31

0.56

5.94
33.70

0.60
1.17

1.8933.48

0.351.17

The conditions of the test performed in SEF are presented in Table 4. Some experiments
were performed without PC pipe to obtain data on the steam condensation without any
possible disturbance. After this, the PC pipe was added to assess the difference between
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steam and liquid forces. The steam mass flux was maintained constant in each experiment,
and fast data (pressure, video and forces) was recorded during 5-6 intervals of 12.5 s as the
pool temperature increased. Details on the experiments with drilled PC pipe can be found
in Paper IV.

4.4.2. EMS based on the steam injection conditions
Video frames of the oscillatory bubble regime showed a cycling bubble growth, necking and
collapse (Figure 30), similar to the observations from previous works [17] [18] [48]. This
motion is also reflected in the force measurements, where the increase and decrease in the
force suggests that steam periodically decelerates and accelerates at the injection hole
(Figure 31).

Figure 30: Video frames from of the oscillatory bubble regime, S10 experiment, 𝐺 =
75 kg/(m2s).
In the oscillatory bubble regime, the time-averaged forces were observed to increase with
the pool liquid temperature (Figure 31a); whereas sonic regimes showed a much weaker
dependency (Figure 31b). Due to this difference, two independent correlations of the
effective momentum were proposed, one for each regime.
Some of the time-averaged forces at the sparger and PC pipe were observed to lay within
the uncertainty bar of these measurements, suggesting a momentum conservation from the
steam to the liquid. Other points were observed to lay outside. However, this difference was
attributed to a larger fraction of backflow inside the sparger than in the calibration test,
which was performed injecting water instead of steam. Thus, the effective momentum was
taken as the one measured at the sparger pipe.
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(a)

(b)
Figure 31: Forces measured in the (a) SEF-S16 experiment: 1×12 mm, G = 125 kg/(m2s) and
(b) SEF-S19 experiment: 1×16 mm, G = 325 kg/(m2s). Time-dependent forces and mean
values during a 12.5 s frame compared with the theoretical estimate 𝑀𝑡ℎ given by equation
(29).
The effective momentum 𝑀𝑒𝑓𝑓 was correlated to the injection parameters through the
non-dimensional 𝐶 coefficient proposed in equation (28), 𝐶 = 𝑀𝑒𝑓𝑓 /𝑀𝑡ℎ . As we can see in
Figure 31b the theoretical steam momentum at the injection holes 𝑀𝑡ℎ given by equation
(29) captures the order of magnitude of 𝑀𝑒𝑓𝑓 but needs a correction through the 𝐶
coefficient to account the effects induced by the bubble condensation.
The effective momentum correlations were obtained as a function of non-dimensional
numbers relevant to direct contact condensation: Jakob (sensible to latent heat), Reynolds
(inertia to viscous forces) and Weber (inertia to surface tension forces). A preliminary fitting
of the sub-sonic experiments resulted in almost zero exponents for Reynolds and Weber.
Thus, a second fitting was performed using the Jakob number alone, resulting in
𝐶={

0.48 ∙ 𝐽𝑎−1/3
4.28 ∙ ∆𝑇 −0.35 (

(37)

which compared to experimental data showed a Mean Percentage Error (MPE) of 14.7 %
(Figure 32b). Another correlation obtained as a function of the dimensional subcooling ∆𝑇
showed a similar accuracy, which an MPE of 15.9 %. The fittings were done using a non-
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linear least-squares method. The same method is used for other fittings presented in this
section.
The data points contained inside the “A” rectangle in Figure 32 presented some
deviations with the rest. These points were obtained at high Jakob numbers. At these
conditions, sonic jets also showed a sudden decrease in the 𝐶 coefficient, suggesting a
change in the condensation regime caused by the cold liquid temperatures. Further
experiments are required to analyse the effective momentum at these conditions.

(a)
(b)
Figure 32: (a) Condensation regime coefficient 𝐶 measured in SEF as a function of the Jakob
number and (b) comparison between the sub-sonic 𝐶 coefficient measured in SEF and the
ones predicted by the non-dimensional correlation in equation (37).
The effective momentum induced by sonic jets could not be calibrated adequately since
the tests performed in this regime were done at similar steam mass fluxes of 320 kg/(m 2s).
Thus, based on Figure 32a, we can only conclude that for the analyzed range 𝐶 has a quasiconstant value given by
𝐶𝐺=320 𝑘𝑔/(𝑚2 𝑠) = 0.84

(38)

Further experiments at larger steam mass fluxes are needed to assess the variability
of 𝐶 in sonic regimes.
We can see in Figure 33 that the sub-sonic 𝐶 coefficients estimated with the CFD
simulations presented a similar relation with the subcooling ∆𝑇 as the ones measured in
SEF. However, a significant shift can be observed between the SEF measurements and CFD
predictions.
The reason for this shift is attributed to the uncertainty in parameters that define the
complete set of boundary conditions needed to model the sparger injection in CFD: injection
angle, azimuthal momentum profile and source of turbulence (Section 4.3.2). The profile
was the only parameter not measured in any experiment; only estimated based on the
vertical profile measured with PIV, which suggested jet expansion coefficient 𝐾
40.
Preliminary CFD simulations using the 𝐶 coefficients measured in SEF suggest a 𝐾 3 in
order to predict the pool behavior obtained in the PPOOLEX and PANDA experiments. This
implies that the momentum profile around the sparger could be much more homogeneous
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than what originally assumed. However, further PIV data is needed to confirm this and
clarify if there are other parameters which could be affecting the prediction.

Figure 33: Comparison between the sub-sonic 𝐶 coefficients measured in the SEF facility
and the ones estimated in the CFD simulations of the PPOOLEX and PANDA experiments
with sparger (see Figure 27). Function of the subcooling ∆𝑇 = 𝑇𝑠𝑎𝑡 − 𝑇𝑝 .

4.4.3. EMS based on the bubble parameters
The correlation proposed in equation (37) enables an efficient prediction of the EMS for the
oscillatory bubble regime. However, its derivation did not bring insights in the physical
phenomena governing the momentum transfer of oscillatory bubbles. In this section, a EMS
correlation based on the theory of the Kelvin Impulse is developed.
The theory of the Kelvin Impulse states that the momentum induced during the growth
and collapse of a bubble has to be conserved in the liquid [90] [91]. This means that the
bubble collapse cannot be perfectly spherical, since this would lead to a cancelation of all the
momentum vectors. The bubble has to deform and allow liquid to pierce through its surface
to carry the momentum (similar to the cavitation micro-jets).
The Kelvin Impulse induced by 𝑛 number of injection holes with bubbles collapsing at a
𝑓𝑐 frequency is
𝑡𝑏𝑙

𝑀𝑒𝑓𝑓 = 𝑛𝑓𝑐 ∫
0

4
∇𝑃 ( 𝜋𝑅 3 ) 𝑑𝑡
3

(39)

where ∇𝑃 is the pressure gradient across the bubble and 𝑅 its sphere-equivalent radius. The
goal of this section is to derive correlations for all the parameters in equation (39).
The collapsing frequency 𝑓𝑐 was measured with a pressure transducer located 80 mm
below the injection holes. Previous correlations for 𝑓𝑐 proposed by Fukuda [17] and Cho et
al. [18] showed significant deviations when applied to the data obtained by other authors,
including the one measured in SEF (Figure 34). Therefore, a new correlation was proposed,
as a function of the Jakob, Reynolds and Weber numbers and the pitch to diameter factor 𝐼∅
= 𝑃/𝑑 proposed in [18].

SPARGERS | 47

The frequency data from Fukuda was observed to have an orientation which could not
be grouped with the rest through calibration of the correlation. This could be due to physical
phenomena not captured in the correlations or to uncertainty in Fukuda measurements.
Due to this uncertainty, the proposed correlation was obtained excluding Fukuda’s data,
which resulted in
𝑆𝑡 = 𝑘4 (𝐽𝑎)𝑎4 (𝑅𝑒)𝑏4 (𝑊𝑒)𝑐4 (𝐼∅ )𝑑4 (𝑊𝑎) → 𝑓𝑐 ∝

∆𝑇 1.03 𝐺 0.21
𝑑0.74

(40)

where the coefficients are 𝑘4 = 0.033, 𝑎4 = 0.78, 𝑏4 = 1.44, 𝑐4 = -1.04, and 𝑑4 = 0.298. We
can see that, despite still having a noticeable spread, the prediction of 𝑓𝑐 improves compared
to the previous available correlations.

Figure 34: Comparison between the collapsing frequencies obtained from the literature and
measured in SEF with the correlations given by Fukuda [17], Cho et al. [18], and the new
correlation proposed in equation (40). MPE was obtained with all data except Fukuda’s.
Post-processing of the video images enabled obtaining the time-dependent bubble
radius 𝑅 , center location 𝑥 , velocity 𝑈𝑏 and heat transfer coefficient ℎ (Figure 35). The
equation used to compute ℎ was
ℎ=

𝜌𝑠 (𝑄𝑏 ∆𝑡 − ∆𝑉𝑒 )ℎ𝑓𝑔
𝐴𝑒 ∆𝑇∆𝑡

(41)

where 𝑄𝑏 is the volumetric flow rate injected into the bubble. The results presented in Figure
35 were obtained assuming 𝑄𝑏 = 𝑄𝑖 in equation (41) during all the bubble life. However, this
might not be applicable for the time after detachment, since some cases showed that the
bubble clearly separates from the injection hole at the last stages (Figure 30, bubble with ∆𝑇
= 14 oC). Results of ℎ obtained with different assumptions on 𝑄𝑏 can be found in Paper IV.
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Figure 35: Time-dependent bubble radius 𝑅, center location 𝑥, velocity 𝑈𝑏 and heat transfer
coefficient ℎ during the SEF-S11 experiment (1×16 mm, 175 kg/(m2s)). Mean values and
error bars are calculated based on the analysis of 9 independent images. Red markers
correspond to the time when the bubble detaches from the injection hole 𝑡𝑑 .
Analysis of the Rayleigh-Plesset equation done by Yuan et al. [48] showed that the timedependent bubble radius behaves as a damped harmonic oscillator. However, the proposed
damping coefficients were observed to produce a negligible change compared to pure
harmonic oscillations. Thus, in this thesis it was assumed that the bubble radius behaves as
𝑅 = 𝑅 ∗ sin(𝜋𝑓𝑏𝑙 𝑡)

(42)

where 𝑅 ∗ is the maximum bubble radius and 𝑓𝑏𝑙 the bubble-life frequency. Contrary to what
was implicitly assumed by Yuan et al [48], 𝑓𝑏𝑙 is not necessarily the same as the collapsing
frequency 𝑓𝑐 (e.g. if a new bubble begins to grow before the previous one collapses we have
𝑓𝑐 /𝑓𝑏𝑙 > 1). In this work, the bubble life frequency 𝑓𝑏𝑙 was obtained by fitting the timedependent radius to equation (42).
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The bubble variables were fitted as a function of the Jakob, Reynolds and Weber
numbers. Simplified correlations as a function of the dimensional variables of steam mass
flux, subcooling and injection hole diameter were also obtained. These showed very similar
MPE as the non-dimensional correlations (see Paper IV for details). Comparison between
the experiments and the correlations from equations (43)-(45) is presented in Figure 36.
−0.70

−0.17

0.18 ∙ 𝐽𝑎
𝑅𝑒
𝑅∗
={
(
𝑑
0.27
−0.68
3.5 ∙ 𝐺
∆𝑇

𝑊𝑒 0.22
(43)

2.1 ∙ 𝐽𝑎−0.32 𝑅𝑒 −0.19 𝑊𝑒 0.11
𝑓𝑐
={
(
𝑓𝑏𝑙
−0.30
4.27 ∙ ∆𝑇

(44)

The bubble velocity was observed to vary during the transient, reaching largest
accelerations prior to the detachment from the injection holes (Figure 35). The mean
velocity 〈𝑈𝑏 〉 was observed to be mainly dependent on the steam mass flux when presented
in non-dimensional form using 𝑅 ∗ 𝑓𝑐 .
0.10

148 ∙ 𝐽𝑎 𝑅𝑒
〈𝑈𝑏 〉
=
{
(
𝑅 ∗ 𝑓𝑐
0.53
0.16 ∙ 𝐺

−0.84

𝑊𝑒 0.71
(45)

Due to the uncertainty on 𝑄𝑏 in equation (41), the average heat transfer coefficient 〈ℎ〉
was computed for the detachment phase, 𝑡/𝑡𝑑 < 1. To enable an even comparison between
all the experiments, the beginning of the averaging was taken as 𝑡/𝑡𝑑 > 0.36. The Nusselt
number based correlation for 〈ℎ〉 was obtained as
0.41

0.80

−0.11

5.5 ∙ 𝐽𝑎 𝑅𝑒
𝑊𝑒
〈ℎ〉𝑑
={
(
𝜆𝐿
29000 ∙ 𝐺 0.47 ∆𝑇 0.39 𝑑0.26

(46)

The 〈ℎ〉 values estimated by Fukuda [17] and Simpson et al. [16] were obtained assuming
𝑄𝑏 = 𝑄𝑖 in an equation similar to equation (41) for all the bubble transient. This prevents us
from direct comparison with equation (46), obtained only for the growth phase due to the
uncertainty on 𝑄𝑏 after detachment. Moreover, Fukuda used the maximum bubble radius to
compute the bubble surface during the whole bubble cycle, suggesting an under-estimation
of 〈ℎ〉.
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Figure 36: Comparison between the SEF measurements and non-dimensional analytical
correlations proposed for the maximum bubble radius, equation (43); frequency ratio,
equation (44); mean velocity, equation (45); and average detachment heat transfer
coefficient, equation (46). Data obtained by Fukuda [17] and Simpson et al [16] is also added.
The remaining term needed to find a solution for equation (39) is the pressure gradient
∇𝑃. A bubble at rest in a stagnant liquid gives ∇𝑃 = 𝜌𝐿 𝑔̅ [92] [93]. Motion of either phase is
usually handled by splitting the pressure into two terms: one induced by the liquid alone
(e.g. pressure gradient across a hydrofoil), and another due to the bubble motion within the
liquid (e.g. rising bubble). Tinguely [94] neglected the second term in a hydrofoil flow. Since
the sparger injection was observed to induce a jet type behavior (Figure 21b), the pressure
gradient in the liquid can be assumed to be negligible. In such case, ∇𝑃 is expected to be
dependent mainly on the forces caused by the bubble motion.
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The SEF experiments were not designed to provide separate effect data on parameters
such as the drag coefficient, liquid velocity, wall effects, etc. Thus, a force balance would
contain assumptions which cannot be verified independently. Due to this uncertainty, the
pressure gradient was derived directly from equation (39) using the measured effective
momentum. Inserting equation (42) in (39) gives
𝑡𝑏𝑙

𝑀𝑒𝑓𝑓 = 𝑛𝑓𝑐 ∫
0

4
∇𝑃 ( 𝜋(𝑅 ∗ sin(𝜋𝑓𝑏𝑙 𝑡))3 ) 𝑑𝑡
3

(47)

where assuming a constant pressure gradient 〈∇𝑃〉 leads to.
𝑀𝑒𝑓𝑓 =

8 𝑓𝑐
𝑛〈∇𝑃〉𝑅 ∗ 3
9 𝑓𝑏𝑙

(48)

where all the parameters are known, except 〈∇𝑃〉.
The resulting correlation for 〈∇𝑃〉 is presented in equation (49), which is in good
agreement with the SEF experiments (Figure 37a).
〈∇𝑃〉 = 0.028

𝐺 1.20 ∆𝑇 1.93
𝑑1.08

(49)

Combining equations (43), (44), (48), and (49) the condensation regime coefficient
based on Kelvin Impulse theory 𝐶𝐾𝐼 becomes
𝐶𝐾𝐼 = 3.48

𝐺 0.01
𝑑0.08 ∆𝑇 0.41

(50)

which has similar exponents as equation (37), based on direct fitting of the measured 𝐶 data.
Comparison between equation (37) and the measured 𝐶 is presented in Figure 37b. We
cannot claim a prediction, since the 〈∇𝑃〉 used in the equations was calibrated to fit the 𝑀𝑒𝑓𝑓
data. However, Figure 37b supports the individual correlations proposed for 𝑓𝑐 /𝑓𝑏𝑙 , 𝑅 ∗, and
〈∇𝑃〉, since their combined solution leads to an adequate trend of the effective momentum.

(a)
(b)
Figure 37: Comparison between the (a) pressure gradient 〈∇𝑃〉 estimated from the SEF data
to the one predicted by equation (49) and (b) the 𝐶 coefficient measured in SEF to the one
predicted by equation (50).
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4.5. Application to Nordic BWR
In this section, the CFD models developed in Section 4.3 and the EMS correlations from
Section 4.4 are applied to the analysis of a Nordic BWR PSP during a steam injection
through spargers. This section covers Paper V.
First, the models are validated against a Nordic BWR pool test performed with a sparger
from the 311 system. The models are then applied to predict the pool behavior at other
injection conditions through the spargers from the 314 system, assuming different flow rates
and number of spargers.
The PSP simulations presented in this thesis and in Paper V were run using previous
versions of the EMS correlations than those presented in equations (37) and (38). For subsonic regimes, the EMS correlations used for the PSP simulations was
10.58
𝜋𝑑2
𝐶1 =
(𝑛
)
∆𝑇 0.42
4

0.07

𝐺 ≤ 120

−0.13

2.70
𝜋𝑑2
(𝑛
)
𝐶=
∆𝑇 0.51
4
𝐶3 = (0.5 − 𝑠)𝐶1 + (0.5 + 𝑠)𝐶2
𝐺 − 135
𝑠
=
0.5
tanh
(
)
{
5
𝐶2 =

150 ≤ 𝐺 < 300

(51)

120 < 𝐺 < 150

whereas for sonic regimes it was
239 −0.43
𝜋𝑑 2
𝐶=
𝐺
(𝑛
)
∆𝑇 0.03
4

0.34

(52)

The difference between the previous and current correlations is about ± 25% for the
predicted effective momentum. Preliminary simulations of the PSP using the current EMS
correlations show differences in the location of the thermocline, but similar pool behavior
in terms of thermal stratification and mixing.

4.5.1. Spargers from the 311 system
The spargers from the 311 system are used during reactor start-up to clear the main steam
lines from water before opening the isolation valve connecting to the turbine. A test was
performed in a Nordic BWR injecting 3.5 kg/s of steam into the PSP through a 311 sparger.
This resulted in a steam mass fluxes of about 800 kg/(m2s). The pool was completely mixed,
suggesting that stratification might not be a safety issue. Given the steam mass flux of
800 kg/(m2s), the condensation regime coefficient 𝐶 was obtained with the sonic
correlation developed with the SEF data, equation (52). It should be noted that equation
(52) was derived for steam mass fluxes of 320 kg/(m2s). Thus, loss of accuracy can be
expected when applied to larger steam mass fluxes.
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(a)
(b)
Figure 38: (a) Mesh for the PSP used in the simulations with 311 sparger and (b) geometry
of the 314 and 311 spargers and location of the equivalent heat and momentum sources
added to the CFD simulations: (■ ) heat sources due to steam condensation inside the pipe
and (■ ) heat and momentum sources due to steam condensation at the injection holes.
Sizes of the source regions are in millimetres. Note that in the CFD simulations the sparger
is represented with a wall and the sources are placed in the liquid pool (i.e. flow inside the
sparger is not modelled).
A full 3D model of the pool, including the tunnel for access to the lower drywell, was built
for the CFD calculations (Figure 38a). The cell sizes were based on the mesh sensitivity study
done for the PPOOLEX and PANDA simulations (Paper III): 25 mm cells in the vertical
direction below the sparger, to capture the sharp temperature gradients at the thermocline;
and 128 cells in the azimuthal direction around the sparger, to capture the velocity gradients
of the sparger jets. Due to the large dimensions of the PSP, a non-conformal interface was
defined between a fine mesh volume around the sparger and the coarser mesh in the rest of
the pool.
The simulation parameters were the same as in Table 3. That is, compressible singlephase liquid and 𝑘-𝜔 BSL turbulence model with modified buoyancy terms. The effective
heat and momentum boundary conditions were also assumed to be non-homogeneous, with
a jet profile given by an expansion coefficient 𝐾 = 40 and a downwards injection angle 𝛼 =
10o (Figure 38b).
The simulation of the Nordic BWR test was observed to be in good agreement with the
measures mean temperature and mixed conditions (Figure 39a). Since the TC resolution in
the plant was only 4.3 m above the floor, it was unclear whether this region could present
some degree of stratification. Analysis of this region showed similar mixed conditions,
except in the KD section (past the tunnel), where a small thermal stratification development
is observed.
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(a)

(b)
Figure 39: Pool temperature evolution along a vertical line during a steam injection of (a)
3.5 kg/s and (b) 0.3 kg/s through the 311 sparger. Line (—) PSP experiment and (▬) Fluent
simulations.
A simulation of the pool behavior assuming a 0.3 kg/s injection is presented in Figure
39b and Figure 40. This injection rate corresponds to a flux of 70 kg/(m2s). Thus, the
effective momentum was computed based on the sub-sonic correlation for 𝐶 given by
equation (51). The results show that, based on the TC readings (4.3 m above the floor), the
operator could assume that the pool is completely mixed. However, analysis of the region
below shows a cold stratified layer of about 2 m. Despite the injection was at low flow rates
and through a single sparger, no azimuthal stratification was observed. This observation
does not support the assumptions of azimuthal stratification done in [10] for the analysis of
the PSP behaviour of Fukushima Daiichi Unit 3.
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Figure 40: Pool temperature field at t = 14 h obtained in the 0.3 kg/s injection simulation.

4.5.2. Spargers from the 314 system
The 314 spargers are part of the Automatic Depressurization System (ADS), which controls
the pressure in the primary coolant circuit. This system is necessary to allow coolant
injection into the pressure vessel from the low pressure systems. Thus, failure probability is
reduced through redundancy, with a total of 64 spargers arranged in groups of 4 discharging
into the pool. The injection hole area of each 314 sparger is roughly 3 times larger than in
the 311 spargers. Steam is distributed through the LRR and the sparger head as shown in
Figure 38b.
Table 5: Flow distribution between the LRR and sparger head when injecting steam through
different number of the 314 spargers into a 15 oC water pool. Simulation results obtained
with GOTHIC.
# spargers

Steam
condensation
inside pipe

LRR
Steam flow
[kg/s]

Sparger head

Steam flux
[kg/(m2s)]

Steam flow
[kg/s]

Steam flux
[kg/(m2s)]

Total steam flow rate = 3.5 kg/s
64

100 %

0

-

0

0

16

44 %

1.96

38

0

0

4

15.5 %

2.10

165

0.86

19

Total steam flow rate = 9.0 kg/s
64

67 %

3.00

15

0

0

16

23 %

4.88

96

2.01

11

4

3.1 %

2.63

207

6.06

134

The pool behavior was assessed for steam injections of 3.5 and 9.0 kg/s through 64, 16,
and 4 of the 314 spargers. The flow distribution between the LRR and sparger head was
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calculated using GOTHIC, Table 5. Since all the regimes were sub-sonic, the effective
momentum was computed using the correlation for the 𝐶 coefficient given by equation (51).
It should be noted that equation (51) was was calibrated for fluxes between 70-175 kg/(m2s).
Thus, loss of accuracy can be expected for regimes outside these values. For example, in
possible chugging regimes appearing below 70 kg/(m2s).

(a)

(b)
Figure 41: Pool temperature fields 6 h after the beginning of a steam injection of (a) 3.5 kg/s
and (b) 9.0 kg/s through 64, 32 and 4 spargers (left to right).
Since azimuthal stratification was not observed in Figure 40, symmetry boundary
conditions were used to reduce the size of the computational domain. For example, in the
case with 64 spargers, it was assumed that all groups of 4 sparger are evenly distributed,
allowing simulating a 11.25o sector of the pool. In the opposite case, the simulation with
injection through 4 spargers could only use the symmetry within the group, leading to a 180o
domain.
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(a)

(b)
Figure 42: Evolution of the pool surface temperature and vertical temperature profile after
6 h after the beginning of a steam injection of (a) 3.5 kg/s and (b) 9.0 kg/s of steam.
The results obtained in the simulations from Table 1 are presented in Figure 41 and
Figure 42. The case where all steam condensed inside the pipe (3.5 kg/s through 64
spargers) led to a non-uniform heat distribution in the hot layer, reaching 95 oC pool surface
temperatures 7.7 h after the beginning of the blowdown. At this point, the operator would
have to switch off the ECCS to protect the pumps from cavitation. Larger steam mass flows
(9.0 kg/s through 64 spargers) enabled some steam to be injected through the LRR. This led
to a stronger natural circulation which allowed a uniform temperature in the hot layer.
Nevertheless, the pool surface temperature reached 95 oC after 6.7 h of transient.
The cases with 16 and 4 spargers resulted in larger steam mass fluxes which displaced
further down the location of the cold layer. This led to a significant reduction of the speed of
temperature increase at the pool surface. However, we can see that none of the simulated
cases reached complete pool mixing. The LRR injection was observed to be very efficient in
terms of mixing due to its downward orientation. The radial jets at the sparger head reduced
this efficiency by deflecting the downwards flow from the LRR.
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Due to the uncertainty on the jet expansion coefficient 𝐾 (see Section 4.2.2), the
simulation with 64 spargers and 9 kg/s was also run assuming 𝐾 = 5, equivalent to a
homogeneous momentum distribution around the sparger (Figure 41b). The results were
almost identical to when assuming the non-homogeneous profile induced by 𝐾 =40.
Therefore, the parameter 𝐾 seems to be have significant effects only in sparger with low
number of holes (Figure 25b).
The largest pool surface temperatures were observed when all the steam condenses
inside the pipe. Thus, this regime should be avoided as much as possible in plant. Based on
standard heat transfer correlations, an approximation is proposed to estimate the maximum
steam mass flux that can be condensed inside the pipe
𝐺𝑚𝑎𝑥

1.7 ∙ 10−4

𝑙𝑠 ∆𝑇√𝑇𝐿
𝑑

(53)

which is compared to the full analytical estimates in Figure 43 (see Paper V for derivation
of 𝐺𝑚𝑎𝑥 ).
System codes can also be used to estimate 𝐺𝑚𝑎𝑥 . However, equation (53) enables a quick
estimation which can be useful to assess the validity of different assumptions regarding the
pool behavior. For example, application of equation (53) to the 64 spargers case from Table
1 gives a 𝐺𝑚𝑎𝑥 = 3.9 kg/(m2s). The injection conditions of 𝐺 = 2.9 kg/(m2s) show that
significant condensation inside the pipe can be expected (as it was later predicted using
GOTHIC).

Figure 43: Maximum steam mass flux after which all steam can condense inside the pipe.
(●) full model and (−) equation (53).
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5. CONCLUSIONS AND OUTLOOK
The goal of this thesis was to further develop and validate models for the analysis of thermal
stratification and mixing induced by steam injection and condensation in the pressure
suppression pool of a BWR.
It is recognized that modelling of direct contact condensation bears unaffordable
computational costs for the analysis of long term thermal stratification and mixing
transients in a large scale pool. Therefore, the models used in this work were based on the
concepts of Effective Heat Source and Effective Momentum Source (EHS/EMS). These
models predict the “effect” of the steam injection and condensation on the pool as heat and
momentum source terms for single phase simulations of the pool. It has been shown that
the EHS/EMS models enable the prediction of pool behavior in long transients for a wide
range of conditions: steam mass fluxes, pool temperatures, condensation regimes,
blowdown pipes, spargers, etc.
(1) Blowdown pipes
In this work new EHS/EMS correlations for chugging in blowdown pipes were developed
based on the PPOOLEX MIX experiments performed with two different blowdown pipe
diameters, while other geometrical parameters were kept the same. The good agreement
with Aya and Nariai data supports the current scaling. The correlations were implemented
in a containment model developed in GOTHIC, and validated against the PPOOLEX MIX04 and MIX-06 experiments. It was shown that the pool surface temperature, mixing and
re-stratification phenomena, and gas space pressures were predicted with reasonable
accuracy. Approaches were proposed for minimizing the effect of numerical oscillations of
the flow appearing in GOTHIC when modelling direct contact condensation, and how to
avoid the artificial mixing induced at low rates of injection of non-condensable gases in
GOTHIC.
Outlook: effect of geometrical parameters
Experiments with different drywell volumes, pipe submergences, and number of pipes
would be very useful for further verification and calibration of the empirical closures for
chugging.
Outlook: effect of non-condensable gases
The effect of non-condensable gases is not addressed in the current chugging correlations.
This effect has been investigated previously only in a few works, where it is shown that
chugging can be completely suppressed at gas volume fractions above 3-6 %. A preliminary
analysis of the clearing phases of the PPOOLEX MIX experiments has shown that chugging
oscillations decrease gradually as the air content increases. The amplitude of oscillation of
different MIX experiments were in best agreement with each other when plotting them as a
function of the mass fraction instead of volume fraction. Geometry effects were also
observed: same air mass fractions led to larger amplitude oscillations in smaller diameter
pipes (opposite effect than in single-phase steam injections, where larger diameters lead to
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larger amplitude). Further experiments are needed to clarify these observations and provide
correlations for the frequency/amplitude vs air content.
(2) Spargers
A set of experiments with spargers was designed in the PPOOLEX and PANDA facilities to
analyze the pool behavior induced by steam injection in the oscillatory bubble regime.
Analysis of the data enabled the development of modelling guidelines for its CFD
simulations. Given the uncertainty in the effective momentum characteristics such as angle,
velocity profile, and turbulent sources, the value of the effective momentum was calibrated
based on comparison with the pool temperature and velocity fields. In all the experiments,
the calibrated effective momentum was observed to increase as the subcooling is reduced.
Similar effective momentum was obtained for the low steam injection phases of PPOOLEX
and PANDA. However, calibration for the high steam injection phases in PPOOLEX yielded
roughly twice large effective momentum compared to PANDA one, despite quite similar
injection conditions (water subcooling and steam mass flux). This suggests that other
injection and geometrical parameters might influence the effective momentum.
Experiments performed in the Separate Effect Facility (SEF) showed an inverse relation
between effective momentum and subcooling, similar to that obtained in the CFD
simulations. However, the absolute values of the momentum measured in SEF were
generally larger than obtained from PPOOLEX and PANDA post-test calibration using CFD.
This was attributed to the possible uncertainty in the momentum profile. A preliminary recalibration suggested that the momentum profile around the sparger could be more
homogeneous than what initially assumed.
Based on the SEF data, correlations for the effective momentum induced by the
oscillatory bubble regime were proposed. One as a function of the steam injection
conditions, the other based on the bubble parameters and the Kelvin Impulse theory. In the
Kelvin Impulse model, data on the collapsing frequency, radius, velocity and heat transfer
coefficient was observed to be in good general agreement with previous publications.
Possible reasons for the observed deviations are discussed. Correlations for these
parameters were also proposed and compared to literature data.
Application of the developed CFD and EHS/EMS models for plan-scale analysis showed
that thermal stratification can occur during prototypic transients and steam injection
conditions. The case of complete condensation inside the pipe resulted in the largest
increase of pool surface temperature due to the development of a temperature gradient
within the hot layer. The vertical TC resolution in the Nordic BWR pools was also found to
be inadequate since the lowest expected TC is 4.3 m above the pool bottom. This can prevent
the operator from proper diagnoses of the existence of a stratified layer below this point,
which could result in erroneous decisions.
Outlook: Richardson scaling
The computational cost of the CFD simulations with EHS/EMS models to full-scale PSP is
still too high for extensive sensitivity and uncertainty analyses in different accident
scenarios. The CFD simulations could be used to calibrate the Richardson number based
correlation for erosion velocity, equation (24), which showed good agreement with the
PPOOLEX and PANDA experiments. This will require adding coefficients in the velocity
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scale 𝑈 to take into account the following factors: distance to the wall (not only the minimum
one, but an integral average scale), effective momentum, injection angle, momentum profile,
and turbulence. This would require an expensive CFD computation, but will result in a
powerful correlation that should enable prediction of the erosion velocity with necessary
accuracy and computationally affordable efficiency for risk analysis. A parallel experimental
campaign providing PIV data covering the momentum and turbulent transport from the
sparger to the thermocline will be very useful for the development of this model.
Outlook: momentum profile around the sparger
The momentum profile needs to be measured and calibrated for spargers with low number
of holes per rings, since these are most likely to develop a non-homogeneous in azimuthal
direction flow patterns. However, plant spargers, the ones of interest, have many holes per
ring. In this case there would be no need for calibration since the profile would always tend
to be homogeneous.
Outlook: effective momentum sources
The current experiments performed in the SEF facility analyzed the effect of steam mass
flux, subcooling and injection hole diameter in a pool at atmospheric conditions. Important
factors which should be further investigated are: (i) pressure at injection holes
(modifications of the current SEF facility might be needed), to address the effect of different
submergence depths or containment pressures; (ii) effective momentum at steam mass
fluxes below 70 kg/(m2s), which can be expected in operation of the 314 spargers; (iii)
chamfer at the injection holes, present in all plant spargers; and (iv) pitch to diameter ratio
in the vertical and azimuthal direction. The correlations for the effective momentum should
be further developed by adding the effect of these parameters.
Outlook: Load Reduction Ring (LRR)
The PPOOLEX and PANDA experiments with spargers have been focused on studying the
separate effect of the sparger head. The simulations presented in Section 4.5 show that the
LRR is more effective in inducing mixing due to its downwards orientation. Adequate
modelling of the LRR and sparger head will require development of a EHS/EMS correlation
with can predict the flow distribution between them, including the effect of condensation.
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