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Abstract

During a severe accident in nuclear power plants, the thermo-fluid dynamic processes inside the
containment are governed by the interplay of several interacting physics like turbulence, multi-
component gas transport, buoyancy, wall condensation, conjugate and radiation heat transfer. Pre-
vious CFD works facilitated the formulation of models capable of simulating these phenomena and
their interactions. However, the impact of bulk condensation, fog transport and re-evaporation, and
condensate film formation and accumulation is less explored, and the assessment of the required
modeling detail is lacking. Bulk condensation leads to the formation of fog droplets, releasing
latent heat and elevating local temperatures. These fog droplets are then transported by convec-
tion, inertia, and gravity to locations where they re-evaporate, causing localized cooling. These
phenomena create temperature gradients large enough to influence the buoyancy forces, gas flow
velocities, gas composition, and mixing. Also, the formation and transport of condensate film and
its accumulation can influence the conditions inside a containment. The purpose of this thesis is to
explore the influence of bulk condensation, fog transport, and evolution as well as the formation,
transport, and accumulation of condensate and conclude on an efficient and reliable approach.

In this work, a single-phase and two-phase CFD methodology are developed and implemented into
OpenFOAM-based containmentFOAM package to model the aforementioned phenomena. The
modeling of bulk condensation employs the "return to saturation at constant time scale" approach,
and the droplet drift velocity is modeled using the Manninen and Stokes formulations. The droplet
evolution by condensation, evaporation, and coalescence and the differential transport of droplets
based on their diameters are simulated using a population balance model utilizing the method
of classes. The two-phase approach integrates the mixture, film, and VOF methods into a unified
multi-method solver, dynamically selecting the appropriate method based on local fluid conditions.
The individual sub-models and solver approaches are systematically verified and validated using
theoretical data, as well as through separate-effect small-scale and integral-effect technical-scale
experiments. The integral-effect validation studies conducted on THAI TH2 and HM2 experi-
ments revealed moderate but physically more consistent representation in TH2, while in HM2, the
bulk condensation had a significant impact, with temperature gradients critically affecting gas mix-
ing and composition. The settling of fog droplets and their re-evaporation is crucially influenced
by droplet size, and the PBM approach effectively modeled this phenomenon in TH2 and HM2.
The two-phase approach exhibited a substantially higher computational effort requirement than the
single-phase approach, without yielding notable improvements in results to justify this increased
computational cost. Nevertheless, the two-phase approach was able to simulate the intended phe-
nomena like condensate film formation, transport, and accumulations in the containment sump
region. The two-phase approach is concluded to be more suitable for smaller containments, such
as SMRs with water accumulation, than for larger containment structures. Finally, the scalability
of the single-phase model was successfully demonstrated by simulating the International Standard
Problem (ISP-37) VANAM M3 experiment on a large-scale Batelle Model Containment (BMC)
test facility.
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Kurzfassung

In einem schweren Unfall in Kernkraftwerken werden die thermofluiddynamischen Prozesse in-
nerhalb des Sicherheitsbehilters durch mehrere wechselwirkende Mechanismen wie Turbulenz,
Mehrkom-ponenten-Gasgemische, Auftrieb, Wandkondensation, konjugierter Wirmeiibertragung
und Str-ahlungswirmetransport bestimmt. Vorangegangene CFD-Studien fiihrten zur Entwick-
Iung und von Modellen, die diese Phanomene und ihre Wechselwirkungen simulieren konnen.
Die Auswirkungen der Volumenkondensation und des Nebeltransports und -wiederverdampfung,
Kondensatfilme, und Kondensatansammlung sind jedoch weniger erforscht, und es fehlt eine Be-
wertung der erforderlichen Modellierungsdetails. Volumenkondensation fiihrt zur Bildung von
Nebeltropfchen, wobei die latente Wirme die lokale Gastemperatur erhoht. Die Tropfchen werden
zu Orten transportiert, an denen sie wieder verdampfen kénnen, was zu einer lokalen Abkiihlung
fiihrt. Die erzeugten Temperaturgradienten sind grof3 genug, um die Auftriebskrifte und somit die
Stromungs und die Gasvermischung zu beeinflussen. Ziel dieser Arbeit es, die Auswirkungen der
Volumenkondensation, des Nebeltransport und -wiederverdampfung, sowie den Transport und die
Ansammlung von Kondensat zu untersuchen und ein numerisch effizientes und belastbares Modell
zu identifizieren.

In dieser Arbeit wird ein ein- und zwei-phasige CFD-Modell entwickelt und in das auf Open-
FOAM basierende Paket containmentFOAM implementiert, um zuvorgenannte Phinomene zu
abzubilden. Die Volumenkondensationsrate wird mit dem Ansatz ,,Riickkehr zum Séttigungzus-
tand innerhalb einer konstanter Zeitskala* modelliert und die Tropfchendriftgeschwindigkeit nach
Manninen und Stokes beschrieben. Die Tropfchenentwicklung durch Kondensation, Verdunstung
und Koaleszenz sowie ihr grofenabhingiger Transport werden mittels eines Populationsbilanz-
modells auf Basis der Methode der Klassen simuliert. Das zwei-phasige Modell integriert den
Mischungs-, Film- und VOF-Ansatz in einen vereinheitlichten Loser, der dynamisch die geeignete
Methode anhand der lokalen Bedingungen auswihlt. Die einzelnen Teilmodelle werden sys-
tematisch anhand theoretischer Daten, sowie auf Basis kleinskaliger Einzeleffektversuche und
der anwendungesorientierten Integralversuche THAI TH2 und HM?2 verifiziert und validiert. Es
zeigt sich dass der Einfluss der Volumenkondensation in TH2 moderat war, aber eine konsis-
tentere Abbildung der Phenomenologie ermoglichte, wihrend in HM2 die Volumenkondensa-
tion einen signifikanten Einfluss auf Temperaturgradienten hatte und so die Gasmischung und -
zusammensetzung entscheidend beeinflusste. Das Absetzen von Nebeltropfchen und ihre Wiederv-
erdunstung wird entscheidend von der Tropfchengrofe beeinflusst. Der Populationsbilanzansatz
modelliert dieses Phinomen in TH2 und HM2 effektiv. Der zwei-phasige Ansatz erforderte einen
erheblich hoheren Rechenaufwand ohne, im Vergleich zum einphasigen Ansatz, eine nennenswerte
Verbesserung der Ergebnisse zu liefern, die diesen rechtfertigen konnen. Dennoch konnte er die
relevanten Phianom- ene wie Kondensatfilmbildung, -transport und -ansammlungen im Sumpfbere-
ich simulieren. Er eignet sich somit eher fiir kleinere Sicherheitsbehilter mit Wasseransammlun-
gen, als fiir hier betrachtete gro3e trockene Sicherheitsbehilter. Abschlieend wurde die Skalier-
barkeit des ein-phasigen Berechnungsmodells anhand des VANAM M3-Experiments des ISP-37
im grofskaligen Batelle Model Containment erfolgreich nachgewiesen.
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1. Introduction

1.1. Scientific Motivation

In a nuclear power plants (NPPs), the containment structure is the final safeguard that prevents the
escape of hazardous radioactive materials into the environment in the event of a severe accident.
In water-cooled reactors, during severe accidents like loss of coolant accident (LOCA), a leak in
the primary circuit will release large volumes of steam into the containment. This sudden release
of steam at high temperature and pressure can cause a rapid rise of containment pressure and
temperature. If all emergency cooling systems fail, the steam reacts with the hot zirconium fuel
cladding and produces hydrogen [IAEA, 2011]. The accumulation of hydrogen, combined with
the rising pressure and temperature, can pose a significant safety risk to the reactor and challenge
the structural integrity of the containment.

Condensation significantly contributes to containment safety by mitigating the swift rise in pres-
sure and temperature inside the containment [de la Rosa et al., 2009]. When the steam encounters
the cooler containment structures (walls) or mixes with the colder containment gases, it condenses,
resulting in the reduction of overall containment pressure. It also affects the temperature distribu-
tion due to the associated heat transfer, depending on the mechanism of condensation. Condensa-
tion takes place primarily through two mechanisms in a containment: wall condensation and bulk
condensation. The wall condensation occurs when the steam makes contact with the cold walls
or structures of the containment. This process results in the development of either a liquid film or
droplets on the surface, which efficiently transfers the latent heat to the walls. Bulk condensation
takes place when the steam gets mixed with the cooler containment atmosphere and forms fog
droplets. In this scenario, the latent heat is released into the containment volume, which results in
the increase in local temperature. The presence of non-condensable gases like air and hydrogen
makes the condensation processes more complicated, especially wall condensation, as they can
hinder the steam from reaching the wall by forming a barrier layer [de la Rosa et al., 2009]. The
condensation of steam can also result in a local increase in hydrogen concentration, creating con-
ditions favorable for hydrogen combustion. The accurate modeling of bulk and wall condensation
rates is essential to analyze its impact on the containment atmosphere and overall safety of the re-
actor during severe accidents. Conventional condensation modeling approaches use system codes
or lumped-parameter codes, like COCOSYS [Allelein et al., 2008a], to predict the spatial average
conditions in a containment. These system codes are well-established, have undergone extensive
validation, and are computationally efficient. They usually use simplified geometry of the contain-
ment and coarse nodalization, because of which they lack spatial resolution and cannot capture
local variations. This can limit the prediction capability while analyzing complex containment
geometries with several internal components and processes that are sensitive to local variations.

With the advancements in scientific computing capabilities, computational fluid dynamics (CFD)
modeling has become a potential alternative for analyzing complicated thermal-hydraulic pro-
cesses in a reactor containment. It offers the advantage of capturing high-resolution three-dimensi-
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onal containment physics, which allows more accurate predictions of local flow and thermal con-
ditions. This can enhance the safety assessments of reactors by improving computation of local
condensation rates, gas and temperature distributions, and identifying potential regions of high hy-
drogen accumulation. Presently, there are several commercial CFD codes [Xiao et al., 2016, Ku-
driakov et al., 2008] that are well-equipped for simulating containment thermal hydraulics and
validated against technical scale experiments. However, the restricted availability of their source
codes prevents implementation and validation of new models and further development. To over-
come these limitations, a dedicated CFD package named containmentFOAM, built on the open-
source software OpenFOAM, is being developed in Forschungszentrum Jiilich [Kelm et al., 2021]
for reactor safety assessments. It is designed to model phenomena specific to reactor containment
and is presently a single-phase solver that can simulate multi-component gas mixing, buoyancy-
driven turbulent flows, gas radiation, conjugate heat transfer, and interaction with safety systems
such as passive auto-catalytic recombiners (PARs). Additionally, it is incorporated with a wall
condensation model that employs the "diffusion layer" approach [Vijaya Kumar et al., 2021] in
which the condensate formed is removed through the wall boundaries.

The effect of bulk condensation is one of the least explored topics in containment thermal hy-
draulics. This is primarily due to its marginal impact on the water-steam mass balance compared
to wall condensation. The local increase in temperature because of latent heat release during bulk
condensation can significantly affect the local buoyancy forces, thereby modifying the flow dy-
namics and gas distribution within the containment. Moreover, it can also influence the wall con-
densation by altering the saturation conditions and reducing the amount of steam available for wall
condensation. Therefore, the interaction between bulk and wall condensation phenomena and the
containment atmosphere is critical for the safety of the reactor. The fog droplets generated during
bulk condensation can get transported to different regions within the containment and re-evaporate
when it is exposed to hotter containment conditions. This results in the addition of steam back
to the containment, causing a rise in pressure and a cooling effect on the local gas mixture. The
motion of droplets in a gas phase is highly dependent on their size, especially under the effect of
gravity. The larger droplets are more likely to diverge from the main gas flow and get transported
to a lower region, where they can re-evaporate or get deposited in the sump regions more readily
than the smaller ones. To capture these effects, a population balance model (PBM) should be em-
ployed for fog transport. Like the droplets, the film can also get transported to hotter containment
regions, re-evaporate, and add to the steam content. The condensate (water) generated during wall
and bulk condensation can also accumulate in the sump regions in different compartments of the
containment. During prolonged periods of steam release and condensation, the accumulated con-
densate can occupy a sizable volume of the containment, thereby limiting the space available for
gases and affecting the overall pressure. The two-phase approach employing the two-fluid method
can be computationally demanding for containment simulations, and it would be cost-effective to
explore simpler two-phase approaches like Volume of Fluid (VOF), film, and mixture methods.

1.2. Objectives

The objectives of this thesis are twofold:

1. The first objective is to implement a bulk condensation model for steam and develop a fog
transport passive scalar equation. The bulk condensation rate calculation will also account
for evaporation, which will allow the transported fog to evaporate if the conditions are met.
The fog mass generated is treated as passive scalar in a Eulerian framework and is trans-
ported by mechanisms including gas flow convection, turbulent and Brownian diffusion,
and drift resulting from gravity, inertia, and drag. The evolution of fog droplet sizes by
condensational growth, evaporational shrink, and coalescence is implemented by using a
Population Balance Model (PBM) within the passive scalar approach. This helps in improv-
ing the fog distribution prediction, as the drift velocity is largely dependent on droplet size.
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These models are implemented as an extension to the current containmentF OAM solver and
interact with other models of the solver.

2. The second objective involves adapting the single-phase containmentFFOAM solver to a sim-
ple two-phase solver using the mixture-film-VOF approach. This approach is particularly
aimed at addressing the limitations of the single-phase approach by including the influence
of condensate in reactor containments. The passive scalar approach in single-phase requires
the removal of fog droplets deposited on wall boundaries to prevent numerical issues. The
conservation of condensate mass generated during bulk and wall condensation within the
computational domain and its accumulation in the sump regions is possible only by utilizing
a two-phase approach. The two-phase mixture-film-VOF model is developed using the best
features of mixture, volume of fluid (VOF) and film approaches. This helps in modeling
the water (condensate) phase on multiple scales, ranging from dispersed fog droplets to wall
films and even continuous phase accumulations. The bulk and wall condensation model
implementations are modified for this two-phase approach.

The single- and two-phase models are initially validated using separate effect studies and then
used to investigate multi-phenomena interaction on technical scale containment experiments. Fi-
nally, a comparative assessment between both models is done in terms of computational effort and
accuracy to justify the required modeling effort and to identify limitations.

1.3. Structure of the Thesis

This section introduces the thesis outline. The subsequent chapter deals with the present state of
the art and gives a comprehensive overview of condensation phenomena in reactor containments
and experiments related to that. It also addresses the different existing modeling approaches for
modeling both wall and bulk condensation and their interaction with the other containment phe-
nomena. This chapter concludes by identifying and discussing the gaps in the existing literature to
justify the relevance of the present research work. Chapter 3 explains the CFD models employed in
this work and how they are implemented into the existing containmentF OAM solver. The extension
of the current single-phase solver with bulk condensation, fog transport, and PBM models is dis-
cussed first. This is followed by detailing the development and integration of a two-phase approach
for improving the solver capabilities. Chapter 4 presents the systematic verification and validation
of the above models and does a comparative assessment between single and two-phase approaches.
It utilizes both analytical solutions and experimental data from small-scale and technical-scale ex-
periments to demonstrate the capability of the code. Chapter 5 highlights the practical use of the
code by analyzing a large-scale containment - the VANAM M3 experiment. Chapter 6 summarizes
and concludes the major findings and contributions of this work. The last chapter 7 discusses the
potential future extensions and possible improvements to the current research work.
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This chapter offers a detailed explanation of the essential concepts and previous studies that are
necessary for an in-depth understanding of this research work. It comprises five main parts: the
first part provides a general summary of severe accidents, condensation phenomena, and their
effects on nuclear reactor containments. The second part discusses various separate effect and in-
tegral effect experiments conducted for understanding effects on condensation on the containment
atmosphere. The third part gives a brief introduction to various containment thermal hydraulics
modeling strategies, from lumped parameter to computational fluid dynamics codes. The fourth
part addresses the different CFD approaches, including single-phase and two-phase approaches
that can be used for modeling different phenomena inside the containment like gas distribution,
fog transport, thin-condensate films, condensate accumulation, population balance modeling of
fog droplets, and wall and bulk condensation modeling. The final part summarizes the gaps in the
available literature and outlines how this research work aims to address them.

2.1. Severe accidents and condensation in reactor containments

A severe accident is defined as an accident that leads to serious core damage that is beyond the
design basis of the nuclear reactor [IAEA, 2022]. In water-cooled reactors, this could be initiated
by Loss of Coolant Accident (LOCA), which exposes the reactor core resulting from a rapid de-
pressurization of the reactor cooling systems (RCS). As the pressure drops and the reactor core
heats up, super-heated steam is generated in the RPV, which reacts with the zirconium alloy in the
fuel cladding, producing hydrogen [IAEA, 2011]. As a result, LOCA results in the discharge of
significant quantities of steam and hydrogen into the containment atmosphere. This is followed
by a rapid increase in pressure and temperature within the containment, challenging the safety and
integrity of the reactor containment. Since containment is the final safeguard against the spread
of radioactive material, it is necessary to analyze the events leading to it and optimize design for
accident mitigation. Hydrogen, being a light gas compared to other gases in the containment,
gets accumulated in the top regions of the containments and its distribution can be affected by
the geometry of reactor compartments [Bentaib et al., 2015]. The convection loops inside the
containment due to hot gases and condensation can enhance gas mixing and prevent stratification
of hydrogen, depending upon the strength of the convection loops. It is crucial to prevent pock-
ets of high hydrogen concentrations due to their combustible nature. The reactors are back-fitted
with passive safety systems such as passive autocatalytic recombiners (PARs) to convert hydro-
gen into water vapor [Arnould et al., 2001]. Containment spray systems complement hydrogen
management strategies by promoting gas mixing, lowering containment pressure and temperature,
and scrubbing airborne fission products [ITAEA, 2011]. The severe accident phenomenology in a
typical pressurized water reactor (PWR) is illustrated in Figure 2.1.

Condensation of steam serves as a passive safety system for depressurizing the containment build-
ing and removing heat. Wall condensation is the primary mechanism of condensation, which
results in the formation of droplets that grow into films on containment structures when steam
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Figure 2.1.: Phenomenology in a PWR containment during a postulated accident (adapted from
Paladino et al., 2012).

comes in contact with cooler surfaces. The existence of non-condensable gases (like air and hy-
drogen) inhibits wall condensation by forming a barrier layer through which steam must diffuse to
reach the cooler wall [de la Rosa et al., 2009]. The condensate film flows down towards the sump
due to gravity, making the walls available for further condensation. The wall condensation releases
latent heat to the building structures, which is effective in transferring heat. However, this process
also raises the wall temperature, which in turn reduces the condensation rate. The continuous wall
condensation plays a crucial role in extracting the steam mass that is being steadily discharged
during LOCA, which is decisive in maintaining the containment pressure. Nevertheless, this leads
to higher hydrogen concentrations near the wall, posing a potential combustion risk [Bentaib et al.,
2015]. The secondary mechanism of condensation in containments is bulk (or volume) conden-
sation, which occurs in the form of fog (or mist) droplets, which are generated when the steam
interacts with cooler gases. Although the proportion of bulk condensation is generally less (<
7%) [NEA, 2009] relative to wall condensation in a typical containment accident scenario, it can
influence the containment conditions in several ways. The latent heat from bulk condensation is
released into the gas mixture around the fog droplets, which increases the local temperature. Con-
sequently, gas density in the region of bulk condensation decreases and affects the local buoyancy
forces. This is particularly important as the containment flows are largely driven by buoyancy ef-
fects arising from the density differences due to temperature gradients and gas compositions [Kelm
et al., 2016]. The bulk condensation enhances or inhibits the gas mixing inside the containment,
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depending on the distribution of the gases. The higher temperature and increasing concentration
of hydrogen in the bulk condensation region can also create conditions favorable for hydrogen
ignition. In addition to this, the bulk condensation can affect the wall condensation by decreasing
the amount of steam available for wall condensation and by altering the saturation conditions. The
fog droplets generated can interact with the gas flow depending on their size and get transported
to other regions under the influence of gas flow convection, gravity, diffusion, inertia, and drag.
The droplet can also get deposited on walls or join the condensate film and flow towards the sump
region. When the water film or fog droplets encounter hotter containment conditions, they can
re-evaporate and add to the steam content. This also leads to local evaporative cooling on the
structures or in the bulk, as the heat of evaporation is absorbed from the surroundings [W. Am-
brosini & Oriolo, 2002]. In summary, steam condensation is vital to the safety of the reactor by
influencing containment conditions, like gas distribution, pressure, and temperature. While often
considered negligible, bulk condensation can interact with the other containment phenomena and
completely alter the containment environment. Therefore, it is essential to investigate and model
its effects, both experimentally and numerically, for design optimization and to develop strategies
for accident mitigation.

2.2. Experimental studies on condensation effects in containment

There have been several experimental studies in the past few decades, and some are still ongoing,
on the effect of steam condensation under the influence of non-condensable gases (NCGs) dur-
ing LOCA in nuclear reactors. They are used for understanding containment condensation-related
phenomena, developing correlations, and providing validation data for thermal-hydraulic codes.
The experimental facilities range from small-scale separate effects to technical-scale integral ef-
fect studies. The condensation separate-effect experiments are primarily designed to isolate and
measure direct effects of wall condensation by quantitatively analyzing condensation rate and wall
heat flux. The impact of bulk condensation cannot be evaluated directly and can only be assessed
using indirect parameters like local temperature changes. At present, there is no experimental
facility that can isolate and examine the effect of bulk condensation only. Instead, these effects
typically appear as by-products in these separate effect studies and must be interpreted based on
that. Therefore, we must rely on analytical data like the Mollier diagram [Mollier, 1929] for veri-
fying bulk condensation models.

The COPAIN facility [Bazin & Castelli, 1999] at CEA, France, and the CONAN facility [Am-
brosini et al., 2014] at the University of Pisa, Italy, are among the first separate effect experiments
for studying wall condensation under the influence of NCGs. Both consist of a channel test section
of 2 m length that is vertically placed. They differ in two aspects: cross-section (COPAIN: 0.6 m x
0.5 m, CONAN: 0.34 m x 0.34 m) and convection regimes investigated. While the CONAN facil-
ity considered only forced convection measurements, the COPAIN explored convection regimes
ranging from forced to natural. A recent separate effect wall condensation experimental setup is
the SETCOM [Kelm et al., 2019] facility at Forschungszentrum Jiilich, Germany. This facility
features a test section with a square cross-section of 0.44 m x 0.44 m and 6 m length, which is
longer compared to earlier experiments. A key characteristic of SETCOM is that the facility can be
inclined from vertical to horizontal orientations. This enables comprehensive analysis of buoyancy
effects on mixed convection flows and provides extensive condensation data, which is applicable
for containment structure walls oriented at different angles. The schematic and a photograph of
SETCOM facility are shown in Figure 2.2. In all the aforementioned experiments, the bottom wall
of the channel is actively cooled to facilitate wall condensation, and all other walls are insulated.
The injected gas consists of steam and air (with helium included in COPAIN) which captures the
effect of NCGs on wall condensation. The heat flux and near-wall temperature profiles on the
condensing wall are measured for validating system and CFD codes to develop wall condensa-
tion models and improve their prediction accuracy. Although the effect of bulk condensation is
minimal for these experiments, it can occur close to the cooled wall and moderately influence the
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local temperature and wall condensation rates. Hence, these experiments serve as valuable bench-
marks for validating numerical condensation models and analyzing the dominant effect of wall
condensation and the weak effect of bulk condensation.
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Figure 2.2.: Schematic of the SETCOM facility (left), a photograph of the facility in vertical posi-
tion (right) [Kelm et al., 2019].

The technical-scale integral experiments are designed for understanding multi-phenomena inter-
actions within nuclear reactor containments under accident conditions. The phenomena under
consideration include condensation, natural circulation, gas stratification, turbulence, buoyancy,
aerosol behavior, and even the effect of spray systems. Some of the experiments investigating
condensation interaction with other phenomena are TOSQAN, MISTRA, THAI, PANDA, and
VANAM facilities. These facilities vary in volume, geometry, internal components, compart-
ments, and types of phenomena investigated. TOSQAN (IRSN, France) and MISTRA (CEA,
France) feature simple geometries consisting of cylindrical enclosures with cooling and heating
circuits close to the external walls, which create condensing and non-condensing walls [Allelein
et al., 2008b, NEA, 2007]. These studies are centered on understanding how condensation, strati-
fication, turbulence, and buoyancy interact within the system. The major difference between them
is in size, where TOSQAN has a volume of 7 m® while MISTRA has a volume of 100 m3. This is
beneficial in understanding the scale-up effects in the containment flow phenomena to examine the
applicability of models and codes developed based on small-scale facilities on actual reactor con-
tainments. The THAI experiment (Becker Technologies, Germany) has a more complex geometry
and multi-compartmentalization with an internal volume of 60 m3 [Allelein et al., 2008b, NEA,
2007]. This facility (Figure 2.3) is used in exploring more complex interactions like fog formation,
wall condensate distribution, development of natural convection, and transient response to heat-
conducting walls, in addition to the processes assessed in earlier experiments. The PANDA test
facility (PSI, Switzerland) incorporates a modular system of six cylindrical pressure vessels and
four water pools with condensers [Paladino & Dreier, 2012]. This facility is dedicated to examin-
ing the behavior of containment systems for various Advanced Light Water Reactor (ALWR) con-
figurations, and the vessels and pools represent different compartments of the reactors. It involves
investigating additional interactions, like the effect of plume and jet on stratification, spray sys-
tems, and recombiners. The six vessels, totaling about 460 m>, can be run independently, paired,
or simultaneously to analyze different containment phenomena. For example, the PANDA Test 9
and Test 9bis [Paladino et al., 2010] utilized only two vessels, which were interconnected through
a 1 m diameter pipe. The VANAM facility (BMC, Germany) resembles a PWR containment with
a free volume of 626 m> (Figure 2.4), consisting of several compartments that are interconnected
by vent openings [Kanzleiter, 1993, Firnhaber et al., 1996]. The VANAM-M3 test was conducted
to study how hygroscopic aerosol particles are transported and deposited, how condensation oc-
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curs on these aerosols, and how these factors impact atmospheric stratification and mixing within
a multi-compartment containment geometries.
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Figure 2.3.: ThAI test vessel and instrumentation [Allelein et al., 2008a].

To sum up, the integral test facilities involved a series of experiments comprising several gases
(air, steam, hydrogen, helium, and nitrogen), injection temperature and locations, aerosol injec-
tion, wall temperatures, and internal pressure to generate substantial data for detailed analysis and
understanding of all the major phenomena happening inside a reactor containment during a postu-
lated accident scenario like LOCA. All of them involved wall and bulk condensation phenomena
and their interaction with other processes, which is beneficial for the validation of lumped param-
eter (LP) and CFD codes analyzing full containment thermal hydraulic phenomena. This research
work will use the SETCOM and THAI experiments for validating the CFD solver developed, and
the validation process will be discussed in Chapter 4. The VANAM-M3 experiment will be used
as an application case to demonstrate the capabilities of the solver in simulating large-scale con-
tainments and will be explained in Chapter 5.
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Figure 2.4.: Schematic view of the BMC VANAM test facility [Firnhaber et al., 1996].

2.3. Containment thermal hydraulics modeling strategies

The thermal hydraulic modeling strategies for containment range from lumped parameter (LP)
codes to more advanced computational fluid dynamics (CFD) approaches. The LP codes are com-
putationally efficient and use a coarse nodalization consisting of several interconnected control
volumes, each representing a section of the physical containment. They are well validated and can
predict the overall containment behavior without requiring large computational resources. Hence,
they are particularly useful for quick assessments and are commonly used for reactor condition
simulations. Codes like COCOSYS (GRS, Germany) and ASTEC (IRSN, France) are examples
of LP codes for predicting containment thermal hydraulics [Bosland et al., 2012]. Both these
codes are equipped with condensation models and can incorporate its effects on the thermal hy-
draulic phenomena inside the containment [Broxtermann & Allelein, 2013, Zambaux & Laborde,
2023]. However, the LP codes lack spatial resolution and hence may fail to capture localized
phenomena, which is critical for complex containment geometries consisting of several compart-
ments and components. The CFD approach offers higher spatial and temporal resolution, hence
being suitable for in-depth analysis. It can capture the local variations in temperature, velocity,
and species concentrations more accurately by using fine three-dimensional meshes and solving
the full Navier-Stokes equation of fluid flow. There are several general-purpose CFD codes like
ANSYS Fluent, ANSYS CFX, OpenFOAM and STAR-CCM+ that are suitable for containment
analysis with some adaptations. Additionally, there are some specialized CFD codes like GAS-
FLOW [Hughes et al., 2000], NEPTUNE [Guelfi et al., 2007] and containmentFOAM [Kelm et al.,
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2021], which are specifically developed for containment applications. Then, there are hybrid codes
like GOTHIC [Harvill et al., 2022], which encompasses both LP and CFD approaches to make use
of the best features of each to simulate containment phenomena. All these CFD codes are also
integrated with condensation models to capture their effects on the containment atmosphere. The
ISP-47 [NEA, 2007] recommends utilizing both LP and CFD codes for analyzing hydrogen safety
issues in containment.

2.4. CFD Modeling approaches

The containment flow regime during LOCA can vary from single-phase to multiphase flow, de-
pending on the internal conditions and stage of the accident. These different approaches were
individually investigated to identify the optimal combination for development and implementation
in the research work.

2.4.1. Single-phase multi-component gas flow modeling

During the initial stages of LOCA, only air, steam, and hydrogen gases are present in the con-
tainment, so a single-phase analysis is appropriate. This can be modeled by most commercial
general-purpose and reactor-specific CFD codes. containmentFOAM is capable of simulating this
phenomenon and uses unsteady Reynolds-averaged Navier-Stokes (URANS) equations to describe
the mixing of multiple gas components and pressurization processes within the containment. The
containmentFOAM compressible flow governing equations [Kelm et al., 2021] are:

Mass continuity equation:
dp 5
atg + V- (pgUg) = Smg 2.1

where py is the density of the multi-component gas mixture and U ¢ 18 its velocity. The § ¢ term
accounts for any mass source (or sink) terms resulting from phase change or leakage.

Species mass conservation equation:

The transport of each gas component within the gas mixture is represented by its mass fraction, Y
and with the corresponding transport equation given by:

(9p Y; —
% +V - (peUgY) = V- [pg (Dj + D) VY| + S 5, (2.2)

where D;,, represents the molecular diffusivity of j™ species within the gas mixture, D, is the
turbulent diffusivity computed from the turbulence model, and S j, includes the effect of species
mass source terms. The diffusion coefficient for each species in the mixture is determined from
binary mass diffusion coefficients, applying Fick’s law.

1-X;

D, =—
T Yke Xl Dje

(2.3)

where D j; denotes the binary diffusion coefficient for the species pair j — k and X represents the
molar fraction of the j* species.

Momentum conservation equation:

3(psUs)

” +V - (peUy®U) = =Vp+V-7+p,g+Su, (2.4)
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where p is the gas mixture pressure, g represents the gravitational acceleration, S vg denotes the
momentum source (or sink term), and 7 is the viscous stress tensor, which includes both laminar
and turbulence effects and is given by:

— S \T 2 —
7= pg (Ve + vea) | VU, + (VT,) - 30V - Uy (2.5)
Here v, represents the kinematic gas mixture viscosity, v, denotes the turbulent eddy viscosity
computed from the turbulence model, and ¢ is the Kronecker delta.

Energy conservation equation:

The energy conservation equation is expressed in terms of enthalpy of the gas mixture, A, and is
given by:

8 (pehe)
ot

9 (peKe)
ot

9 _
ot

+V - (peUghg) + +V - (peUKy) = peUy - & + Vg +Sp  (26)

where K, represents the specific kinetic energy of the mean flow and S 5, accounts for the energy
source term. The ¢~ term corresponds to the enthalpy flux due to conduction and diffusion of gas
species.

Turbulence modeling:

The gas mixture flow turbulence is resolved using the isotropic k—w SST turbulence model [Menter
& Esch, 2001]. Extra terms are incorporated to represent the turbulence production and dissipation
resulting from buoyancy effects. The governing equations for the transport of turbulent kinetic
energy (k,) and eddy frequency (w,) in containmentFOAM [Kampili et al., 2021] are given by:

I(pgky)

V- (0 Ugkg) = V - [(itg + 0 att 1) Vkgl + Py + Prpy — Brwgeky + Siq (2.7)

a(p w ) 5
— Y (ogUgwy)
PgT w2 Y 2
=V [(ug + oupe)Vwe] + 2(1 = Fp) " Vk-Vow + V_Pk + Pyp = Bpwy + Swg (2.8)
8.t
where the eddy viscosity ug; is given by
Pea1k
Mt = — (2.9)
max (alwg, SFZ)
and v, is the turbulent kinematic viscosity.
The Py is the turbulence production term given by
Py = min (1VU,, 108" kew,) (2.10)

The term Py represents turbulence production due to buoyancy, while P,,; denotes turbulence
dissipation caused by buoyancy; both terms are formulated using the Simple Gradient Diffusion
Hypothesis (SGDH) approach [Chung & Devaud, 2008].

12
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Py = @2.11)
(o
P
Py =~ [(y1 + 1) (1 = Cay,) - max (Pyp, 0) — Py ] (2.12)

8!

where 8*, ok, 01, B, 0w, Tw2 » Y1, C3, and a; are model constants, F; and F, are blending
functions, and S denotes the strain invariant; all of these are defined and calculated in accordance
with the standard & — w SST turbulence model.

2.4.2. Aerosol and fog transport modeling

The overheating of the reactor core during LOCA can lead to the generation of nuclear aerosols,
which are carried into the containment by the gas mixture [NEA, 2009]. The transport of aerosols
in the gas mixture is a dispersed phase flow and can be modeled using the Euler-Lagrange approach
or the Euler-Euler approach or even the Euler-Passive scalar approach. Additionally, during the
early LOCA stages, when the saturated steam gets mixed with the cooler containment gases, bulk
condensation occurs and results in the formation of fog droplets. The fog droplets exhibit charac-
teristics analogous to aerosols, and hence, the aerosol transport modeling methods are applicable
and can be adapted for effectively simulating fog transport phenomena.

Euler-Lagrange approach

The Euler-Lagrange approach [Kampili, 2024] solves a force balance equation to track the tra-
jectory of each individual aerosol within the computational domain. It can be utilized for con-
tainment aerosols or fog droplet tracking, like the microdroplets transport model in atmospheric
clouds [Sidin et al., 2009]. This approach, while numerically accurate and capturing in-depth
aerosol behavior, is computationally challenging for technical scale containment applications, as
the computational load rises with the aerosol particle count.

Euler-Euler approach

The Euler-Euler approach is a simplified method that represents the aerosol phase as a continuum
and uses a volume fraction equation for the aerosols to simulate their distribution. This method is
computationally efficient and ideally falls under the two-phase approach. Common Euler—Euler
methods include the homogeneous method, where the aerosol follows the gas flow, and the mixture
method [Manninen et al., 1996], which applies a drift-flux technique to model the relative velocity
of the dispersed phase to the continuous phase (gas). The mixture model equations [Manninen
et al., 1996], which treat aerosols as a dispersed phase with relative motion to the continuous gas
phase, are given by:

Mixture continuity equation:
0pm

V- (omUn) =0 (2.13)

where p,, = a,pp + (1 —ap)p, represents the mixture density and U,, denotes the mixture velocity.
Here, a), is the volume fraction of the dispersed phase with density p,,.

Mixture momentum equation:

0 (pm ljm) SN
—a +V. (memUm) =-Vp-V. [pmcp (1 - cp) ﬁcpﬁcp] +V - 16m + pmg (2.14)
Here, the second term on the right-hand side accounts for the momentum transfer due to the relative
motion of aerosols with relative velocity i, ¢, represents the mass fraction of the dispersed phase
in the mixture and 7¢,, denotes the viscous stress tensor.
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Dispersed phase continuity equation:

E)(;L: +V- (a/pljm - DMchxp) =-V- [a/p (1 - cp) ﬁ’cp] (2.15)

where D)y, represents the diffusion coefficient of the dispersed phase.

Relative velocity equation:

ad, (pp = Pm) [g_(+ V)0 _%] (2.16)

- =2
UcplU = —
| cpl cp 3CD ot

where d;, denotes the diameter of the aerosol particle and Cp represents the coefficient of drag.

Another Euler-Euler approach for fog transport modeling is the two-fluid method [Zhang & Lau-
rien, 2014], which was applied for containment safety analysis. This method accounts for thermal
and mechanical non-equilibrium between the continuous gas phase and the dispersed fog droplet
phase, specifically in terms of temperature and velocity differences. The fog droplet size was as-
sumed to be fixed during a simulation, and the effects of droplet size evolution by condensation,
evaporation, and coalescence were neglected. The method involves two separate sets of conserva-
tion equations, one for each phase, along with addition terms for coupling both phase equations.
Hence, this method is computationally more intensive compared to the mixture model, which uses
mixture equations.

Euler-Passive scalar approach

The Euler-Passive scalar approach is the simplest method, which treats an aerosol as a passive
scalar and solves a concentration equation for the aerosol. It uses one-way coupling such that
the aerosol transport is affected by the gas flow fields while the gas dynamics are assumed to
be independent of the aerosol motion. This approach, coupled with a simplified drift-flux model
[Chen et al., 2006], enables modeling of gravitational settling by drift velocity, and diffusion. For
every particle size, the concentration equation can be solved simultaneously to obtain individual
size group concentration, as the drift velocity can vary with the particle diameter. Based on that,
the equation representing particle transport dynamics in a turbulent flow field is given as:

aa_ct +V- [0 +i,)Ci| = V- |(Di + )VC| (2.17)

where C; represents the particle mass concentration of particle size group i, U denotes the velocity
of the bulk gas flow, and i is the particle settling velocity. Here, D; represents the Brownian
diffusion coefficient, and €, is the particle eddy diffusivity.

The passive scalar approach requires special treatment at the wall boundaries to prevent accumu-
lation and numerical issues arising from that. Therefore, it is recommended to remove the fog
droplet reaching the wall using a deposition boundary condition. This is implemented as drift
velocity boundary condition [Frederix et al., 2017], which uses zero gradient velocity Neumann
boundary condition when the drift velocity vector is towards the wall and zero velocity Dirich-
let boundary condition if the drift velocity vector is away from the wall. This is mathematically
expressed as:

Swall _ —>cell
Ug; = max (i

ﬁwalla O)ﬁwall (2 1 8)

where i _’W“” is the drift velocity at the wall, _"e” represents the drift velocity at the cell center
adjacent to the wall, and 7i,,,;; denotes the unit Vector normal to the wall.
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2.4.3. Thin surface film modeling

The interaction of steam with the cooler containment surfaces during later stages of LOCA results
in the formation of droplets, rivulets, and films on the walls. The formation and transport of
these films can be modeled using the two-fluid method [Mimouni et al., 2011], volume of fluid
(VOF) method [El Baamrani et al., 2021, Rattner & Garimella, 2014], or thin surface film method
[Meredith et al., 2011b, Sosnowski et al., 2013]. The two-fluid method is the most sophisticated
approach, as it can be used to independently track the movement of mass and heat within each
phase by solving distinct conservation equations for both phases. However, for capturing the
detailed physics of a very thin film of the liquid phase, the two-fluid method requires remarkably
high spatial resolution meshes near the wall. The VOF method is the simplest two-phase approach
for modeling wall film flows. It solves the mixture conservation equations to identify the gas-liquid
interface and does not consider relative motion between the phases. However, it is not applicable
for very thin films whose thickness is less than the first cell near the wall and hence requires very
fine meshes to resolve the interface. Therefore, both two-fluid and VOF methods are insufficient
to predict the flow of very thin films accurately in a coarse mesh and can perform well only on
very fine meshes, which significantly increase the computational cost and time. These methods
also require rigorous mesh independence studies, as their sensitivity may also be affected by the
local film thickness and reduce the model’s applicability to a general containment simulation.

The thin film model is advantageous in this context, as it is specifically designed for liquid films
whose thickness is insignificant compared to the other dimensions of the flow domain. It operates
under the assumption that transverse velocity components normal to the film surface are minimal.
Hence, the governing equations can be reduced from three dimensions to two dimensions by aver-
aging across the film thickness. This requires a separate two-dimensional mesh that resembles the
wall surfaces of the containment, on which the simple two-dimensional film equations are solved.
As a result, this approach allows coarser meshes in the primary flow domain, which significantly
reduces the computational cost. Additionally, the thin film model allows easier and more effective
integration of surface tension and related interfacial phenomena, which is crucial for thin film dy-
namics. The thin surface film model governing equations [Meredith et al., 2011a, Meredith et al.,
2011b] are given by:

Film thickness equation:
0 (p,f5f)

Vs (r6U7) = S ps (2.19)

where p ¢ denotes the liquid film density, ¢ ; represent the film thickness, U r is the mean velocity
of the film, V is the vector differential operator tangential to the film surface, and S ;5 quantifies
the source term accounting for the film growth or depletion (e.g., condensation or evaporation).

Film momentum equation:

d(pso7Uy)

o+ Vs (00T Us) = =6¢Vp +S psu (2.20)

The first term on the right-hand side represents the momentum source terms, which are pressure-
based acting perpendicular to the film surface, while the second term S 51/, incorporates the stress-
based momentum source terms acting parallel to the film surface. The pressure p comprises cap-
illary action forces, hydrostatic pressure effects, and pressure from the local gas phase. The stress
term consists of the viscous shear stresses from the wall and the gas, gravity body force tangential
to the surface, and the stress related to contact angle force. The film shear stress is calculated
assuming a quadratic velocity distribution, which is valid for even wavy liquid films [Trela, 1994].

Film energy equation:
8 (pséshy)

o+ Ve (07670 hy) = S psi (2.21)
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where hy denotes the mean film enthalpy and S s, accounts for the energy source term due to
phase change and heat fluxes at the film-gas and film-solid wall interfaces.

2.4.4. Condensate accumulation modeling

The wall condensate films and fog droplets get transported towards sump regions of the contain-
ment by gravitational forces. This results in the accumulation of liquid in the containment, creating
a liquid-gas interface. Over extended periods of continuous condensation, the condensate can oc-
cupy a considerable volume of the containment and reduce the space available for gas mixtures.
Moreover, as the pressure and temperature inside the containment increase, re-evaporation can
occur, leading to the addition of steam back to the containment gas mixture. The best two-phase
approach for modeling these phenomena is the Volume of Fluid (VOF) method [Hirt & Nichols,
1981, Weller, 2006], which is widely used for simulating flows with complex free surface dynam-
ics. This method is more effective in capturing the interface between two fluids than the two-fluid
method, which does not explicitly track the interface but rather focuses on the overall behavior
of each phase [Bertolotti et al., 2020]. The VOF method can maintain sharp interfaces, which
is made possible with the help of interface compression techniques [Okagaki et al., 2021]. The
VOF method also uses mixture conservation equations for momentum and energy, which makes it
simpler than the two-fluid method with individual phase conservation equations. The VOF method
formulation is different for incompressible and compressible flows. The containment atmosphere
experiences significant density variation due to the multi-component nature of the gas mixture and
large temperature gradients. Therefore, the compressible VOF method is the preferable approach
for containment applications. The compressible VOF method governing equations [Girtner et al.,
2020, Kleiner et al., 2019] for flow without phase change can be summarized as:

Liquid phase volume fraction transport equation:

@ +V - (Upy) = aa, [(ﬁ - ﬂ)

+a V- (U, (2.22)
ot Pg  PI
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where @; and a, represent the liquid and gas volume fractions, respectively, and p; and p, de-
note the liquid and gas phase densities, respectively. U quantifies the mixture velocity. D/Dt¢
represents the material derivative. The first right-hand side term accounts for the effect of com-
pressibility in both phases. Here, ; = dp;/dp and , = 0p,/0p are the compressibilities of liquid
and gas phases, respectively.

Mixture momentum equation:

0 (pm ﬁm)

- +V - (omTnUn) = -Vp+V -7+ pug + For (2.23)

where p,, represents the mixture density and 7 denotes the viscous stress tensor. The last term
F; incorporates surface tension effects computed via the Continuum Surface Force (CSF) method
[Brackbill et al., 1992].

Mixture energy equation:

The energy equation employs a single mixture temperature, 7,,, which is common for both liquid
and vapor phases, derived by mergingthe energy equations of both phases.

Cpi Cpg

DT, Q) a, DK,, 0p
Dt Dt ot

Pm—— + p— - —) = (CMV (et VTm) + agV - (/leff,gVTm)) (2.24)

where C),; and C,, represent the specific heat capacities of the liquid and gas phase, respectively,
and K, is the kinetic energy of the mixture. Aefr; and Aefr,¢ denote the effective thermal conduc-
tivity of liquid and gas phases, respectively. It is also possible to have separate temperature fields
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for each phase to allow thermal non-equilibrium between the phases. However, this requires solv-
ing of individual phase energy equations, which are coupled through source terms [Gértner et al.,
2020]. Moreover, this approach becomes more challenging for flows with phase change, owing to
the determination ofinterface temperature, where numerical stability can be achieved only at low
time step sizes.

To summarize, the VOF method is the recommended approach for condensate accumulation mod-
eling, as it can track the gas-liquid interface with reasonable accuracy. It is also possible to couple
the VOF method with the thin surface film model [Kakimpa et al., 2016] to transfer the film mass
to VOF when the film is thick enough for VOF and vice versa.

2.4.5. Population balance modeling

The fog droplets generated because of bulk condensation can vary in diameters due to droplet size
evolution mechanisms like nucleation, condensational growth, evaporational shrink, coalescence,
and break-up. The fog droplet distribution inside the containment is significantly affected by the
diameter, as the droplet drift velocity is a function of the diameter. The smaller droplets tend to fol-
low the gas mixture and remain suspended, whereas the larger droplets deviate from the gas flow
predominantly due to gravity effect and get transported towards the floor region and get deposited.
These transport phenomena cannot be captured by using a fixed droplet diameter and require pop-
ulation balance modeling to simulate them. The droplet evolution and diameter effects can also be
modeled using the Lagrangian method [Sidin et al., 2009], but it is computationally intensive for
a large number of droplets. The PBM method is commonly used for predicting dispersed distribu-
tions of bubbles, crystals, polymers, aerosols, and granular materials [Singh et al., 2022]. There are
several PBM approaches used in CFD like Discrete Method (DM) [Becker et al., 2011], Method of
Moments (MOM) [Hulburt & Katz, 1964], Quadrature Method of Moments (QMOM) [McGraw,
1997], Direct Quadrature Method of Moments (DQMOM) [Marchisio & Fox, 2005], sectional
method [Park & Rogak, 2004] and stochastic Monte Carlo method [Irizarry, 2012]. Among these,
the most adopted approaches for solving PBM equations are QMOM and sectional method (also
known as method of classes). The QMOM represents the particle population through a set of mo-
ments (like mean size, variance) and quadrature nodes rather than the full distribution. Therefore,
it does not provide a direct representation of the distribution and requires reconstruction of the mo-
ments for getting detailed distribution information. The QMOM is more computationally efficient
as it solves for a finite set of moment transport equations rather than each size group transport
equation. However, it requires closure models to approximate higher-order moments, which can
induce errors and can affect the accuracy and stability of processes like nucleation, growth, and
coalescence at a higher rate of these phenomena.

The method of classes (sectional method) employs a direct and detailed representation of the par-
ticle size distribution by discretizing the droplet sizes into sections and using a representative size
for each section to determine its properties. This allows explicit tracking of the number or mass of
the droplets in each section or class by solving the PBM equation for each section. This method
can accurately capture and represent complex distributions without additional assumptions, hence
suitable for rapid evolution processes. Therefore, it offers higher flexibility in modeling the fog
droplet evolution mechanisms like nucleation, growth, and coalescence. While computationally
intensive, the sectional method offers more accurate modeling of the droplet size distribution,
which is critical for accurate droplet drift velocity prediction. Hence, the sectional method will be
used in the current work and can be easily implemented in both single-phase and two-phase ap-
proaches. The population balance equation [Lehnigk et al., 2022] is formulated in terms of number
concentration (N;) and the transport equation is solved for each section (or class). The droplet size
space is divided into groups, each defined by lower and upper volume boundaries v; and v;, with
representative (or pivotal) size x;.
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ON; -
i V- (UN;) = H; (2.25)

Here, H; represents the source term, which encompasses the effects of coalescence, nucleation,
growth, and breakup. Since the population is concentrated at the representative size, x;, the evo-
lution processes leading to non-representative sizes (v) are solved by redistributing [Kumar &
Ramkrishna, 1996a] it to the nearby classes x; < v < x;;1.

2.4.6. Condensation modeling

During LOCA, the mixing of steam with the cooler containment gases leads to bulk condensa-
tion, while the interaction of steam with the cold containment structures causes wall condensation.
These condensation processes, due to the differences in their physical mechanisms, require differ-
ent approaches for modeling.

2.4.6.1. Wall condensation modeling

The wall condensation in containment is strongly affected by non-condensable gases (NCGs),
which can accumulate near the wall as the steam concentration decreases and form an additional
barrier to condensation and heat transfer. Therefore, the pure steam wall condensation mod-
els [Kim et al., 2011, Bonneau et al., 2019, Gubarevich et al., 2020] are inadequate in contain-
ment scenarios, necessitating wall condensation models that consider the NCG effects to accu-
rately predict the containment wall condensation rate. These wall condensation models rely on the
concept of steam diffusing toward the wall to drive condensation and have been investigated and
implemented in CFD codes for containment simulations. Most of these codes use a single-phase
approach in which the condensate mass formed is removed from the computational domain and
are known as diffusion-layer models. This can be implemented as a volume sink in the near-wall
cells [Bucci et al., 2013, Dehbi et al., 2013, Vyskocil et al., 2014] or as a face-flux [Zschaeck et al.,
2014, Vijaya Kumar et al., 2021] at the condensing wall. It was found that the face-flux approach
performed better on coarse meshes and demonstrated better convergence behavior and mass con-
servation [Vijaya Kumar et al., 2021]. The underlying assumption of the diffusion-layer models
is that the liquid film formed by condensation is minimal in thickness, and its role in influencing
wall condensation is therefore ignored. Figure 2.5 explains the theory and assumptions behind this
model. Figure 2.5 (a) addresses the wall condensation in the case of a pure steam atmosphere. In
this case, the condensation rate is influenced by the thermal resistance of the condensate film (Ry)
and liquid-steam interface (R;). In the presence of NCGs, the gases add transport resistance (Rgy)
which is illustrated in Figure 2.5 (b) and significant already for low NCG mass fractions. Figure
2.5 (c) sums up the simplified diffusion-layer wall condensation model, where the condensation
resistance due to the liquid film and interface are neglected; only the gas resistance is considered.
This is found to be a reasonable simplification for containment wall condensation studies [de la
Rosa et al., 2009], where large amounts of NCGs are present.

The containmentFOAM solver uses the simplified diffusion-layer wall condensation model, and
the wall condensation rate is given by:

D ace ¥ -Y sat,f k
PglH,0,m,face ¥ H,0,cell H,0,sat,face [ 8 (2.26)

mwall,flux = 5
I- YHZO,sat,face 6cell—face m2s

where Dy, o m.wan represents the effective diffusivity of steam in the gas mixture, which includes
both molecular and turbulence effects. The wall condensation driving force is the gradient of steam
mass fraction in the wall normal direction. This can be computed as the difference between the
cell center steam mass fraction (Y, 0 ce;7) and the saturation mass fraction on the wall (Yx,0,sar.wail)

18



2. State of the art

Q
~
<
O
—
(@]
~—

y 1
5 : ’ 8 Sy 1 & g, 1 x
e < pq 22 1 3 9 . 3
o F : 5= % ® : é F o
E 5 = = I a :
o =] o
. ° Pb : Pb
Pv,b | Py,
Pv=Pb N
Pv,sat(Ti,v Pv,sat(Ti) :
1
1
Prc,b ; Pnc,b
Ti,V Ux,b ; Ux,b
Tb=Tsat (Pb) 0 o :
T; X, =
. Tb ' Th
1
=Ti :
1
y y ' .
Rw RL R; Rw Rp R; Rgas Rw Rgas
Tw TiL Tiy=Tp Tw TiL Ty Tp T.=Ti Tb

Figure 2.5.: (a) Wall film condensation when only pure steam is present, (b) Film condensation of
steam in the when non-condensable gases are present, and (c) Simplified ’diffusion-
layer’ model for steam condensation in the presence of non-condensable gases (7, =
T;) [Vijaya Kumar et al., 2021].

divided by the distance of the cell face center to the cell volume center (6¢e/i— face). The latent heat
released during wall condensation is added as a heat flux to the wall.

The single-phase wall condensation approach is limited by its inability to model evaporation, as the
condensate mass is not tracked. This can be important in cases where the film flows over hot con-
tainment walls, evaporates, and adds to the steam content in the containment atmosphere. Also,
the simplified diffusion-layer approach becomes invalid in regions of water accumulation (hori-
zontal wall or sump regions) where the liquid-gas interface offers significant thermal resistance
that cannot be neglected. These phenomena can only be modeled using two-phase wall conden-
sation models, which can predict the motion of the condensed liquid over the wall and include
its effect on the condensate rate. NEPTUNE code [Mimouni et al., 2011] uses a two-phase ap-
proach that models the generation of droplets on the wall during condensation, their growth to film,
transport over the wall under the effects of gravity, and the re-evaporation. GOTHIC [Andreani
et al., 2010] employs the film theory approach to model wall condensation, which considers liquid
film formation and flow on containment walls. It has the capability to model the condensation on
drops, films, and pools in the presence of NCGs using a two-fluid approach. The use of the VOF
approach in modeling condensation of pure substances on a wall or liquid-gas interface [Kleiner
et al., 2019, Gennari et al., 2022, Welch & Wilson, 2000, Onishi et al., 2022, Hohne et al., 2017]
is also interesting, as this approach could be extended to address steam wall condensation in the
presence of NCGs.

2.4.6.2. Bulk condensation modeling

The bulk condensation, or homogeneous condensation, occurs when the gas mixture becomes su-
persaturated when steam mixes with cooler air. Two scenarios enable phase change: when vapor
pressure exceeds temperature-dependent saturation pressure, or when gas temperature falls be-
neath the vapor pressure’s saturation temperature. As a result, the excess steam condenses in the
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volume as fog droplets, driving the mixture to an equilibrium state. This phenomenon commonly
occurs in containment during a LOCA; however, it is usually neglected due to its marginal effect
on the overall steam-condensate mass balance compared to wall condensation. Nevertheless, the
latent heat release associated with bulk condensation can locally raise the gas temperature and
influence the flow and even wall condensation in containments [de la Rosa et al., 2009]. Vari-
ous modeling efforts using CFD have focused on understanding the effects of bulk condensation
processes inside containment systems. A single-phase mass sink approach using the return to sat-
uration at constant time scale method [Vyskocil et al., 2014] was implemented in ANSYS Fluent
and applied to CONAN and PANDA Test 9bis experiments. The mass of steam condensed was
removed from the gas mixture, and the corresponding latent heat released was transferred to the
local gas mixture. However, the formation of fog and its transport, re-evaporation, and influence
on the gas flow field were neglected in this approach. The condensation rate was computed from
the thermal energy (Q,) required to raise the gas mixture to the saturation conditions (Tsx(py)) by
the latent heat released during condensation at numerical time step ¢¢. This can be summarized as:

_ Tsat(py) = T 4
Qvl - Cp,mpm— )

I =S| T < Tt (227)

where ¢, ,, represents the specific heat capacity and constant pressure, 7, denotes the temperature
of the gas mixture, p, is the partial pressure of vapor, and p,, quantifies the density of the gas
mixture. The energy Q,; must be limited by the total latent heat released if the entire steam in a
mesh cell condenses.
Ov2 = Pm YV% [E?,]
m

v (2.28)

where Y, denotes the partial pressure of vapor and h;, represents the latent heat of condensation.

0O, = min(Q,1, 0\2) (2.29)

Consequently, bulk condensation rate can be computed as:

-0, k
Mpylk = hQ <0 [ 3g ] (2.30)
lg m’-s

The energy Q, released during condensation is integrated into the energy conservation equation to
drive the gas mixture to saturation temperature.

Bulk condensation can also be modeled using a two-fluid approach, considering the effect of
NCGs [Zhang & Laurien, 2014] and assuming pre-existing droplets as nucleation sites or sur-
faces for promoting bulk condensation. This approach represents bulk condensation through mass
removal and thermal energy release at the droplet surfaces, addressing gas-droplet interaction, as
shown in Figure 2.6. The droplet (with diameter d) surface has a uniform temperature 7" and
is in thermodynamic equilibrium. The saturated state at the droplet surface requires computing
the saturation mass fraction of steam (Yg,0 4:) at the surface from the steam saturation partial

pressure(pa, 0, sar (TL)). The bulk condensation driving force is the difference between the steam

mass fraction in the bulk (Ya,0pux) and the steam saturation mass fraction on the droplet sur-
face. The model employs a fixed droplet size throughout all calculations, and ignores the droplet
evolution by condensation, coalescence, or breakup.

Consequently, the bulk condensation rate can be computed as:
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Figure 2.6.: Condensation over a droplet in the gas mixture [Zhang & Laurien, 2014].

Mpuik = —PeAYH,0,puik — YH,0,sa1) (2.31)

where p, represents the gas mixture density, S denotes the mass transfer coefficient, given by
Ranz-Marshall correlation, and A quantifies the interfacial area density of the liquid droplets.

2.4.7. Conjugate heat transfer modeling

Containment walls typically comprise reinforced concrete with steel liners. The heat transfer
between the containment fluid and the solid walls, as well as the temperature distribution on the
containment solid structures, are important parameters determining the wall condensation rates
and the containment gas conditions. During wall condensation, the latent heat is released into
the wall, which increases its temperature. The specific heat of the wall material determines how
effectively this heat is transported by conduction to the outer atmosphere. The transient variation
of the structure temperature can significantly alter the internal containment fluid state. Therefore, it
is necessary to model these solid phenomena coupled with the fluid phenomena, and this approach
is known as conjugate heat transfer (CHT) analysis. The heat transfer in the containment structure
can be solved using Fourier’s law of heat conduction and is given by:

aT
pscs— = = k V2T + g (2.32)

where:
* T, is the temperature in the solid,
* ps represents the density of the solid,
* ¢, denotes the specific heat capacity of the solid,
* k, quantifies the thermal conductivity of the solid,
* g, represents any internal heat generation within the solid.

The solid region and the fluid region are coupled by using an interface temperature boundary
condition so that the temperatures of the fluid and the solid match exactly at the interface. The in-
terface temperature (7;) by also considering the wall heat fluxes due to condensation and radiation
(Figure 2.7) can be formulated as:
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where:
G densation; = Mwall, fluxhig is the heat flux due to condensation
* 4! giation; 18 the heat flux due to radiation,

* Ay represents the effective thermal conductivity of the fluid at wall comprising of both
laminar and turbulence effects

* A is the thermal conductivity of the solid

* Tcel, fiuia denotes the near-wall cell center temperature of the fluid

* Teel.solid 1S the near-wall cell center temperature of the solid

* Ocell, fluid—i represents the distance of the near-wall fluid cell center from the interface

* Ocell solid—i 1 the distance of the near-wall solid cell center from the interface
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Figure 2.7.: Temperature boundary conditions at the fluid-solid interface ’i’ including the wall heat
flux due to convection, condensation, and radiation [Vijaya Kumar et al., 2021].

The interface temperature boundary condition is integrated into the energy equations of the solid
and fluid domains. The containmentFOAM solver is already incorporated with the CHT model for
solving the interface temperature and heat conduction equation in a solid region for single-phase
flow. For two-phase flow models with thin water films over the solid structures, this CHT interface
boundary condition needs special treatment to include the thermal resistance due to the film.

2.5. Motivation and objectives

The relationship between bulk condensation behavior, fog formation, and their combined impact
on nuclear reactor containment integrity during accident scenarios is not yet fully understood. It is
essential to explore how it interacts with wall condensation, gas distribution, and other phenomena
in the containment. The fog droplet size (diameter) is an important parameter that determines its
transport and distribution in the containment. The smaller droplets are carried along with the move-
ment of the gas, while the larger droplet traverses towards the lower areas inside the containment
compartments, and gets deposited. The smaller droplets will usually be located only in regions
close to the steam injection zones where bulk condensation occurs, and then they grow by further
condensation and coalescence while getting transported to other regions. As bulk condensation
is a highly localized and rapid phenomenon, its influence can be captured only by high spatial
and temporal resolution modeling approaches. The CFD method is the most suitable approach for
the in-depth modeling and analysis of bulk condensation impact on containment. Although there
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are several CFD codes presently available that have bulk condensation and fog transport models,
they are either simple for capturing important phenomena or too complex with high computational
requirements, limiting fast and feasible large-scale containment analysis. The simple single-phase
model neglects fog transport and its re-evaporation. The Euler-Lagrange approach, which tracks
the droplets and their evolution, is not feasible for containment applications as its computational
effort significantly increases with droplet numbers. The two-phase approaches currently use two-
fluid methods, which are slower due to more equations to be solved and require small time-step
sizes for stability and robustness while running containment simulations. Among these two-fluid
approaches, one uses it to track fog droplets by assuming constant droplet size, neglecting the size
evolution of the droplet, while the other uses it to model droplet formation on walls and its growth
to films by disregarding bulk condensation. It is clear that no CFD codes use a simple single-phase
passive scalar approach combined with PBM for fog droplet transport and evolution. Therefore,
the primary aim of this work is to implement this approach to the containmentFOAM solver to in-
vestigate bulk condensation effects. The return to saturation at constant time scale model will be
used for computing bulk condensation rate, as it offers more simulation stability and speed (larger
time-step size).

The single-phase passive scalar PBM approach can give detailed information about how the bulk
condensation and fog interact with the bulk containment conditions, but may miss some phenom-
ena close to walls where fog droplets join the condensate films on the wall or evaporate on contact
with the wall. This is due to the limitation of the passive scalar approach that it must remove the
fog getting deposited on walls to prevent numerical issues leading to high unphysical fog mass
values on the wall. To conserve the fog mass within the computational domain, one must rely
on two-phase approaches. However, most of the current containment two-phase codes rely on
the two-fluid approach, which is computationally challenging compared to other approaches like
mixture or VOF. The mixture method combined with the drift-flux approach is an efficient way to
model the aforementioned phenomena, and this was not explored by any codes previously. How-
ever, the wall-condensate film effect cannot be neglected, as the fog droplets get deposited on these
films. In most containment regions, the wall films are extremely thin to be captured employing the
VOF approach, and the thin surface film approach is the best alternative to model the condensate
film and the interaction of fog droplets with it. It offers the best balance of accuracy and compu-
tation effort for film transport on coarse meshes using CFD. During a prolonged period of wall
and bulk condensation, the films and droplets can flow and accumulate in the sump region of the
containment, forming a liquid-gas interface, making the film model inadequate. This can be solved
using the VOF method, which is excellent in modeling and transporting interfaces. Hence, when
the film gets thick enough to allow a liquid-gas interface, the VOF method can take over. The VOF
model can then be added with an interface condensation model based on the diffusion layer model
to promote condensation (or evaporation) on accumulated condensate. Considering all these, a
novel two-phase mixture-film-VOF model developed in this work to model all the condensation
(wall and bulk) related phenomena and conserve the condensate mass in a containment. Although
it may sound like the model is more complex than the two-fluid approach, it is cheaper, faster,
and simpler. The mixture and VOF models are combined into a single set of mixture conservation
equations, using an indicator function to switch between models based on the local liquid condi-
tions. The mixture model equations are used in cells where the liquid is in dispersed form, and
VOF equations are used in cells where it is in continuous form. The hybrid mixture-VOF solver
is expected to be more stable at larger time-step sizes than two-fluid, leading to faster simulations.
The film model allows coarser mesh near walls, which reduces overall computational effort while
providing reasonable accuracy. The implementation of the two-phase mixture-film-VOF model
into the containmentFOAM solver, extending its capabilities to perform containment safety anal-
ysis, is the secondary objective of this research work. Concluding, a comparison of both methods
is conducted to evaluate how simplification impacts computational time and result accuracy. The
identified optimal approach is demonstrated on a large-scale Batelle Model Containment (BMC)
using the VANAM M3 experiment.
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The major objective of this thesis is to create a computational framework to model bulk conden-
sation and fog transport phenomena inside a nuclear reactor containment. The method is im-
plemented into OpenFOAM-based containmentFOAM [Kelm et al., 2021] CFD package, which
is being developed at Forschungszentrum Jiilich, Germany. The previous containmentFFOAM
works [Vijaya Kumar, 2022] developed a simplified CFD model for simulating multi-component
gas flows and wall condensation using the Eulerian single-phase approach. The present work
uses two approaches: a single-phase passive scalar approach and a two-phase mixture-film-VOF
approach. The first approach extends containmentFOAM’s baseline Eulerian single-phase solver
by introducing fog-phase coupling through mass source terms and a dedicated scalar transport
equation for fog. The latter approach requires major restructuring of the containmentFOAM code,
as the condensate phase affects the models and governing equations. This chapter is organized
into two distinct sections. The first section discusses the single-phase passive scalar approach for
modeling bulk condensation and fog transport and its implementation into the current solver. It
also explores the population balance modeling of fog droplets for determining the droplet size
distribution. The second section addresses the two-phase modeling approach, which combines the
two-phase approaches like mixture and volume of fluid (VOF) methods with the thin surface film
method. It also discusses the adaptations required in the gas governing equations, condensation,
and PBM models for integrating them into the two-phase containmentF OAM solver.

3.1. Single-phase passive scalar approach

This approach is the simplest and computationally most efficient method for modeling bulk con-
densation and condensate (fog) transport in a containment. It uses a single-phase framework where
the gas mixture flow is primarily solved, including source (or sink) terms due to bulk condensa-
tion. The fog generated by bulk condensation is accounted for and modeled as a passive scalar in a
Eulerian framework within the computation domain, allowing for the possibility of re-evaporation.
The drift of the fog droplet relative to the primary (carrier) gas path due to gravity, inertia, centrifu-
gal force, and diffusion is also considered in the fog transport modeling. The droplet diameter was
found to have a noticeable effect on the local conditions inside the containment, and to incorporate
its effect in the numerical approach, a population balance model (PBM) utilizing the method of
classes is included.

This section comprises five parts: first, the bulk condensation modeling and the corresponding
source terms in each governing equation are discussed. The second part addresses the fog trans-
port modeling and sub-models required for closure of the fog transport equation. The third part
explains the population balance modeling of fog droplets, incorporating the processes of nucle-
ation, coalescence, and growth (or shrinkage) of the fog droplets. The final part discusses the
algorithm and solution method.
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3.1.1. Bulk condensation modeling

The bulk condensation model employs the "return to saturation at constant timescale" [Vyskocil
et al., 2014] method, which relies on achieving equilibrium at saturation temperature. This is
accomplished by driving the local gas mixture to saturation temperature (7',,) within a constant
time frame larger than the simulation time step by condensing the surplus steam or evaporating
the surplus fog. The local saturation temperature in each computational mesh cell is computed
as a function of the local partial pressure of steam using the Antoine relation [Antoine, 1888,
Perry et al., 2018] shown in Eqn. 3.1. In a multi-component gas mixture, the partial pressure of
steam (pm,0) is calculated according to Dalton’s law of partial pressures by multiplying the molar
fraction of steam with the local pressure (Eqn. 3.2).

3816.44
Tous = 46.13 K 3.1
sat * 3196 —inpmg) N G-1)

pH0 = Xmop [Pal (3.2)

The quantity of energy per unit volume (Q) needed for driving the gas mixture to saturation
temperature (Eqn. 3.3) is derived based on the theory that latent heat released during condensation
(T < Tgq4) heats up and during evaporation (7' > T,,) cools down the gas to saturation temperature
at numerical time step At. The volumetric mass transfer rate (#1p,) can be computed by dividing
the energy per unit volume by the latent heat of vaporization of steam (/,) as defined in Eqn. 3.4.

’r TS(lf - T

O =pgCpy o [W/m?] (3.3)
. 0" | ke
Mpulk = _h_lg [E] (3.4)

The latent heat of condensation of steam is defined as a power law function [Perry et al., 2018]
of temperature ratio (7, = T/T.) which is the ratio of temperature of the gas mixture (7") to the
critical temperature of steam (7, = 647.096 K)

hlg =3.14 x 106(1 _ Tr)(0~6]2_0~626Tf+0~399Tr2) [J/kg] (35)

However, to ensure mass-energy conservation, the mass transfer rate must be limited by the avail-
able mass of steam in case of condensation and the available mass of fog in case of evaporation
within each mesh cell. The condensation and evaporation mass transfer rate limits are given by:

. PeYH,0 k

Mcond,lim = _8A—t2 [m_;gs] (3.6)
. ap; k
Meyap,lim = Tf; [m_fs] (3.7)

Finally, Eqns. 3.4, 3.6 & 3.7 are combined to obtain the mass source term (S ,,,) for the mass
conservation equation (Eqn. 2.1):

S

max(ipuii, Meond tim) 1 Mpuy < 0
mg = (3.8)

min(mbulka mevap,lim) if mbulk >0
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To avoid redundant source terms due to wall and bulk condensation in near-wall cells, the bulk
condensation rate is set to zero for those cells, leaving only wall condensation effects. The volu-
metric source terms in the conservation equations (eqns. 2.4, 2.6, 2.2) are then computed from the
mass source term (S ).

-

Momentum source term: S Ug = SmgU 3.9

Energy source term:  Sjg = S,100Cp 10T — S mghie (3.10)

. Smg if j=H0
Species mass source term: S jo = o (3.11)
0 if j # H,O
Turbulent kinetic energy source term: Sy, = S0k (3.12)
Turbulent specific dissipation rate source term: S o = S o (3.13)

3.1.2. Fog transport modeling

The fog droplets formed during bulk condensation get suspended in the gas mixture (carrier phase)
in the form of droplets. Due to their distinct material characteristics compared to the gas mixture,
the droplets fail to follow the carrier phase velocity field, leading to deviations from the gas flow
trajectory. This motion of the fog droplets, known as drift, is significant for large-diameter droplets
and is influenced by the interplay of inertia, gravitational forces, and aerodynamic drag. Addition-
ally, the Brownian motion and gas flow turbulence can contribute to the droplet diffusion, which is
especially significant for small diameter droplets. Incorporating all these interactions, the fog mass
transport equation (Eqn. 3.14) is formulated in terms of fog volume fraction (@;) using a passive
scalar approach. The passive scalar approach for fog droplet transport uses a Eulerian method to
track the fog mass in the computational domain. This approach relies on the assumption that the
droplet-droplet interactions are negligible, which is valid for very dilute fog volume fractions (a;)
below 1% [Elghobashi, 1994]. The density of the fog (p;) is considered constant (= 1000kg/m3),
which is reasonable for the range of pressures and temperatures in a containment.

0 (piary)
ot

+V- [pla’] (ljg + I/_t)d)] =V. [,Ol (D,g + DB) V(xl] + Sml (3.14)

The source term associated with bulk condensation in the liquid phase directly corresponds to the
source term in the gas mixture mass continuity equation, but has an opposite sign (S, = =S ¢) ),
reflecting the transfer mass of steam removed from the gas to the fog field. The mass source term
can also be split into condensation rate (S ;d) and evaporation rate (S, ).

Sm =St +85 (3.15)

ml

The diffusion term comprises gas phase turbulent diffusivity (D;e) and Brownian diffusivity (Dp).
The turbulent diffusivity is defined as:

27



3. Model development

Dtg = Vtg/SC; (316)

where v, is the gas turbulent viscosity and S ¢; (= 0.9) denotes the turbulent Schmidt number. The
Brownian diffusivity depends on droplet diameter (d;) and is modeled using the Stokes-Einstein
relation [Hinds, 1999, Frederix et al., 2017] which is applicable for diffusion of spherical bodies
like droplets.

_ kgC.T
B 3nugd,

Dp (3.17)

where kp represents the Boltzmann constant, u, denotes the gas mixture dynamic viscosity, and
C, is the Cunningham correction factor given by:

A
C.=1+—
c dl

d
2.34 + 1.05exp (—0.39;1)} (3.18)

where A represents the mean free path of the gas mixture.

The convective term constitutes the gas flow velocity term, which is determined by solving the gas
mixture momentum equation (Eqn. 2.4) and a drift velocity term that requires further modeling.
The fog drift velocity is computed from the droplet total velocity (U)) which is obtained by solving
a force balance partial differential equation [Manninen et al., 1996, Frederix et al., 2017] for a
droplet given by

-

oUI | (171 : V) U = L ((71 - ﬁg) + (pl ;lpg)z? (3.19)

The term on the left-hand side represents the influence of inertial forces acting on the droplet. On
the right-hand side, the first term corresponds to the drag, and the second term accounts for the
gravitational force. The remaining variables in Eqn. 3.19 are defined as

Droplet total velocity: (71 =1+ ﬁg (3.20)
. pid?
Droplet relaxation time: 7, = —— (3.21)
18u,
The drag coefficient (Cy) is determined using the Schiller-Naumann relation
Cyq=1+0.15Re"%7 (3.22)

where droplet Reynolds number, Re = |L7d|d1pg /g

Using Eqn. 3.20, Eqn. 3.19 is rewritten to solve for the droplet’s drift velocity #; which offers
numerical advantage as the value of gas flow velocity U ¢ 1s already available.

(0 + T) - V) da+ Sy = -2 {(@a+ 0,)-v| 0, + (p—’ _pg)g (3.23)

E T ot Pl
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3. Model development

Eqgn. 3.23 is the Stokes formulation and requires iterative solvers to compute i#; and may be
computationally expensive for containment scale simulations. To reduce the computational effort,
a simplified Manninen formulation [Manninen et al., 1996] is proposed to compute the droplet’s
total velocity under the assumption that droplet acceleration matches the local instantaneous gas
mixture acceleration (Eqn. 3.24).

ou, . U
=, (0,-v)0, ~ a—;’ (3.24)

As a result, the Manninen formulation transforms Eqn. 3.23 to

Pi

7 (pl_pg)ﬂ*—ﬂwg (3.25)

ta = c,b c, o

This work incorporates the Stokes and Manninen approaches to modeling drift velocity, with a
comparative assessment of their performance presented in section 4.3.

The equations governing Brownian diffusivity and drift velocity demonstrate that both parameters
are strongly dependent on droplet diameter, which critically influences fog transport dynamics. At
this stage, it is assumed that the droplet diameter is held constant throughout each simulation, and
a diameter dependency study is performed to investigate its impact on containment scale simula-
tions.

3.1.2.1. Drift velocity boundary condition

The passive scalar treatment of fog volume fraction can lead to the accumulation of fog mass near
wall boundaries of the computational domain and become numerically unstable if the @; is not
within acceptable values. To prevent this accumulation, the fog mass that gets deposited on the
walls needs to be continuously removed from the domain through the walls. As drift velocity
is the major factor driving the droplets towards the walls, it is desirable to use the wall normal
component of i, to calculate fog mass flux through wall boundaries for removing fog mass from
the computational domain. Hence, a special deposition velocity boundary condition is used for
drift velocity on the wall boundaries, which is computed using the Eqn. 2.18.

3.1.3. Population Balance Modeling

The influence of droplet diameter on drift velocity and Brownian diffusivity underlines its crucial
role in the distribution of fog inside the containment. Hence, a mono-disperse droplet approach
is insufficient, and a poly-disperse approach is necessary as the local droplet diameter variation
directly affects the droplet transport in the computational domain. The droplet diameter evolution
is influenced by nucleation, condensational growth, evaporational shrink, and coalescence. The
droplet breakup phenomenon is neglected in this work, as the maximum fog droplet diameter in a
typical containment scenario is too small to trigger breakup. A population balance model utilizing
the method of classes [Lehnigk et al., 2022] is implemented in which the droplets are distributed
into n discrete size groups based on their volume, which approximates the size distribution func-
tion. Each size group is denoted with a single representative volume x; as illustrated in Figure
3.1.

Droplet representative volumes

X1 X2 X; Xi+1 Xn—1 Xn

e P E o R

Figure 3.1.: The PBM fixed grid showing the representative droplet volumes.
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3. Model development

The droplets are considered to have spherical shape, and therefore, the representative group volume
is computed from the representative group diameter (d;) using the equation x; = nd? /6. The
volume fraction of each size group within a cell is defined using the field ;; for which the transport
equation of each group is solved. The relationship between the size group volume fraction and the
total fog volume fraction is expressed as:

n
Z p— (3.26)
i=1

Consequently, the size group mass transport equation is formulated based on Eqn. 3.14 as follows:

0 (pravy;)

otV |1 (T + iiai)| = V - |1 (Dig + Dii) Ve | + S mi (3.27)

The group drift velocity (iZ;;) and Brownian diffusivity (Dp;) are functions of the group representa-
tive diameter and can be computed using Eqns. 3.23 and 3.17 respectively. The group mass source
term (S ,,;) combines the effects of nucleation (Nu;), condensational growth (G;r), evaporational
shrink (G;) and coalescence into and from present group i (C;r & C7):

Smi=Nu;+G +G; +C +C; (3.28)

The size group source term (S ;) is obtained via the fixed pivot technique by [Kumar & Ramkr-
ishna, 1996a] which assumes that all droplets within a group are concentrated at the represen-
tative volumes. The technique utilizes the mean value theorem to redistribute droplets in non-
representative volumes generated during coalescence, growth, and shrink events. In this work, this
method is applied to maintain conservation of the overall number and mass of droplets.

The size groups are generated based on the representative diameters given by the user in ascending
order. So, for n size groups, the diameter should be specified such that d; < d; < ..... <d,1 <d,
and the group representative volumes (x;) and group representative surface area (a;) are computed
from d;.

3.1.3.1. Nucleation

The nucleation process refers to the generation of fog droplets due to bulk condensation in the
lowest size group with the representative volume of xj. The underlying assumption is that the
nucleation diameter is no greater than the diameter of the smallest size group. This assumption
does not affect the droplet transport if the drift velocity of the lowest group is negligible. The
numerical treatment of nucleation involves the following considerations:

* If no droplets are present in a particular cell, then the entire mass of fog created during bulk
condensation is added to the nucleation size group. i.e., the nucleation rate is identical to the
bulk condensation rate (S ).

* If the cell already has droplets belonging to any size group, only a fraction (r,,,.) of the bulk
condensation rate contributes to nucleation, and the remaining is added to the condensational
growth term (G;.*). The typical value for r,,. chosen in this work is 0.1, which means that
10% of bulk condensation results in nucleation and the rest leads to droplet growth.

S ifo;=0andi=1
Nu; = 3 rpeS?, ifey#0andi=1 (3.29)

0 ifi#1
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3. Model development

3.1.3.2. Condensational growth and evaporational shrinkage

Condensational growth refers to the increase in fog droplet diameter due to condensation on its
surface, and evaporational shrink is the decrease in droplet diameter because of evaporation from
its surface. The condensation rate (siz;") and evaporation rate (7iz;) for each size group is computed
as a weighted function of bulk condensation rate (S,,;). The weight function (w;) applied here
is the fraction of surface area of droplets in each size group to the overall droplet surface area.
In condensation scenarios, the weight function also considers the effect of the nucleation fraction
Fnue- This can be summarized as:

it = wiSt (3.30)
iy = wiS 5, (3.31)

where
sl (L= ry) IS, >0
wi = (3.32)
@id;/ X Y o
2t uiai] X if Sml <0

The change in droplet diameter creates droplets with diameters different from group representative
diameters and is redistributed to the nearby groups using the mean value theorem with special
considerations for the boundary groups. Hence, the net growth rate in a group is influenced by the
condensation rate in the current group as well as the previous group, which can be described as:

—n'fa/ﬁ# ifi=1
i Xi+1—Xi
vt _ ) it X s+ . Xi : H
G; = {-m’ay o i T ifl<i<n (3.33)
r'n;'a/li + m?;lali—l X ifi=n

Xi—Xi-1

Similarly, the net shrink rate in a given group is affected by the evaporation rate in the current
group and the following group, which can be formulated as:

o . i X e
iy Qg + i Qi T~ ifi=1
el = . Xi . — . Xi . .
G; = iy Q=+ M Qi s~ ifl<i<n (3.34)
i . Xi e
;i ifi=n

3.1.3.3. Coalescence

Coalescence refers to the aggregation of fog droplets belonging to the same or different size group
resulting in the formation of a bigger droplet. This also uses the fixed pivot technique to redis-
tribute the bigger droplet to nearby representative groups to conserve both mass and number of
droplets. For a particular group, coalescence can result in the addition of mass in that group only
by aggregation of droplets with diameters less than or equal to the given group diameter. Based on
this theory, the coalescence source term for a size group can be formulated as:
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' 1 alj
C;r = Ci(1 - E(Sjk)Nijkxix_{x_ (3.35)
=1 k=j ok

Here, Cj is the pair-wise coalescence rate, and the Kronecker’s delta 6 is used to disallow
the repetition of coalescence events within the same size group. N;j; is the coalescence matrix
that determines the factor of mass to be added to the i"* size group, which is generated during
aggregation of droplets belonging to groups j and k. This can be defined as:

(Xj+Xk)—Xi-1

pom ifxi <xj+x<x

Xig1—(xj+x%)
N = { Xir1 =W
ijk Xir1 =X

if Xi < Xj+ Xk < Xiyl (336)

0 else

The loss of mass from a particular group due to coalescence occurs when a droplet belonging
to the current group aggregates with droplets of the same or a different group. This yields the
coalescence sink term, which can be described as:

n
C = —py Z c,-jx,ﬂoﬂ (3.37)
A X j Xi
Finally, the pair-wise coalescence rate is modeled using the turbulent aggregation kernel [ANSY'S,
Inc., 2013] which is the dominant coalescence mechanism in turbulent flows. This model uses the
Saffman & Turner, 1956 aggregation method for droplets in the viscous subrange and the Abra-
hamson, 1975 aggregation method for droplets in the inertial subrange. The viscous subrange is
characterized by droplets with diameter less than Kolmogorov microscale (1) where droplet colli-
sions are governed by the shear forces within local eddies. The droplets bigger than Kolmogorov
microscale lie in the inertial subrange in which the droplet collisions are influenced by velocity
variation in the turbulent flow field. The Kolmogorov microscale is the size of the smallest eddy
and is calculated from the kinematic viscosity (v,) and turbulent energy dissipation rate (&) of the
gas mixture:

1
vg’, 4
n=\—= (3.38)
€
Consequently, the coalescence rate is defined as:
() o ditd;
i /By if 5% <7

Cij = (3.39)
itXj ’ 3 - 2 3 - 2 .o ditd;
22 RO 10+l + [0+ ) 5

where {7 represents the factor that takes into account the capture efficiency coefficient of turbulent
collision:

)0.242

i .
[ = {0.732(NT if Ny > 5 (3.40)

0.732 if Nrp <5
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Here N7 denotes the proportion between the viscous force and the Van der Waals force, described
as:

6mug (x,- + xj)3 A
8H

Ny = (3.41)

where H represents the Hawmaker constant ( H = 3.7e — 20 J for water) and A quantifies the
deformation rate,

. de, 12
A= 3.42
( 15mvg ) (342)
The turbulent shear rate (y) is given by:
2
== (3.43)
Vg

3.1.4. Solution algorithm

Figure 3.2 explains the iterative numerical algorithm of the single-phase passive scalar solver and
how bulk condensation, drift velocity, and fog transport (or PBM) models interact with the basic
containmentFOAM algorithm. The coupling of the fluid region solver with the solid region solver
using conjugate heat transfer (CHT) is also illustrated. The algorithm begins by incrementing
time by the specified time-step size. Initially, the fluid region is solved, starting with updating
the bulk condensation mass source term, followed by wall condensation mass flux. Then, the
continuity species mass fraction and energy equations are solved in order. Subsequently, the gas
density is updated by accounting for the change in mass fraction and temperature. Next, the
momentum equation is solved to compute the velocity and pressure. The gas mixture density
is updated again to include the effect of pressure change. Afterward, turbulent kinetic energy
and eddy frequency are computed by solving the turbulence equations. Subsequently, the droplet
drift velocity is computed, which is followed by calculating the nucleation, growth, shrink, and
coalescence source or sink terms. The fog transport or PBM equations are then solved to obtain
fog volume fractions. If a solid region is present, then the CHT model is activated, and the solid
heat diffusion equation is solved. Then, the residuals of all equations are examined to determine
convergence. If convergence is not achieved, the aforementioned operations are iterated until the
solution converges. Once convergence is attained, the solver advances to the subsequent time step
and repeats the entire process.
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Figure 3.2.: Flowchart illustrating the solution algorithm of the single-phase passive scalar solver
with the inclusion of bulk condensation model, fog transport equation and population
balance model.
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3.2. Two-phase mixture-film-VOF approach

This approach treats the dispersed fog droplets in volume, liquid film on walls, and accumulated
liquid forming a continuous liquid-gas interface as a separate phase from the gas mixture. The
gas mixture comprising NCGs like air, hydrogen, and helium and condensable steam gas that
exchanges mass with the liquid phase is the primary phase. The dispersed fog droplets are gener-
ated in the volume due to bulk condensation. The simplest method of modeling the transport of
dispersed droplets within the gas mixture in a two-phase framework is the mixture approach. It
allows the phases to be interpenetrating, with relative velocities for fog droplets with respect to the
liquid-gas mixture flow. The formation of a liquid film on the vessel walls is due to the deposition
of droplets from the bulk onto the walls and wall condensation. A surface film approach is adopted
to simulate the behavior of the thin liquid film, which assumes a two-dimensional flow along the
surface of walls by neglecting flow perpendicular to the wall. The liquid films in the vessel sump
regions can get thicker than the near-wall cell, leading to liquid accumulation and filling several
mesh cells, resulting in the formation of a liquid-gas interface that is beyond the applicability of
the thin surface film approach. This is modeled using the volume of fluid (VOF) approach, which
is applicable for transport of immiscible phases and has the capability of capturing the phase inter-
faces. In this work, the mixture and VOF approaches can be combined as a single set of governing
equations by using an indicator function to activate terms that are specific to each approach. The
surface film approach uses a different set of equations that are solved on a separate mesh region,
which is a surface mesh extruded from the wall. The mixture-VOF and surface film models interact
with each other through mass, momentum, and energy transfer terms.

This section is structured into five subsections: first, the two-phase mixture-VOF modeling is
discussed. The second part explains the surface film approach and its interaction with the mixture-
VOF approach. The third part addresses the changes required for the wall condensation and bulk
condensation models in the two-phase approach. The extension of the wall condensation model
to facilitate interface condensation is also discussed in this part. The fourth part describes the
integration of PBM into the mixture approach. Finally, the solver algorithm for the two-phase
approach is discussed.

3.2.1. Mixture-VOF modeling

The two-phase mixture-VOF model uses a hybrid approach in which the model equations are
switched between mixture and VOF methods. This is performed with the help of an indicator
function Q which is defined as:

0 for cells with dispersed droplets or no liquid - mixture approach
0= (3.44)

1 for cells containing phase interface or filled with liquid - VOF approach

The distribution of the indicator function for a generic computational domain containing fog
droplets and accumulated liquid is shown in Figure 3.3. In the governing equations, the terms
specific to the VOF approach are multiplied by €, whereas for the mixture approach, they are
multiplied by (1 — Q).

The two-phase approach primarily requires a transport equation for the phase volume fraction
to track the droplets and interface. This is accomplished by combining the mass conservation
equations of each phase and the net mass equation. The total momentum and energy conservation
equations are then solved. Since the gas phase is a multi-component mixture, species transport
equations are also needed to be solved for obtaining the individual species mass fraction. The
detailed explanation of the governing equations for the mixture-VOF approach is addressed in the
upcoming sections.
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Figure 3.3.: The distribution of the indicator function value on computational mesh containing
dispersed fog droplets and continuous liquid with gas-liquid interface.

3.2.1.1. Phase mass conservation equations

The mass conservation equations for the liquid and gas phases are defined in terms of the phase
volume fractions with additional terms to account for phase change (condensation and evaporation)
as well as mass transfer from the surface film model.

9 (gipz) +V - (pi01) =V - (0L ) = St + S marans er (3.45)
8 -
(C;ipg) +V. (a/gpg Ug) -V. (nggVag) =Smg +Smy (3.46)

Here, a, and «; represent the phase volume fractions of gas and liquid phases, respectively. The
densities p, and p; are functions of pressure and temperature, whose effects are significant for the
gas mixture phase due to ideal gas assumption and marginal for the liquid phase due to extremely
low compressibility. The gas and liquid phase velocities are represented using U ¢ and U, respec-
tively. The mass source terms S ,,, and S, incorporate the mass exchanges between steam and
water within the fluid region due to condensation (or evaporation) such that §,,; = =S,,. The
mass source S, accounts for the mass exchange between steam in the fluid region and water
in the film region resulting from condensation or evaporation. The mass transfer of liquid phase
between the surface film region and the fluid region arising from the model switching between
film and VOF approaches is included by S,/ irans fer- The third term on the left-hand side includes
the diffusive transport of the dispersed fog droplets, and is enabled only for the mixture approach.
This is achieved by defining the phase diffusion coefficients Iy and I'; as functions of the indicator
function, such that they are zero when Q = 1. For overall mass conservation during the diffusion
process, it is necessary that the following relation is satisfied.

1
pele =pl; = T, =2l (3.47)

Pg

The diffusion of dispersed fog droplets is due to gas phase turbulence and Brownian motion, and
uses the diffusion coefficients from Eqns. 3.16 and 3.17. Accordingly,

I =(1-Q)(Dy + Dp) (3.48)

Eqns. 3.45 and 3.46 are added to obtain the total mass conservation equation for the mixture-VOF
approach:
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8g;;n +V- (pmljm) = Smf,transfer (3.49)

Mixture density : p,, = @0; + agp, (3.50)

alplﬁl + agpgﬁg
Pm

Mixture velocity : ljm = (3.51)

The relative velocity U, between the liquid and gas phases is given by

U,=0-10, (3.52)

The difference between the mixture and VOF approach lies in the modeling of the relative velocity.
In the VOF approach, the phases are immiscible, and cells are occupied by liquid, gas, or an
interface. Hence, the relative velocity is zero at all cells except at the interface. At the interface,
the relative velocity is modeled as an artificial compression velocity (ljc) which is a function of «;
to keep the interface sharp.

-

R 0 if @y=0orl = Uj=0U,=
rVOF =9 - . o (3.53)
U.=fla) if O<a <1
However, in the mixture approach, the phases are interpenetrating, and there is a relative motion
between the liquid and gas phases in cells where the liquid phase is in the form of dispersed fog
droplets.

— O lf CY[:OOI'I Y ﬁl:ﬁgzﬁm
rymixture = - . (3.54)
fUn Cq, 8 if O0<a<1

The switching between mixture and VOF approaches for the relative velocity model is accom-
plished with the help of the following expression:

l_jr = Qljr,VOF + (1 - Q)ljr,mixture (355)

For simplifying the phase volume fraction equations, let us define the relative velocity of liquid
phase relative to the center of the mixture mass as drift-diffusion velocity of liquid phase (Um):

— —

o QgPg o
U =U; - U, = =2

U, (3.56)
P

Similarly, the drift-diffusion velocity of the gas phase (ﬁmg) can be expressed as:

Opg = Uy — Uy = —?ﬁ, (3.57)
m

Based on Eqns. 3.56 and 3.57, the phase mass conservation equations (Eqns. 3.45 and 3.46) can
be rewritten in terms of mixture and phase drift-diffusion velocities as:
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0 (Zipl) +V- (Cllplﬁm) +V- (lelﬁml) -V- (pIF,Vaq) =S+ Smf,transfer (358)
a 3 —
(C;ipg) +V. (a/gngm) +V- (a/gngmg> -V- (pgrgvag) = Smg + Smy (3.59)

Summing Eqns. 3.58 and 3.59 will give back the total mass conservation equation (Eqn. 3.49) as
QpP1Umi + agpgUpg = 0.

The tracking of the dispersed droplet fraction or the interface requires solving for liquid volume
fraction (a;), whose derivation is explained in Appendix. A. The final transport equation of the
liquid phase volume fraction for a hybrid mixture-VOF approach is given by

50,’1 - Y
E +V- (alUm) +V- (a/lUml) -V (FlVa/l)
S S 1 D 1D
= CL’[V . Um —q [V . (aq(& - 1) Uml - F[(& — I)Va/l) + ozlozg [—ﬂ - —ﬁ]
Pg Pg pg Dt p; Dt
1 1 1 S 1 1
+ S [_ - (_ - _)] - a’lif + Smf,transfer [_ - (11—} (3.60)
PI Pl Pg Pg pI pi
The gas phase volume fraction is then computed using the constraint:
a +ag =1 (3.61)

3.2.1.2. Relative velocity modeling

Mixture Approach

The relative velocity in the mixture approach is obtained from the force balance equation of the
droplet (Eqn. 3.20) as in the single-phase approach (Sec.3.1.2). However, for the two-phase
approach, the Stokes formulation (Eqn. 3.23) needs to be expressed in terms of mixture velocity
(ﬁm) and liquid phase drift-diffusion velocity (17 1) because U ¢ 18 unknown. Therefore, using the
relation for l7; (Eqn. 3.56), Eqn. 3.23 can be rewritten as:

aU)ml
ot

+ [(ﬁml + ljm) . V] U)m[ + ——U,y

=2 (T + O)- 9] O+ (p’;lpg)g (3.62)

The above equation is solved to obtain U, from which the relative velocity is computed as
ljr,mixture = p_m(jml (363)
@gPg

The Manninen formulation simplifies calculations by assuming local equilibrium, where a droplet’s
acceleration matches the surrounding mixture’s acceleration.
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ou, - . oU,
et} V) U, ~ =22 64
o +(U, )Ul = (3.64)

This gives Manninen formulation for relative velocity

Ur,mixture - Cdg - C_dw (365)

5 _(pz—pg)gﬁ 70Uy,
pI

VOF Approach

The relative velocity in the VOF approach aims to keep the interface sharp by employing an artifi-
cial compression velocity (U.) at the interface cells. The compression velocity acts perpendicular
to the interface and is computed based on [Weller, 2006]

Va;
IVayl

-

Urvor = Ue = min|ColUpl, max (|0,]) (3.66)
Here, C, is the compression coefficient that adjusts the compressive effect at the interface, where
C, = 0 means no compression and C, = 1 means conservative compression. The compression
velocity is also bounded to the maximum flow field velocity (max(lljml)) to prevent unphysical
compression velocities. The interface normal vector (Va;/|Va|) ensures that the compression
velocity acts perpendicular to the interface.

3.2.1.3. Mixture momentum conservation equation

The conservation of momentum in the mixture-VOF framework is established by integrating the
momentum equations for both phases, and is given by:

9 (pomUn)
ot

-

+V  (onUn ® Un) = =V + V-7 +V Ty + Fo + pug + S, (3.67)
Here 7 defines the viscous stress tensor given by

5 Y 2 _
7 = (tom + fim) [VUm + (VT - g(svum] (3.68)

where u,, and p,,; are the molecular and turbulent viscosities of the mixture, respectively and
is computed as the phase volume fraction weighted average of the individual viscosities of the
phases. i.e., ty,; = i + agite and py; = Qi + Aghlg .

In the mixture approach, the relative motion of droplets in the gas introduces momentum diffusion,
which is implemented employing diffusion stress tensor, 74,. This term should be active only in
the dispersed droplet region, and multiplication by (1 — Q) ensures it.

Tam = (1 = Q) (a/lpl(jmz ® Ut + agpgUpg ® ljmg) (3.69)

In the VOF approach, the surface tension plays a significant role and is accounted for in the mo-
mentum equation through the inclusion of the term F. This is implemented using the continuum
surface force (CSF) model [Brackbill et al., 1992] which transforms the surface force to a volu-
metric source term that acts only at the interface cells. To prevent the model from adding artificial
forces in the dispersed droplet region, the surface tension force is made active only in the VOF
region by multiplying the term with Q.
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F,=QokVa (3.70)

where o represents the surface tension coefficient and « denotes the curvature of the surface given
by:

VCY[
=V |— 3.71
(IVozzl) G710

The momentum source term S v,, accounts for the momentum transfer from two events, namely,

* Mass exchange between steam in the fluid region and water in the film region, resulting from
condensation or evaporation.

* Mass transfer of the liquid phase between the film region and the fluid region, rising from
the model switching between film and VOF approaches.
Sy, =St Ur+S, Un+SpUp+85,:Un (3.72)

m mf.transfer mf,transfer
where ljf represents the velocity of the film, S Faransfer quantifies the mass of liquid added to the
liquid phase in the fluid region from the liquid film, and S Faransfer denotes the mass of liquid lost
from the liquid phase in the fluid region to the liquid film. The mass of liquid film that evaporates
and joins the gas phase of the fluid region as steam is denoted by S " 7 and the mass of steam that
condenses from the fluid region to the film region is denoted by S, -

3.2.1.4. Gas phase species mass conservation equations

The gas phase constitutes a multi-component system with N different species, and its mass conser-
vation equation is expressed via individual species mass fractions (Y;). For containment applica-
tions, this typically involves a mixture of condensable species (such as H,O) and non-condensable
species like Hy, N> and O;. The transport equation of a general species takes the following form:

0lagp,Y;
% +V - (gpgUeY)) = V - [agp (Djm + Dig) VY] + Sy (3.73)
where D j,, represents the molecular diffusivity of the j™ species with respect to the mixture and is
calculated according to Fick’s law of diffusion (Eqn. 2.3). The term D,, encompasses the effects
of turbulent diffusion in the gas phase flow and is determined using Eqn. 3.16. The Sy, accounts
for the source (or sink) term due to condensation (or evaporation) within the fluid region (S ,,,,) and
between the fluid and film regions (S ,¢). This is applicable only for condensable H>O species and
is zero for all other species.

Sg+Smp if j= HO
Sy.g={ mg T omf =M (3.74)

0 if j # H,O

For N species systems, N — 1 species mass conservation equations are solved. The N species
mass fraction is derived from the unity constraint (Eqn. 3.75). The N species is preferred to be
the one with the largest mass fraction (usually air or N;) to reduce numerical error.

N
D Y=l (3.75)
J
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3. Model development

3.2.1.5. Mixture energy conservation equation

The total mixture energy conservation equation for the mixture-VOF approach is derived by sum-
ming the energy equations of the individual phases. It is assumed that thermal equilibrium holds
between the liquid and gas phases in both dispersed and phase-interface regions. This results in
a continuous temperature field, 7; = T, = T, eliminating separate thermal variables for both
phases. The total enthalpy transport equations of liquid and gas phases are expressed using the
mixture temperature (77,) as follows:

0 (CYJPZC ple)

0 (aipiKp)
o1 -

+V- (a’lplljlcple) + or

V. (mpzﬁ sz)

L .9
=V. ((l’[/leffJVTm) + a/]plUl g+ ala—l; + STI (3.76)

d (a’gpgcpg Tm)
ot

0 (a/gpgKg)

+V. (agpgﬁgCPng) + Ey

+V - (agpeUsKe) = V - (@gdersgVTm)
dap al
agpeUy g+ g+ DV |wpeCrg i T (Dj + D) VY| + S7¢ (3.T7)
j

where Cp; and C,, represents the specific heat capacities at constant pressure of liquid and gas
phases, respectively. Here K; (= %llj 1I?) represents the specific kinetic energy of the liquid phase,

while K, (= %Iﬁ g|2) corresponds to the specific kinetic energy of the gas phase. The effective ther-
mal conductivities, which account for both molecular and turbulent contributions in each phase,
are denoted by A.rr; and A.rf,. The fourth term on the RHS of Eqn.3.77 is present only in the
gas phase energy equation and represents the enthalpy transport resulting from species diffusion.
The terms S 7; and S 7, account for the energy source terms in liquid and gas phases, respectively,
arising from phase change processes and mass transfer between the surface film and liquid phase.

St = SmICple + aqulhlg + S;]Kg + S,;]Kl

+S*

mf,transfer (CPfo + Kf) +S8 (Cple + Kl) (3.78)

mf,transfer

S1¢ = SmgCpagH0Tm + agS mgher + S,*,',ng + 8K

+ 834 (CogoTr + Kp) + S, ((CogoTm + Kg)  (3.79)

where h, denotes the latent heat of condensation (Eqn. 3.5), while &g represents the latent heat
of evaporation such that hg; = —h;,. The specific heat at constant pressure for film is indicated by
C,y and, for steam species in gas phase, it is represented by C), n,0. The specific kinetic energy
of the film is denoted by K. The latent heat term due to S ,,¢ is considered in the film region, as it
is released or absorbed from the film or the solid wall adjacent to it during phase change.
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3. Model development

Adding the phase energy equations 3.76 and 3.77 gives the two-phase mixture energy equation,
which is solved to obtain 7, directly.

0 [(a,plc,,, + a/gngpg) Tm]
ot

0 [a/[lel + a/gpgKg]
ot

+V- [(Cllp[ﬁ[cpl + @gPg ﬁgcpg) T’"] +

+V. [alp[lj[K[ + agpgﬁgKg]

N
L. 0
=V egfmVTm) + puln - & + 6—’; + 3V | aepeCpe T (Djn + Di) VY] + S1i (3.80)
7

Here, A.rf,, represents the effective mixture thermal conductivity, and S 7, quantifies the total
energy source term, which can be simplified as

Stm = Smi (Cot = Cogt0) T + Smihtig + S} yansyer (Cos Tr + K)
+ Sr_nf,transfer (CPle + Kl) + S;f (Cpg’HZOTf + Kf) + Sr_nf ((CPE’HZOT'" + Kg) (381)

3.2.1.6. Turbulence modeling

The effect of turbulence is considered only for the gas phase, utilizing the £ — w SST model
[Menter & Esch, 2001]. The turbulence parameters like the eddy viscosity vy, turbulent diffusivity
Dy, and turbulent thermal conductivity A;, interact with the mixture momentum, gas species, and
energy conservation equations. Phase change processes like condensation and evaporation result
in inter-phase mass transfer, introducing volumetric source terms in the governing equations of
turbulent Kinetic energy as S0k, and eddy frequency as S ,,,w,. The liquid phase is treated as
laminar; hence, the turbulence-related terms for the liquid phase, such as y,; and A, are zero.
For containment applications explored in this work, this is a valid assumption because the liquid
phase flow velocities are extremely low, and the liquid tends to accumulate in sump zones of the
containment compartments.

3.2.2. Surface thin film approach

The VOF approach fails to model the flow of thin films whose thickness is less than the first
cell thickness. To address this issue, one solution is to use fine meshes in the near-wall region.
However, this refinement increases the computational cost of the overall simulation. An alternative
and more feasible solution is to use the surface thin film approach to model the formation and
transport of thin liquid films on wall surfaces. It involves solving a two-dimensional conservation
equation for a separate single-layer mesh region generated by extruding the wall boundary mesh.
The film mesh region is realistically a thin region inside the near-wall cells of the fluid mesh region.
When the film gets thick enough to fill the first near-wall cell, the film mass is transferred from the
film region to the fluid region, which then solves the liquid transport using VOF approach. The
governing equations and sub-models for the surface film approach are addressed in the following
sections:
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3. Model development

3.2.2.1. Film mass conservation equation

The mass conservation for film is defined in terms of film volume fraction (ay), which is the
volume of the mesh element occupied by the film. The @y conserves the film mass irrespective of
the element size and works better for curved boundary surfaces [OpenFOAM, 2023], in contrast
to the traditional method of solving for the film thickness (6 ).

ola
% +V. ((Yfpf(jf) = _Smf_Smf,transfer (3.82)
Here, p represents the liquid film density, and U  denotes the mean film velocity, which is parallel
to the wall. Also, S, quantifies the mass source term from wall condensation (or evaporation),
and S £ irans fer rEpresents the transfer term accounting for the mass exchange between the liquid
phase in the fluid and film regions. The film thickness is then determined by utilizing the film
volume fraction, cell volume (V) and cell wall face area (A ace,w)-

arVeen

5p = (3.83)

B Aface,w

An important parameter in the film approach is coverage factor (77), which quantifies whether the
wall surface is covered by film or not and is given by:

1067 > 60
np={ O Of= O (3.84)
0 else

where 0. 1s the critical film thickness and varies from 0.3 mm for vertical walls to 9 mm for
horizontal walls [Hartley & Murgatroyd, 1964]. A coverage factor of 1 in a cell indicates that the
corresponding wall face is fully covered with film. Conversely, a coverage factor of O signifies
that the wall face contains droplets, or rivulets, or no liquid at all. This factor is used to determine
velocity and temperature boundary conditions between the gas-film interface. For instance, if
ny = 1, heat transfer at the interface takes place between the film and gas, and for ny = 0, it occurs
between the gas and the solid wall.

3.2.2.2. Film momentum conservation equation

The thin film approach neglects any flow perpendicular to the film surface and assumes that the
flow is parallel to the wall. Consequently, the film momentum equation is given as:

d(aspsUy)

o +V-(afpfﬁf®ﬁf)=—Cl’prf+C¥fpf§t+‘I_')f+§Uf (3.85)

where p accounts for the forces acting normal to the film surface. This includes the effects of fluid
pressure (p,), gravitational force component normal to the film surface (pgraviry), surface tension
(por), and pressure component due to condensation or evaporation (Pcondjevap), also known as
vapor recoil effect.

Pf = Pm t Pgravity ¥ Pof t Pcond/evap (3.86)

The gravity, surface tension and vapor recoil effect pressures can be computed using Eqns. 3.87,
3.88 and 3.89, where # is the unit vector normal to the film surface.
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Pgravity = =P 07 (i1 - §) (3.87)

Pof = -4V - (V6y) (3.88)
s2 P

Pcond/evap = 2_Pg (3.89)

The gravitational body force that acts parallel to the film surface is addressed by the asp /g, term,
where g, represents the gravity component tangential to the wall. The solid wall and the gas flow
exert shear stress on the film, and this force is integrated into the film momentum equation using
the 7, term.

2= 7, + 7, (3.90)

Any shear stress acting normal to the film surface is neglected owing to the thin nature of the film.
The film velocity profile in the wall-normal direction is assumed to take a parabolic profile (Eqn.
3.91), based on which the shear force applied by wall (7,,) and gas flow (7,) is calculated.

30 2
O ()= L[z - = 3.91
(2) 5; 25 5; (3.91)
where z represents the film surface-normal coordinate. Consequently, the volumetric momentum
source term due to wall shear stress is given by:

(3.92)

where ¢ represents the dynamic viscosity of the film.

The shear stress exerted by the gas flow employs a simple coefficient-based model that gives the
volumetric momentum source as:

7, = C,(Un - Uy) (3.93)
where Cj is the shear stress coefficient given by:

— — A y
Cy = CrpglUn — Usl =~
Veeit

(3.94)

where Cy is the film surface roughness coefficient ,whose value is equal to 0.005 for the simula-
tions in this research work.

The last term (S'y ) on the RHS of Eqn. 3.85 addresses the momentum source term arising from
phase change, as well as mass exchange between film and the liquid phase.

>

U;-S: U (3.95)

mftransfer ™~ m

Sy, = =S} Uf - S,;fﬁm -S

+
mftransfer

where S is the mass lost from the film due to evaporation and S y is the mass generated in the
film due to condensation.
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3.2.2.3. Film energy conservation equation

The energy transport equation of the film is defined in terms of mean enthalpy () and from which
the mean film temperature (7'y) is calculated.

d(aprhy) S 5
— v (apprUshs) + V- (apprUsKy) = V- (a2 VTf) + g + S, (3.96)
where V - (a/ A fVTf) considers the effect of diffusive transport of enthalpy in the wall tangential
direction. In the present study, this term is disregarded attributing to the film’s thin characteristics,
which results in convective transport dominating the heat transfer process. Here, Ay represents the
thermal conductivity of liquid film.

The term g accounts for the volumetric energy source terms arising from the heat transfer between
the film and gas and, between the film and wall and is given by:

/lf (TfS - Tf) + /1f (TfW - Tf) 7 Aface,w
5]"/2 5}‘/2 / Veell

qr = (3.97)

where Tz, and T's,, define the film surface and film wall temperatures, respectively, computed from
the temperature boundary conditions. The multiplication by the coverage factor ensures that the
film exchanges energy with the gas or wall interface only if it has sufficient thickness. This is also
necessary for the stability of the film temperature field in the numerical solver.

The last term, S, term addresses the energy source term arising from phase change (including
latent heat) and also mass exchange between the film and liquid phase.

Shf =-S5 ;;;f,tranxfer (CPfo + Kf) - Sijlf,transfer (CPle + Kl)

=S (CorTr+ Kp) = S (CotTon + Kg) = 1y Smphig  (3.98)

The last term on the RHS considers the effect of latent heat release or absorption during conden-
sation to or evaporation from the film. The multiplication with coverage factor allows latent heat
transfer only to film and prevents it for droplets or rivulet regime. For the non-film regime, the
latent heat is directly transferred to the solid wall.

3.2.2.4. Film-liquid phase mass transfer model

A dedicated transfer model is formulated to determine the mass of liquid exchanged between the
film region and the mixture-VOF (fluid) region, denoted by S ., ,1rans fer- Figure 3.4 shows the inter-
region mass transfer in which the liquid is exchanged between the film elements and the adjacent
near-wall cells of the fluid. The basic principle behind this model is that when the wall film is thick
enough for a VOF treatment in the near-wall cells of the fluid region, film mass with its associated
momentum and energy is transferred as liquid phase. Similarly, when the liquid phase volume
fraction in the near-wall cell of the fluid region is small enough to be considered as a film, the
liquid mass is transferred to the film region.

This can be summarized as:

* Liquid mass is transferred from film to fluid when one of these conditions is satisfied:
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—

Vcell

Aface,w
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. Film-fluid region interface
LSS ST S S S TS S TS STSSSSSSSSSSSSSSSSSSSSS Wall

Figure 3.4.: The inter-region mass transfer between the film and fluid region across the interface.

— Film thickness () is greater than fsyor times the near wall cell thickness of the fluid
(6 fiuia)

— Liquid phase volume fraction (a;) in the near wall cell of the fluid region is greater
than the limiting volume fraction for VOF interface, denoted by avor jin

* Liquid mass is transferred from fluid to film when both these conditions are satisfied:

— Film thickness () is less than fj ri, times the near wall cell thickness of the fluid
(6 fiuia)

— Additionally, liquid phase volume fraction (a;) in the near wall cell of the fluid region
is less than the limiting volume fraction for film, denoted by a fim,jim

This can be expressed mathematically as:

7, Af X .
0P~ i 8p > fsvordfiuia or i > avoFiim

Smf,transfer = (3.99)

T 1 :
—xapry— i 65 < fs pumd puuia and @i < @ gipm,iim

The transfer rate coefficient (r,) determines the fraction of current liquid mass that is transferred
across the region interface during simulation time step size At. The typical values of the model
parameters for containment applications used in the present work are shown in Table 3.1.

Table 3.1.: The film-liquid mass transfer model parameter values.
Parameter ‘ Tir ‘ Jsvor ‘ Jo.fitm ‘ QVOFlim ‘  film,lim

Value ‘0.0S‘ 1.0 ‘ 0.7 ‘ 0.9 ‘ 0.6

3.2.3. Condensation modeling

The condensation processes in the two-phase approach constitute the combined effects of bulk,
wall, and interface condensation. Figure 3.5 demonstrates the condensation model selection based
on the local cell conditions and can be explained as:

(a) When there is no gas-liquid interface in the fluid region, the wall condensation model be-
comes active in the near-wall cells. The resulting mass source term (S ) is introduced to
the film region. In all other cells within the fluid region, the bulk condensation model is
active, and its mass source term is denoted as S ;g puik-

(b) When the near-wall cells in the fluid region contain sufficient liquid to form an interface, the
interface condensation model becomes active in those cells. The resulting mass source term
(S mg,inter face) 18 added to the fluid region liquid phase. In this scenario, the wall condensation
model remains inactive. For all other bulk cells, the bulk condensation model remains active.
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(c) When the liquid in the fluid region fills several layers of cells above the wall, forming an
interface, the interface condensation becomes active in those interface cells. For all other
cells above the interface cells, the bulk condensation model remains active. Like scenario
(b), the wall condensation model is inactive in this case. The boiling phenomena in the
near-wall cells are not in the scope of this work and are disregarded.

C
o
oo
) o o | o o o | o e | 6 | o ® Bulk condensation
o c
5 .
LT:_S "?;D ® ® ® B Wall condensation
’é A Interface condensation
- HEE
[/ Y,
(a) (b) (c)

Figure 3.5.: The mode of condensation in the computational domain based on the local mesh cell
conditions. (a) Film region is empty or partially filled. (b) Near-wall cells of fluid
region has gas-liquid interface. Film mass is entirely transferred to fluid region. (c)
The liquid phase is filling one or more cell layers of the fluid region.

The bulk and wall condensation models of the single-phase approach are adapted for the two-phase
approach. The interface condensation modeling is an extension of the wall condensation model.
The specifics of these modeling approaches can be found in the subsequent sections.

3.2.3.1. Bulk condensation modeling

The two-phase bulk condensation model uses the principle of driving local mixtures to saturation
temperature, as discussed in Sec.3.1.1. Unlike the single-phase scenario, where the local gas
mixture is brought to saturation, in the two-phase approach, the liquid-gas mixture is brought
to saturation. Hence, the energy required (Q) for heating or cooling the mixture to saturation
temperature (Eqn. 3.3), changes to:

Tsat - Tm

Y (W/m?] (3.100)

0= Pmem
where C),,, represents the specific heat capacity of the two-phase mixture computed as:

a1p1Cp1 + agp,C
Cp = PP ™ Tebe™ s (3.101)
o

Consequently, the bulk condensation mass transfer rate (ri,x) is calculated using Eqn. 3.4. The
latent heat of condensation (/y,) is computed using Eqn. 3.5 where T, = T,,/T.. The evaporate
rate limit (7i1eyqp 1im) Temains the same (Eqn. 3.7) as in the single-phase approach. However, the
condensation mass transfer rate limit (sit¢onq sim) needs to be redefined for the two-phase approach
as:

. AgPeYH,0 kg

eond fim = == [m—Ss} (3.102)
Finally, the mass source term resulting from bulk condensation (S ¢ puix) for the two-phase ap-
proach can be summarized as:

max(7 N ; if 7 <0
S mask = { (Fputkc, Meond.lim) Mk (3.103)

min(mbulka mevap,lim) if mbulk >0
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3.2.3.2. Wall condensation modeling

The wall condensation model computes the mass transfer rate between steam in the fluid region
and liquid in the film region. In contrast to the single-phase approach, where the wall condensation
mass flux serves as an out-flux boundary condition, the two-phase approach treats it as a volumetric
source term denoted by § . This can be mathematically expressed as:

(3.104)

S _ pgDHsz,Wull ( YHzO,cell - YHgO,sat,wall) Afuce,wall
mf = —

1- YHZO,sat,wall 6cell—face Vcell

where Dy, o m.wan represents the effective diffusivity of steam in the gas mixture, which includes
both molecular and turbulence effects. The wall condensation driving force is the gradient of steam
mass fraction in the wall normal direction. This can be computed as the difference between the
cell center steam mass fraction (Yg,0 o) and the saturation mass fraction on the wall (Yx,0.sar.wail)
divided by the distance of the cell face center to the cell volume center (J¢eii— face). To convert the
condensation mass flux to volumetric source term, it is multiplied with wall face area (A ruce,wair)
and then divided by the cell volume (V).

3.2.3.3. Interface condensation modeling

The interface condensation formulation is an extension of the wall condensation model, which
utilizes cell center values instead of the face values. The driving force is calculated as a gradient
of the corrected steam mass fraction (Y;‘{2 o) in the direction of the interface (Tinter face). Moreover,
the conversion to volumetric source term is facilitated by multiplying with interfacial area density
(Ainter face,v)- Therefore, the interfacial condensation mass source term can be defined as:

pgDHZO,m
S mg,inter face =

1- YHzO,sat (VY;IZO ’ ﬁinterface) Ainterface,v (3105)

Here, Dg,0., denotes the effective diffusivity of steam in the gas mixture and Yp,0 o represents
the saturation mass fraction of steam determined from the local temperature and partial pressure.
The corrected steam mass fraction is computed assuming that the liquid region and interface are
in saturation condition and can be defined mathematically as:

Yo = @1Yi,05a + @ Y50 (3.106)
The interface normal vector can be computed from the liquid volume fraction as:

. Va
inter face = |VCY§| (3.107)

The interfacial area density, which is the area of the interface per unit volume, is given by:

Ainterface,V = |Va (3.108)

3.2.4. Population Balance Modeling

The two-phase population balance model uses formulations similar to the single-phase PBM dis-
cussed in Sec.3.1.3. However, the PBM in two-phase is applicable only to the liquid phase. which
is in dispersed form. This means that the PBM interacts with the mixture approach and does in-
fluence the VOF approach. The dispersed phase volume fraction (@;4isp) in the computational
domain is computed as:
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@rgisp = (1 = Q) ay (3.109)

The numerical solver initially solves the phase volume fraction equation (Eqn. 3.60) following
which the dispersed phase fraction is solved using the above relation. Therefore, if we adopt the
single-phase approach of solving the individual size group volume fraction (q;;) first and then sum
it up to obtain the net dispersed volume fraction, there may be inconsistencies with the a;4isp
calculated from Eqn. 3.109. This discrepancy is particularly likely in the near-wall and interface
cells, where the dispersed droplets join the film or the continuous liquid interface. The solution
to this is to solve the population balance equation after computing (a;4isp) and using a different
transport field, which is the volume fraction of each size group in the total dispersed liquid volume
fraction, denoted by ¢;; and is defined as:

aj;

(3.110)

€ =
a'l,disp

Additionally,

n

Ze,,:l (3.111)

i

Consequently, the size group transport equation in the two-phase approach is reformulated based
on Eqns. 3.27 and 3.60 to:

9 (Elia/l,disp)

% +V- (Elia'l,displjm) +V- (fliafl,disp ﬁmli) -V [FliV (Gliaz,disp)]

= Sei + Sei,corr + Sai (3112)

where, U mii and I'y; are the individual size group drift-diffusion velocity and diffusion coefficient,
respectively. The source term S ; accounts for the volume source/sink in the respective group due
to nucleation, condensational growth, evaporational shrink, and coalescence. The distinction be-
tween two-phase and single-phase approaches in the computation of these sub-models is examined
below.

S =Nui+GH+G; +CH+C; (3.113)

The second term on the RHS S; . addresses the correction term resulting from the drift and
diffusion of the droplets, which considers the effects of the second term on the right-hand side of
Eqn. 3.60.

1 =3 1
Sei,corr = —€iq disp [V : (elia’l,disp (Z_ - 1) Ui =T (Z_ - 1) Velia’l,dixp)] (31 14)
8 8

The third term on the right-hand side, S ,; constitutes the effect of the first and third terms on the
right-hand side of Eqn. 3.60.

_ 1 Dp 1D !
Sai = €iaispV - Um + €i gispQg [p_gth - EFPI} (3.115)
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The last two terms of Eqn. 3.60 do not influence the PBM transport equation. These terms are not
relevant for the dispersed phase, which employs a mixture approach. The summation of the size
group transport equation over all groups should give back the original liquid phase volume fraction
equation (Eqn. 3.60). To ensure this, the corresponding terms of both equations are compared, and
then effective terms are computed from the summation of size group equations to be used in the
total liquid volume fraction equation. For example, the effective drift-diffusion velocity U,y is
computed as:

n n

Z Elia’l,dispﬁmli = a’l,disp[jml R Z € Ui (3.116)

i i

Similarly, the effective diffusion term becomes,

n
Z r;v (6Zia'l,disp) =I\Vayisp (3.117)
i

The S¢icorr and S, are calculated similarly. To summarize, we first use the effective terms ob-
tained from the summation of size group equations to solve the total liquid phase volume fraction
equation. Then, we solve the individual group transport equations to obtain €.

The single-phase size group equation has the units of mass, whereas the two-phase approach uses
volume fraction units. Consequently, the source terms related to nucleation, condensation (or evap-
oration), and coalescence need to be reformulated for the two-phase population balance model.
The volumetric source term attributing to phase change that is required for computing the size
group nucleation and condensation rates can be defined as:

1 1 1
Soi =Sm [_ — Qldisp (_ - )] (3118)
pI Pl Pg

Hence, the nucleation rate becomes

S(:l if Al disp = Oandi=1
Nui = 1S, if @jaisp # 0and i = 1 (3.119)
0 ifi#1

For condensational growth and evaporation shrink model, the condensation rate (7z;") and evapo-
ration rate (7i;) are redefined as:

it =wiS?, (3.120)

m; =wiS,, (3.121)
Here, the weight factor (w;) is evaluated using the Eqn. 3.32. Eventually, the size group growth
rate (G;") can be computed from Eqn. 3.33 and shrink rate (G;) can be calculated using Eqn. 3.34.
The coalescence source (C;r) and sink (C;") terms utilize the same formulations as in Eqns. 3.35

and 3.37 respectively, but with the exclusion of p;.

50



3. Model development

3.2.5. Solution algorithm

Figure 3.6 explains the iterative algorithm of the two-phase solver and how different sub-models
interact with the mixture-VOF and film approaches. The coupling of the fluid region and film re-
gion solver with the solid region solver using conjugate heat transfer (CHT) is also illustrated. The
algorithm begins by incrementing time by the specified time-step size. Initially, the fluid region is
solved, starting with updating the bulk and wall condensation mass sources. Then, the dispersed
phase drift velocities are updated, which is used to solve the phase volume fraction equation. Sub-
sequently, the dispersed phase volume fraction is determined, and the droplet evolution rates like
nucleation, growth, shrinkage, and coalescence rates are calculated. This is followed by solving
the dispersed-phase PBM equations to obtain the individual size group volume fraction. Next,
the gas phase species mass fraction equation is solved. Following this, it proceeds to solve the
fluid mixture energy equation. The gas mixture and liquid densities are then updated based on
the changes in species mass fraction and temperature. Subsequently, the fluid mixture momentum
equation is solved to update the velocity and pressure. The gas mixture and liquid densities are up-
dated again by accounting for changes in pressure. Next, the fluid gas phase turbulence equations
are solved to obtain the gas phase turbulent kinetic energy and eddy frequency. Thereafter, the
film region equations are solved, starting with the film mass fraction equation, followed by film
energy and momentum equations. If a solid region is present, then the CHT model is activated,
and the solid heat diffusion equation is solved. Then, the residuals of all equations are examined to
determine convergence. If convergence is not achieved, the aforementioned operations are iterated
until the solution converges. Once convergence is attained, the solver advances to the subsequent
time step and repeats the entire process.
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Figure 3.6.: Flowchart illustrating the solution algorithm of the two-phase mixture-film-VOF
solver.
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This chapter describes various verification and validation studies performed to ensure the appli-
cability of the numerical models established in preceding chapter. It involves comparing the nu-
merical results against analytical models and experimental data using separate effect and integral
effect experiments. The first section addresses the strategy adopted to verify or validate each sub-
model by focusing on the modeled physical phenomena. It also explains the baseline CFD settings
for all the single-phase and two-phase solver simulations presented in this thesis. The subsequent
sections discuss a series of verification and validation studies, starting with separate effect tests
followed by integral effect tests to demonstrate the accuracy and validity of the models.

4.1. Verification and Validation strategy

The physical processes within a nuclear reactor containment in the course of a severe accident
following, e.g., a loss of coolant accident (LOCA), is a multi-phenomena interaction problem.
This involves various phenomena like multi-component gas transport, buoyancy-driven flow, tur-
bulence, bulk condensation, wall condensation in the presence of non-condensable gases (NCGs),
gas radiation, conjugate heat transfer with reactor structures and internal components, and nu-
clear aerosol transport. Additionally, during long transient and continuous steam condensation,
the condensate can accumulate inside the containment, occupy considerable space, and interact
with the other phenomena. To ensure the applicability of the developed CFD models, it is essen-
tial to verify and validate them against appropriate analytical and experimental data obtained from
both small-scale and large-scale test facilities, focusing on both single-phenomenon and multi-
phenomenon interactions. Hence, a series of simulations were carefully selected, ranging from
single phenomenon to multi-phenomena cases, which are summarized in the validation matrix
(Table 4.1)

The existing containmentFFOAM models like multi-component gas diffusion and transport, turbu-
lence, buoyancy-driven flow, wall condensation, and conjugate heat transfer have been validated
in previous works [Vijaya Kumar, 2022, Kampili, 2024]. As the primary objective of this the-
sis is modeling bulk condensation and fog transport, the validation studies will focus mainly on
those phenomena and how their interaction with other physics can affect the prediction of local
conditions inside the containment. Also, the results are analyzed using both single and two-phase
solvers to compare the effectiveness, feasibility, and accuracy of the solvers in simulating complex
containment scenarios. Due to a lack of experiments involving only bulk condensation, the bulk
condensation model is verified by comparing the simulation against the Mollier diagram [Mol-
lier, 1929]. For this purpose, a two-dimensional mixing nozzle case is employed to compare the
amount of fog formed and the change in temperature due to condensation. The same case is then
redesigned to verify the bulk evaporation model by modifying the inlet flow conditions of the
nozzle. The fog droplet transport model and its inertia sub-model are then validated against the
bent pipe deposition experiment [Pui et al., 1987] in which the inertial deposition efficiency of
droplets on the pipe walls is compared with the simulations. Then, the gravitational settling part
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of the drift velocity model is validated using a ventilation chamber experiment [Chen et al., 2006]
where the gravitational settling of particles is simulated, and the particle distribution is compared
with the experimental data. The effectiveness of the Stokes and Manninen drift velocity models is
compared in terms of accuracy and computational effort to choose the right model for large-scale
application. The preliminary simulations use the mono-dispersed droplets approach, which is then
followed by poly-dispersed droplets approach to confirm the replication of results using popula-
tion balance model (PBM) framework. The verification of the coalescence and growth models in
PBM is performed using analytical data by comparing the droplet number density evolution over
time. Then the surface film model is validated by simulating the flow of film over an inclined
plate and its thickening in a countercurrent flow. The film-to-liquid phase mass transfer is verified
using a hypothetical vessel in which the film flows along the wall towards a sump region and starts
accumulating, forming a gas-liquid interface.

Table 4.1.: Verification and validation matrix: Overview of analytical and experimental tests and
associated physical phenomena.

Test case

Phenomenon

Bent pipe deposition
Ventilation chamber
coalescence & growth
Water accumulation

Analytical studies -
X |SETCOM

Falling film

Bulk condensation

X | X |Mollier mixing nozzle

Bulk evaporation

Drift flux model - inertia X

Drift flux model - gravity X

Poly-dispersed droplets transport X

Poly-dispersed droplets evolution X

X | X | X|X|X|X|X|THAI-HM?2

Surface film flow X X

Film-liquid phase mass transfer X

‘Wall condensation

X | X |X|X|X|X|X]|X]|X]|X|THAI-TH2

Multi-component gas X

Light-heavy gas mixture

X

Buoyancy

Turbulence X X | X

X |IX | X|X|X|X

Gas mixing & layer erosion

Stratification layer formation

Condensate accumulation

The next step of validation involves the investigation of the influence of bulk condensation on
wall condensation dominant experiments like SETCOM [Kelm et al., 2019]. These simulations
aim to understand how fog formation in the vicinity of condensing surfaces can interact with
the wall condensation process and to quantify its effect. The two-phase simulations compare the
condensate film thickness on the walls with differently refined meshes. Following validation with
small-scale experiments, the model’s validity is then assessed on a technical-scale THAI facility
with multi-phenomena interaction. Two THAI experiments with conditions favorable for bulk and
wall condensation are chosen for this purpose. The first one is the THAI-TH2 experiment, which
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involves a two-component gas mixture (steam and air), and the steam injection happens in the
upper section of the vessel, leading to the formation of a stratified layer of steam. The second one
is the THAI-HM?2 experiment that includes a three-component gas mixture comprising light gas
hydrogen and heavy gases, nitrogen, and steam. In this case, steam is introduced from the vessel’s
lower section to break the hydrogen cloud at the upper section. Here the steam plume, driven by
buoyancy, turbulence, and condensation, leads to the mixing and erosion of the hydrogen layer.
These validation studies compare the transient vessel pressure and local temperatures with and
without bulk condensation and fog transport to demonstrate its influence.

4.1.1. Baseline CFD model

The baseline models, properties, solver settings, and discretization schemes for the single-phase
and two-phase solvers are discussed here.

Single-phase solver

The turbulence model uses the standard k — w SST model with supplementary turbulence produc-
tion and dissipation terms attributed to buoyancy, which is determined utilizing the Simple Gra-
dient Diffusion Hypothesis (SGDH) model [Chung & Devaud, 2008]. The gas mixture properties
are computed using Wilke’s model [Wilke, 1950] from individual species temperature-dependent
properties. The binary gas diffusion coefficients are computed using the Fuller model [Fuller
et al., 1966] from which the species-specific effective diffusivities in gas mixtures are computed.
The passive scalar approach for fog droplets requires only the water density, whose value is fixed
at 1000 kg/m? irrespective of temperature and pressure, and the definition of droplet diameters.
For the simulations with poly-dispersed droplets, the PBM approach requires specification of the
number of size groups and their representative diameter. For most of the simulations in this thesis,
eight size groups with diameters in geometric progression starting from 1 um to 128 pm are con-
sidered. The spatial discretization of the convective transport term in the conservation equations
uses second-order schemes except for turbulence quantities, which use first-order upwind schemes
for better stability. The coupled equations are solved using the PIMPLE algorithm (Figure 3.2)
with repeated PIMPLE iterations within each time step until all residuals satisfy the convergence
threshold less than 10™*. For non-orthogonal meshes, the pressure-velocity coupling equation
solver uses additional non-orthogonal corrector iteration to reduce discretization errors introduced
by mesh non-orthogonality. Temporal discretization uses the Crank-Nicolson scheme, which is a
blend of the fully implicit scheme (backward Euler) and the explicit scheme (forward Euler) to
provide better accuracy and stability. The single-phase simulations in this thesis use a blending
factor of 0.9, which gives 90% weight for implicit scheme and 10% weight for explicit scheme.

Two-phase solver

The turbulence modeling is restricted to the gas phase, employing the same formulation as in the
single-phase, while laminar flow assumptions are made for both the water phase and the liquid
film surface film model. All the gas properties are computed as single-phase, and water phase
properties are defined using NSRDS (National Standard Reference Data System) functions. The
properties of the phase mixture are determined by averaging based on phase volume fractions,
as discussed in.3.2.1. The PBM utilizes the same size groups as in the single-phase solver. The
spatial discretization of the convection term in the fluid region uses the same schemes as in the
single-phase solver. For the film region, the discretization in space employs first-order upwind
schemes for all equations. The series of equations is solved using the PIMPLE algorithm outlined
in Figure 3.6 with convergence criteria the same as the single-phase. The time discretization uses
the explicit Euler scheme, which is simple, effectively faster per time step in the present two-phase
runs and reduces computational overhead for large simulations.
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4.2. Mollier mixing nozzle

The verification of bulk condensation model using Mollier diagram theory with single-phase and
two-phase approaches is discussed in this section. It begins with an overview of the Mollier dia-
gram and how to utilize it for this verification study. Two cases, one for condensation and another
for evaporation, are chosen, and the boundary conditions and the data for verification are extracted
from the diagram. Subsequently, the computational geometry and mesh are introduced, along with
the simulation parameters. This is followed by grid and time-step sensitivity analyses to determine
the optimum mesh and quantify the dependency of results on time-step size. Finally, the condensa-
tion and evaporation simulations are conducted, and the results are compared with the theoretical
data for model verification.

4.2.1. Mollier diagram theory

The Mollier diagram [Mollier, 1929] graphically illustrates the relationships among key thermo-
dynamic variables for steam or humid air, including enthalpy, entropy, and temperature. This
diagram is generally used for evaluating the conditions of humid air and steam to simplify the
analysis of energy transfer processes in heating, cooling, and humidification systems. It depicts
how the enthalpy, or heat content, of air varies with its water vapor content, as shown in Figure
4.1.
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Figure 4.1.: Mollier diagram [Siemens, 2007] and illustration of property determination while
mixing of air-steam mixtures at different state (Z; and 25).
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Since measuring heat content directly is difficult, the diagram incorporates temperature and relative
humidity, which are more straightforward to obtain experimentally. In HVAC applications, the
Mollier diagram is commonly used to analyze the mixing of hot and cold air-steam mixtures to
ensure the desired conditions for efficient heat transfer. When hot and cold air-steam streams are
mixed, the resulting mixture temperature, vapor content, and fog mass can be determined using
the diagram. This application of the Mollier diagram is used to verify the bulk condensation model
and, subsequently, the bulk evaporation model.

When two airstreams with mass flow rates ni; and ni, and distinct thermodynamic states Z; and Z;
mix, their combined state Z,, can be located on the Mollier diagram (Figure 4.1), through a linear
interpolation inversely proportional to their flow rates. The mixing point M lies closer to the state
with greater mass flux.

The mixing point’s vapor content (M) is determined through

X1n + xomo
xy = ———— [8/kg] 4.1)
my + nmyp
where vapor content, x = Mgeqm/Mair
Similarly, the mixing point’s specific enthalpy is estimated by

hymy + hanip

hy [kJ/kg] (4.2)

mp + nip

The values of Ay, and xj; determine the position of the mixing point on the Mollier diagram, from
which other state properties can be obtained. If the mixing point falls below the saturation curve
(100 % relative humidity), the air is supersaturated and contains more water vapor than it can
hold at that temperature, so the excess condenses into fine droplets, forming fog or mist. If there
is more fog than the air can hold at its saturation temperature, some of the fog evaporates back
into vapor. The air state then moves along mist isotherms to the saturation point B, where the
final temperature and vapor content are measured, and the difference in vapor content between
initial and final states gives the amount of fog formed. To verify the bulk condensation model, a
hot and cold air-steam mixture is combined so that the mixing point is below the saturation line.
Similarly, the fog evaporation model can be verified by mixing a hot air-steam mixture with a cold
air-steam-fog mixture that initially contains fog. Table 4.2 shows the initial and final conditions
for both condensation and evaporation, as determined from the Mollier diagram. The estimation
of the mixing point and its related properties using the Mollier diagram for the condensation case
is illustrated in Figure 4.1.

Table 4.2.: Properties of initial states Z; and Z, and final state B for condensation and evaporation
scenarios estimated from Mollier diagram analysis

Condensation Evaporation

State Z; State Z, State B State Z; State Z, State B

Temperature [°C] 26 -10 9.5 26 9.5 17

Vapor content [g/kg] 17 1.1 7.4 17 7.4 12.2
Fog content [g/kg] 0.0 0.0 1.1 0.0 1.1 0.4
Relative humidity [%] 80 70 100 80 100 100
Density [kg/m’] 1.18 1.34 1.24 1.18 1.26 1.21
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4.2.2. Simulation setup

The mixing process is analyzed utilizing CFD using a nozzle geometry [Zhang & Laurien, 2014]
with two inlets and an outlet, with mixing length (= 5 m) long enough to ensure complete mixing
of the gas mixtures, as shown in Figure 4.2. As the major objective of the simulation is to achieve
full mixing and measure the mixture properties at the outlet, a two-dimensional grid is employed
to make the simulation more efficient and less resource-intensive. The boundary conditions for
inlet 1 and inlet 2 are set to match the states Z; and Z, respectively based on Table 4.2. The
inlet flow velocities at both inlets are assigned a magnitude of 1 m/s and normal to the inlet
boundary. All the wall boundaries are treated as adiabatic to prevent any heat loss through walls.
Turbulence is modeled to enhance mixing, and effects of gravity, Brownian diffusion, and drift
velocity are neglected to focus on the main physics of interest. Also, the fog droplets are treated
as mono-dispersed droplets of diameter 1 um, a choice that does not impact the simulation results
as drift and Brownian motions are disregarded. For both cases, the simulations are executed until
steady state is established-requiring 20 seconds for condensation and 25 seconds for evaporation.
Moreover, the simulations using the two-phase approach do not incorporate the surface-film model,
as the condensation on walls is not considered.

| 0.4m |
[ 1
Inlet 1 7~ Inlet2
——) $0,1 m D —
€
o
0
— |
o
Y
I—» X
0.2m N
Outlet

Figure 4.2.: Left: Mixing nozzle geometry with dimensions. Right: 2D computational mesh of the
nozzle.

4.2.3. Grid sensitivity study

Initially, a grid sensitivity analysis is performed on the condensation test case to identify the opti-
mum mesh. The simulations use a constant time step of Af = 1073 to ensure the Courant number
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is less than 1. The integral condensation rate is used to assess the effect of the mesh refinement
on the model predictions based on the standard Grid convergence index (GCI) method [ASME,
2008], which are summarized in Table 4.3. For the single-phase solver, the relative difference in
the net condensation rate decreased from 0.41 % for the coarse mesh to 0.22 % for the medium
mesh. Similarly, for the two-phase solver, the relative difference reduced from 0.52 % to 0.22 %.
This clearly indicates that the effect of mesh refinement on the results is minimal. Richardson
extrapolation yielded an apparent order of convergence of approximately 0.86, with a Grid Con-
vergence Index (GCI) between the fine and medium meshes of about 0.35 % for the single-phase
solver, confirming mesh independence. Consequently, the medium-refined mesh shown in Figure
4.2 is chosen for the entire verification study. The discrepancy in condensation rate between the
single-phase and two-phase simulations is also minor, at under 1 %.

Table 4.3.: Grid independency study of the Mollier mixing nozzle condensation case using single-
phase and two-phase solvers by comparing the integral condensation rate [kg/s].

No. of Single-phase Two-phase
elements

Net Relative Net Relative
rate [kg/s]  difference [%] rate [kg/s]  difference [%]

Coarse mesh 2700 5.5584 x 107° 0.41 5.5262 x 107° 0.52
Medium mesh 10800  5.5812 x 107° 0.22 5.5550 x 107° 0.22
Fine mesh 43200 5.5938 x 107° - 5.5675 x 107° -

4.2.4. Time-step sensitivity study

Following the grid sensitivity analysis, a time-step sensitivity study is conducted to confirm that
the results do not depend on the selected time-step size. This is particularly important for the
bulk condensation model, as the time-step size is a parameter for computing the condensation
rate. The condensation case with medium refined mesh is selected for the study, and the integral
condensation rate parameter is used to assess the sensitivity. Three time-step sizes are considered:
At =2x1073,1x1073 and 5 x 10~* seconds. The time-step sizes larger than 2 x 10~ seconds are
excluded because of instabilities and convergence issues arising from Courant numbers exceeding
1. The summary of the time-step sensitivity findings is provided in Table 4.4. It is clear that the
deviations in the net condensation rate are marginal (< 0.05 %) with successive decrements in
time-step size for both single-phase and two-phase approaches. Consequently, it can be concluded
that the bulk condensation rate remains unaffected by the time-step size. Based on these findings,
a time-step size of At = 2 x 1073 is selected for the bulk condensation and evaporation verification
studies, as it achieves a suitable trade-off between accuracy and computational efficiency.

4.2.5. Verification results

The verification study is finally performed, which comprises a total of four simulations: conden-
sation case with the single-phase approach, condensation case with the two-phase approach, evap-
oration case with the single-phase approach and evaporation case with the two-phase approach.
The boundary conditions and theoretical data for comparison with the simulation for all simula-
tions are taken from Table 4.2. The converged steady-state simulation results demonstrating the
spatial distribution of the condensation rate, temperature, vapor content, and fog content are shown
in Figures. 4.3 - 4.6.
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Table 4.4.: Time step sensitivity study of the Mollier mixing nozzle condensation case using
single-phase and two-phase solvers by comparing the integral condensation rate [kg/s].

Time step

Single-phase

Two-phase

size

Net rate [kg/s] Relative difference [%]

Net rate [kg/s] Relative difference [%]

2x 1073 5.5794 x 107° 0.03 5.5551 x 1076 0.002
1x1073 5.5812x 1076 0.04 5.5550 x 1076 0.002
5% 107 5.5837x107° - 5.5549 x 1076 -
Condensation rate Temperature Vapor content Fog content
35.49 26.00 17.00 1.20
34.00 24.00 1.15
g 16.00
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Figure 4.3.: Condensation rate, temperature, vapor content and fog content distributions in the
mixing nozzle after steady state for single-phase condensation case.

The simulation results reveal that the majority of condensation and evaporation processes take
place in the upper section of the nozzle, and the gases uniformly mixed at the nozzle exit. More-
over, there is little to no condensation or evaporation occurring at the nozzle’s lower end, and any
fog generated is carried away with the outflow. In both condensation and evaporation scenarios,
the balance between these phase-change mechanisms maintains the mixture at saturation condi-
tions. For instance, in the condensation case, a small amount of evaporation also occurs, but at
a relatively lower rate. Similarly, for the evaporation case, there is some condensation present at
small rates. However, to display the dominant process in the respective cases, the condensation
and evaporation rate distribution (Figures. 4.3 - 4.6) scales are clipped. It is also notable that
the field distributions are almost the same, with only minor differences between single-phase and
two-phase approaches for the corresponding phase change simulations. The observed minor dif-
ferences are due to the inherent variations in the modeling strategies employed. For verification,
the area-averaged outlet properties like temperature, vapor content, and fog content from the sim-
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ing nozzle after steady state for single-phase evaporation case.

Figure 4.4.: Condensation rate, temperature, vapor content and fog content distributions in the

Figure 4.5.: Evaporation rate, temperature, vapor content and fog content distributions in the mix-
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Figure 4.6.: Evaporation rate, temperature, vapor content and fog content distributions in the mix-
ing nozzle after steady state for two-phase evaporation case.

Table 4.5.: Comparison of Mollier diagram theory data with simulation results for condensation
and evaporation cases using single-phase and two-phase approaches.

Condensation Evaporation

Mollier Simulation Error [%] Mollier Simulation Error [%]

é Temperature [°C] 9.5 9.64 1.44 17 17.18 1.54
g); Vapor content [g/kg] 7.4 7.32 1.06 12.2 12.1 0.01
'&;E Fog content [g/kg] 1.1 1.12 2.19 0.4 0.41 2.06
% Temperature [°C] 9.5 9.59 0.95 17 17.26 1.06
§ Vapor content [g/kg] 7.4 7.32 1.07 12.2 12.22 0.37
& | Fog content [g/kg] 1.1 1.15 4.12 0.4 0.42 5.06

ulations are compared against the corresponding properties from the Mollier diagram at final state
B. Table 4.5 summarizes the findings, revealing that the bulk condensation model maintains accu-
racy within 6 % and aligns well with theoretical predictions for both single-phase and two-phase
approaches. Furthermore, the computational cost assessment showed that, in this scenario, the
two-phase method requires about 12 % more resources than the single-phase approach.
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4.2.6. Discussion

In this section, the bulk condensation model verification against the Mollier diagram was per-
formed employing both single-phase and two-phase approaches. Firstly, a grid sensitivity study
was conducted, which helped in identifying the optimum mesh with 10800 elements and also con-
firmed that the deviation in the results with further mesh refinements was less than 0.3 %. In the
next step, a time-step size sensitivity study was carried out to understand its effect on the results,
especially due to the inclusion of time-step size in the bulk condensation rate calculation model.
The findings showed that varying the time-step size had a minimal effect on the results (< 0.1
%) and as long as the Courant numbers are less than 1, the simulations are stable and converge
rapidly. Consequently, a time-step size of 2 x 1073 was chosen for the further Mollier mixing
nozzle verification study. The condensation case was used for both sensitivity studies, with the
integral condensation rate serving as the key parameter. Finally, the model was verified by com-
paring simulation results-specifically outlet temperature, vapor content, and fog content-for both
condensation and evaporation scenarios with theoretical predictions. This study verified that the
single-phase and two-phase bulk condensation model implemented in containmentFOAM closely
matches the theoretical predictions by the Mollier diagram, indicating its suitability for further
studies.

4.3. Bent pipe deposition

This section discusses the validation of the drift velocity model for the transport of fog droplets
(or particles), with a primary emphasis on the inertial effects. It starts with an overview of the
bent pipe particle deposition experiment and an analytical study and a computational investigation
into it. Next, the computational geometry and mesh are introduced, followed by a grid sensitivity
analysis. Finally, the simulations are performed using both the Manninen and Stokes drift velocity
models, incorporating single-phase and two-phase approaches, and the results are compared with
previous data.

4.3.1. Inertial deposition of particles in a bent pipe

The particles in a gas flowing through a 90° bent pipe get deposited on the walls due to inertia.
One of the first analytical investigations into this phenomena was conducted by Cheng & Wang,
1981 for a fully developed laminar flow. They presented numerical equations for calculating the
behavior of particles in the flow through a 90° bend in a pipe of circular cross-section. Later, Pui
et al., 1987 performed a detailed experimental study on the particle deposition in bent pipe for
both laminar and turbulent flows using mono-disperse aerosols. Numerical studies have also been
conducted to model the aerosol flow and deposition in bent pipes. Pilou et al., 2011 numerically
studied this problem in an Euler—Euler framework with one-way coupling between the aerosol
and the primary flow. More recently, Frederix et al., 2017 used the CFD approach to predict
the aerosol deposition using an internally mixed Eulerian aerosol model. Following these works,
the bent pipe deposition problem is utilized to validate the drift velocity model and its inertial
effect by comparing the deposition efficiency as a function of Stokes number against experimental,
analytical, and simulation data. The deposition efficiency (7,) is defined as the percentage of rate
of aerosol deposition on walls relative to the rate of aerosols injected into the pipe. Mathematically,
this can be expressed as:

mdeposit
Nd=——— (4.3)
Minjet
where 7i1geposir 18 the aerosol mass deposition rate and #it;y,; is the aerosol mass inflow rate.
The Stokes number(S¢) is defined as the ratio of the aerosol inertial timescale over the flow con-
vective timescale and is expressed as:
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d>C.U
= PatazeTs (4.4)
18ugR),
where p, is the material density of the aerosol, d, represents the aerosol particle diameter, C, de-
notes the Cunningham slip correction factor, U, quantifies the inlet gas flow velocity, u, represents
the kinematic viscosity of the gas, and R, is the radius of curvature of the bend.

From the large experimental database [Pui et al., 1987], one case with flow Reynolds number =
1000, representing a laminar flow, is chosen for the validation study, and its details are specified
in Table 4.6. The deposition efficiency was esitmated for 11 distinct droplet sizes ranging from 4
um to 15 um and this same size spectrum will be used for the simulations.

Table 4.6.: Gas and aerosol properties, and bent pipe dimensions of the selected experimental data
for the validation simulations.

Gas temperature T 273 K

Gas density p, 1.18 kg/m?

Gas dynamic viscosity ug 1.85 x 107> Ns/m?
Droplet diameters d, 4-15 um

Droplet material density p, 895 kg/m’

Pipe diameter D 3.95x 103 m
Pipe bend radius of curvature Ry, 22.515% 1073 m
Gas mean inlet velocity U, 3.86m/s

Cunningham slip correction factor C,  1.028

4.3.2. Simulation setup

The simulation of the deposition of aerosols due to inertia in a 90° bend of circular cross-section
is performed on a three-dimensional computational domain by adopting the geometry shown in
Figure 4.7. The geometry features a pipe of diameter D and consists of two linear sections: hor-
izontal inlet of length D and vertical outlet of length 2D, and a bend of radius R,. The linear
sections are essential for the simulations to affirm that the flow behavior in the bend is not affected
by the inlet and outlet boundary conditions. Based on the geometry and dimensions specified in
Table 4.6, a 3D structured mesh is generated as depicted in Figure 4.7. The boundary conditions
and gas and aerosol properties for the simulations are also taken from Table 4.6. The inlet aerosol
injection volume fraction is set at a; = 107'° to minimize any disturbances in the gas flow caused
by the aerosols and to guarantee the validity of the one-way coupling model. The drift velocity
deposition boundary condition discussed in Sec.3.1.2.1 is applied on all walls, which removes only
the aerosols that are deposited on the walls. This boundary condition is particularly advantageous
as it directly gives the deposition rate, which can then be used to compute deposition efficiency.
Additionally, the pipe walls are treated as adiabatic, and the no-slip boundary condition is applied
to primary gas flow velocity on these walls. The primary flow is treated as laminar as in the ex-
periments, and effects of gravity and Brownian diffusion are included to match the experimental
conditions. The simulations are conducted using both the Manninen and Stokes drift velocity
models, incorporating single-phase and two-phase approaches. Additionally, the simulations uti-
lize a mono-disperse approach for each aerosol diameter, resulting in a total of 11 simulations
corresponding to the different diameters. The simulations are also carried out using the Population
Balance Model (PBM) approach, which integrates all the 11 simulations into a single simulation.
This is done to assess whether the PBM approach can effectively replicate the results obtained
from the mono-disperse simulations. The simulations are run until a steady state is achieved,
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which occurs after 0.2 seconds for all cases. The time-step size used for all simulations is equal
to 2 x 107> seconds, keeping the Courant numbers below 1, giving stability to the simulations.
Moreover, the simulations using the two-phase approach do not employ the surface-film model, as
there is no flow of aerosols (or droplets) along the walls. Since the aerosols are removed through
the walls, the mixture-VOF model is sufficient to capture the required phenomenon.
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Figure 4.7.: Left: Geometry of the bent pipe [Frederix et al., 2017]. Right: 3D computational
mesh of the bent pipe

4.3.3. Grid sensitivity study

The effect of mesh refinement on the results is investigated initially to determine the optimum
mesh. For this purpose, a simulation with mono-dispersed aerosols of diameter 8.28 um, Stokes
number 0.37, and Manninen drift velocity model is run on differently refined meshes, and the
deposition efficiency parameter is used for comparison. The grid sensitivity analysis is conducted
using both single-phase and two-phase approaches, and the findings are summarized in Table 4.7.
For the single-phase solver, the relative difference in deposition efficiency decreased from 0.46
% for the coarse mesh to 0.26 % for the medium mesh. Similarly, for the two-phase solver, the
relative difference reduced from 2.32 % to 0.69 % with mesh refinement. This clearly indicates
that the effect of mesh on the results is minor. Richardson extrapolation was applied, yielding an
apparent order of convergence of approximately 1.96 with a GCI between the fine and medium
meshes of about 0.41 % for the single-phase solver, confirming mesh independence. Hence, the
medium mesh (Figure 4.7) is the optimum mesh for all cases and is chosen for further validation
study.

4.3.4. Validation results

The validation simulations consist of mainly four cases: Manninen model with single-phase method,
Stokes model with single-phase method, Manninen model with two-phase method, and Stokes
model with two-phase method. Each of these cases involves 11 simulations, corresponding to
each aerosol diameter, when using a mono-dispersed approach. However, the PBM approach en-
ables us to reduce these 11 simulations to a single case by treating each diameter aerosol as a
size group in the population. The PBM approach for the bent pipe deposition simulation disre-
gards the effects of aerosol evolution by coalescence, growth, or phase change. The comparison
of the deposition efficiency using the mono-disperse approach for some aerosol diameters and the
PBM approach revealed that the PBM approach was able to replicate the mono-disperse results.
This comparison is also performed for the different drift velocity models as well as the phase ap-
proaches. Therefore, the results discussed here are obtained using the PBM approach. The fluid in
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Table 4.7.: Grid independency study of the bent pipe deposition case using single-phase and two-
phase solvers by comparing the deposition efficiency based on Manninen drift velocity
model for aerosol diameter = 8.28 um equivalent to S = 0.37.

No. of Single-phase Two-phase
elements

Deposition Relative Deposition Relative
efficiency [%] difference [%] efficiency [%] difference [%]

Coarse mesh 28800 34.65 0.46 3391 2.32
Medium mesh 56260 34.81 0.26 34.70 0.69
Fine mesh 101400 34.90 - 34.94 -

the pipe gets accelerated due to a change in direction while flowing through the bend region. The
aerosols, by virtue of their inertia, cannot follow the fluid flow path and deviate, leading to their
deposition on the walls. The aerosol inertia is proportional to its diameter; hence, larger droplets
easily get deposited while smaller droplets tend to follow the flow path and exit through the outlet.
This is confirmed by the aerosol deposition concentration contour for different Stokes numbers in
Figure 4.8.

It is evident that the aerosol concentration on the pipe walls due to deposition increases with Stokes
number, indicating that larger aerosol diameters lead to increased deposition. Furthermore, for
lower Stokes numbers, the deposition occurs predominantly towards the end of the bend, where
the flow acceleration is highest. However, as the Stokes number increases, the deposition zone
starts moving towards the start of the bend, where the flow acceleration is lower. This means
that the high-inertia fog droplets can deviate from the primary flow path even when subjected to
small accelerations caused by changes in direction, and the drift velocity model can capture this
phenomenon. Moreover, it can be observed that the Stokes model predicts higher deposition rates
compared to the Manninen model. This finding is consistent for all Stokes numbers and in both
single-phase and two-phase approaches. When comparing single-phase and two-phase approaches
using the Stokes drift velocity model, the predicted deposition rates show marginal variation across
all Stokes numbers. However, the Manninen model shows a notable difference between the two
approaches, where the two-phase approach predicts lower deposition rates than the single-phase
approach, and this difference becomes more evident as the Stokes number increases. The quanti-
tative comparison between different models and approaches with the experimental, analytical, and
numerical data is shown in Figure 4.9.

The Stokes drift model demonstrates >95% accuracy in predicting deposition efficiency across the
full Stokes number range for both single-phase and two-phase approaches. There is only a negligi-
ble difference in the efficiency predictions between both phase methods. However, the Manninen
model shows a notable difference in deposition efficiency between the single-phase and two-phase
approaches, with deviations (< 1 %) beginning at the mid-range Stokes numbers and increasing up
to around 15 % at high Stokes numbers. This reveals that the Manninen model is slightly sensitive
to the phase approach at high Stokes numbers. The comparison with the validation data indicates
that the Manninen model with the single-phase approach offers good accuracy (> 95 %) at both
low and high Stokes numbers, but it tends to underestimate deposition efficiency by 20-30 % at
medium Stokes number range. In contrast, the Manninen model with the two-phase approach of-
fers good accuracy (> 95 %) at low Stokes numbers but under-predicts the deposition efficiency by
20 - 30 % at medium to high Stokes numbers. The analysis of computational costs revealed that the
two-phase approach is only 16 % more computationally intensive than the single-phase approach
for the whole simulation. However, when comparing the Stokes and Manninen models, the Stokes
model is around 3 times more expensive than the Manninen model for both phase approaches for
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Figure 4.8.: Aerosol distribution on the pipe walls due to deposition for three different Stokes
numbers and using different drift velocity models and phase approaches.

the whole simulation. This additional computational power requirement for the Stokes model is
huge and cannot justify the additional accuracy it offers. Therefore, for large-scale simulations, it
may be more practical to use the Manninen model to reduce computational overhead.

4.3.5. Discussion

This section validated the inertia effect component of both Manninen and Stokes drift velocity
models using a bent pipe deposition simulation, employing both single-phase and two-phase ap-
proaches. A grid sensitivity study was initially performed to quantify the influence of the mesh
refinement on the results, leading to the selection of an optimum mesh with around 56,000 ele-
ments for the validation study. The simulations indicated that both models were able to predict
the deposition efficiency with reasonable accuracy, with the Stokes model performing better than
the Manninen model at all Stokes number ranges. Also, it was found that the Manninen model is
sensitive to the phase approach used. However, the comparison of computational costs revealed

67



4. Model Verification and Validation

100
)
80
<
>
=
S 60-
o
i,
[
ie]
a 401 @ Puietal.
§' m Cheng & Wang
¢ Pilou et al.
20" —— Single-phase - Manninen
—— Single-phase - Stokes
---- Two-phase - Manninen
---- Two-phase - Stokes
%0 0.2 0.4 0.6 0.8 1.0 1.2

Stokes Number (St)

Figure 4.9.: Inertial deposition efficiency vs. Stokes number: Experimental [Pui et al., 1987],
analytical [Cheng & Wang, 1981], and numerical [Pilou et al., 2011] benchmarks vs.
current simulations using single-phase and two-phase approaches with Manninen and
Stokes drift velocity models

that the Stokes model is 3 times more expensive than the Manninen model and cannot justify the
additional accuracy it provides. Hence, the Manninen model seems to be the best applicable option
for technical-scale containment simulations.

4.4. Ventilation chamber

In this section, the validation of the gravitational effect in the drift velocity model is performed by
using a ventilation chamber experiment to compare the spatial particle distribution at different inlet
velocities. It begins with an overview of the experiment and discusses the parameters of the exper-
iment. This is followed by explaining the computational setup to simulate the experiment. Finally,
simulations are conducted using both the Manninen and Stokes drift velocity models, incorporat-
ing single-phase and two-phase approaches, and the results are validated against experimental data
to assess their accuracy.

4.4.1. Gravitational settling of particles in a ventilation chamber

The ventilation chamber experiment [Chen et al., 2006] was designed to investigate how particles
settle and deposit under gravity, as well as to develop and validate models for simulating particle
distribution in a ventilated room. The configuration of the experiment is presented in Figure 4.10.
It features a rectangular chamber of 0.8 m X 0.4 m X 0.4 m, and is equipped with inlet and outlet
ports each measuring 0.04 m X 0.04 m. The inlet is located on the left face with its center at
coordinates (0, 0.2, 0.36) and the outlet on the right face with its center at coordinates (0.8, 0.2,
0.04). The experiment utilized hollow glass spheres coated with silver, with an average size of 10
wm, anominal diameter spanning 2 to 20 um, and a material density of 1400 kg/m>. These particles
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were introduced at the inlet, and the concentration of the 10 um particles was measured along the
z-axis at 3 different locations (x = 0.2 m, 0.4 m and 0.6 m) on the center plane, as illustrated in
Figure 4.10. The measurements were taken for two distinct inlet velocities of 0.225 m/s and 0.45
m/s. For this validation study, the particle normalized concentration at transient time, t = 1800 s,
is used for comparison. The normalized concentration is determined from the ratio of the local
particle volume fraction to the inlet volume fraction.

SN

Figure 4.10.: Schematic of the ventilation chamber experiment.

4.4.2. Simulation setup

The simulation of the particle settling and deposition in the ventilation chamber under gravity is
conducted by adopting a three-dimensional computational domain of the geometry displayed in
Figure 4.10. Due to the simplicity of geometry, the computation mesh consisting of a single block
of structured mesh with uniformly sized elements is generated. Initially, a grid sensitivity study is
performed with three sets of grids, coarse (40 x 20 x 20) , medium (80 x 40 x 40) and fine(160
x 80 x 80). The sensitivity studies revealed negligible discrepancies in integral deposition rate
(<1 %) between the medium and fine mesh, justifying the use of the medium grid for further
validation. The simulations are conducted using both inlet velocities (0.225 m/s and 0.45 m/s),
including both Manninen and Stokes drift velocity models and employing both single-phase and
two-phase approaches. The walls are treated to be adiabatic and are applied with the drift velocity
deposition boundary condition (Sec.3.1.2.1) to facilitate particle deposition. The inlet aerosol
injection volume fraction is set at ¢; = 107! to minimize the particle influence on the primary
flow, consistent with the experiment. The flow is treated as turbulent using the & — «w SST model.
Since the focus is solely on the distribution of 10 um particles, a mono-disperse simulation method
is employed. A time-step size of 1 x 1072 is selected for all simulations to maintain Courant
numbers below 1. In this study also, the surface film approach is not incorporated in the two-phase
approach, as the mixture-VOF model is sufficient to model the required phenomenon.

4.4.3. Validation results

The main validation study includes a total of eight simulations, resulting from the combination
of two inlet velocities, two drift velocity models, and two phase approaches. The particle nor-
malized concentration profiles at 1800 s are evaluated against experimental data and displayed in
Figure 4.11. It is evident that the model predicts normalized particle concentrations with over
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90 % accuracy across all measured positions and inlet velocities. The maximum deviations with
experimental results appear near the inlet region (x = 0.2 m), attributable to the simplification of
the inlet for simulation. In the experiment, the inlet consists of a long square channel that allows
flow to be developed before reaching the chamber, which is not considered in the simulations. The
Manninen and Stokes model exhibits nearly identical profiles for both single-phase and two-phase
approaches, indicating that the simple and computationally efficient Manninen model is enough
to capture the gravitational transport of the particles. There is only a marginal difference (< 1 %)
between the single-phase and two-phase approaches, which can be attributed to the differences in
the modeling methods.

To illustrate the influence of gravity on particle settling more effectively, two additional simula-
tions are conducted at both inlet velocities using the two-phase approach by excluding the gravi-
tational effect in the Manninen drift velocity model. The comparison of normalized particle con-
centration distribution at the center plane from these simulations with the gravity included model
is shown in Figure 4.12.

Uinjet = 0.225 m/s Uintet = 0.225 m/s
Excluding gravity effect in drift velocity model Including gravity effect in drift velocity model

—l i

Uinjet = 0.45 m/s Uinjet = 0.45 m/s
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Figure 4.12.: Comparison of normalized concentrations of 10 um particles at the center plane for
two different inlet velocities at t = 1800 s, excluding and including gravity effect,
using Manninen drift velocity model and two-phase approach.

It demonstrates the significant impact of gravity on the particle distribution. The exclusion of
gravity results in a nearly uniform concentration for both low and high inlet velocities. However,
when the gravitational effect is included, particles are deflected from the main flow, descend to the
bottom of the chamber, and deposit. This effect is more pronounced at lower inlet velocities, as
the weaker primary flow exerts less resistance to gravitational settling. At higher inlet velocities,
the gas velocities in the chamber are higher and can dominate over the gravitational drift velocity
and result in better mixing. The inertia part in the drift velocity model was active in these simu-
lations. However, its impact is minimal because of the low flow velocities, which lead to reduced
accelerations when the flow direction changes. The inertial forces in this case are insufficient to
cause the particles to deviate from the primary flow and deposit.
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4.4.4. Discussion

In this section, the validation of the gravitational component of both Manninen and Stokes drift
velocity models was performed using a ventilation chamber particle settling simulation, employing
both single-phase and two-phase approaches. The simulations demonstrated that the drift velocity
models were able to predict particle transport and distribution under the effect of gravity with
good accuracy. Moreover, it was found that the Manninen and Stokes models produced nearly
identical results, suggesting that the computationally efficient Manninen model is the best option
for large-scale containment simulations. Additionally, the deviations between the single-phase and
two-phase approaches were marginal.

4.5. PBM analytical verification studies

This section features the verification of the Population Balance Model (PBM) droplet evolution
models like coalescence and growth against analytical data. It starts by discussing the analytical
study on cloud droplet coalescence and the correlations to determine the number density distribu-
tion variation with time t. Then, the simulation setup to verify the models is explained and finally,
the simulation data is compared with the analytical solution.

4.5.1. Analytical studies of droplet coalescence and growth

Scott, 1968 performed an analytical study on cloud droplet coalescence to calculate the droplet
size distribution at any time, given an initial distribution. He explored three different coalescence
kernels to compute the coalescence rate between groups i and j:

¢ Constant kernel: C;; = ¢ - Constant probability.
* Sum kernel: C;; = b(x; + x;) - Proportional to the sum of the droplet volumes.

* Product kernel: C;; = ax;x; - Proportional to the product of the droplet volumes.

Analytical relations on how the number density distribution will evolve over time were provided
for all three kernels. The number density function (n,) is defined as the number of droplets per
unit volume having representative volume (x;) and can be computed as:

ny = — 8 (4.5)
Xi(Xiv1 — Xi)
where a;; represents the volume fraction of droplet size group within a cell.
The initial density function (at t = 0) for all cases is given by:

N, i _X
n(x;,0) = x_((: (j—o) e " (4.6)

The constant values used in the above equations for this verification study are listed in Table 4.8.
Table 4.8.: Parameters for the analytical coalescence kernels and initial distribution functions.

Parameter \ c [m/s] \ b[s™!] \ a[m3s1 \ No [m™3] \ xo [m?]

Value ‘ 1.0 ‘ 1.0 ‘ 1.0 ‘ 2.5 ‘ 0.01

For the growth model verification, a constant growth kernel (G* = 1 kgm3/ s) was utilized, whose
density distribution can be directly calculated without any special analytical function. This sim-
plification arises because the constant growth rate merely results in a uniform shift of the initial
density function along the size axis, proportional to the growth rate. This straightforward behavior
enables easy comparison between analytical data and simulation results.
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4.5.2. Simulation setup

The computational domain for this verification study requires only a single element (1 m X 1 m
X 1 m) as we are interested only in the droplet evolution by the coalescence kernels discussed
above. The parameters affecting the coalescence rate are only the representative volumes of the
corresponding groups. The effects of turbulent flow and thermodynamic properties are not a part
of this model, and hence, the simulations are performed in stagnant laminar flow. Symmetry
boundary conditions are applied to all fields and boundaries. The time-step size for all simulations
is set at 0.2 s, based on time sensitivity studies. For the coalescence verification simulations, 71
droplet size groups in logarithmic series ranging from 2.65 x 1072 m to 4.83 m are used. For the
growth model verification simulations, 28 droplet size groups in arithmetic series ranging from
1 m to 3.058 m are utilized. The simulations are performed employing both single-phase and
two-phase approaches.

4.5.3. Verification results

The two-phase and single-phase results are challenging to distinguish for this verification study, as
the flow is stagnant and the PBM implementation is comparable in both approaches. Hence, the
simulation results shown here are based on the single-phase approach. The simulated number den-
sity distributions of the coalescence cases at different times compared with the analytical solution
are illustrated in Figures. 4.13 - 4.15.
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Figure 4.13.: Comparison of analytical and simulation number density for different droplet sizes
at different times with constant coalescence model.

It can be observed that the model reproduced the distribution pattern very well, with excellent (>
99 %) accuracy for the high number density droplets and with reasonable accuracy (> 90 %) for
the low number density droplets. The deviations for the low-concentration droplets also tend to
increase with time for all cases. This deviation for the low-density droplets could be due to the
numerical errors arising from computations using small numbers. It can also be observed that there
is a gradual decrease in the number density of low-volume droplets and an increase in the number
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density of high-volume droplets. These findings imply that smaller droplets are coming together
and evolving into larger droplets.
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Figure 4.14.: Comparison of analytical and simulation number density for different droplet sizes
at different times with sum coalescence model.
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Figure 4.16.: Comparison of analytical and simulation number density for different droplet sizes
at different times with constant growth model.

In the case of constant growth simulation (Figure 4.16), the model was unable to accurately repro-
duce the distribution. This is due to the inherent flaw in the sectional PBM approach where fixed
representative droplet sizes are used. The exact nature of the droplet growth can only be predicted
by using a moving pivot technique [Kumar & Ramkrishna, 1996b], whose implementation is com-
plex and beyond the scope of this thesis. Nevertheless, the model is able to conserve the number
of droplets and predict the peak density location in droplet volume.

4.5.4. Discussion

This section presented the analytical verification of the coalescence and growth droplet evolution
models. Although the modeled evolution rates used for this study do not represent realistic con-
ditions, it demonstrated that the numerical implementation of the model in the PBM framework is
effective in predicting the corresponding phenomena. Moreover, the results were identical for both
single-phase and two-phase approaches, confirming their consistent implementation, although not
illustrated explicitly. The coalescence simulations showed good model accuracy, while the growth
simulations exhibited higher but acceptable error, which can be attributed to the method of classes
fixed-pivot approach. Both coalescence and growth models indicated a reduction in the number
density of low-volume droplets and an increase in the number density of high-volume droplets.
This implies that the PBM droplet evolution implementation is effective and can be used for pre-
dicting the fog droplet coalescence by collisions and condensation growth (evaporation shrink).

4.6. Falling film

This section presents the validation of the surface film model through a comparison of the mean
film thickness for a thin water film flowing down an inclined plate with and without counter-current
flow. It begins with an overview of the experimental setup, detailing the measured quantities and
parameters of the experiment. Following this, the computational domain is defined, and mesh pa-
rameters and boundary conditions are discussed. Lastly, the simulated film thickness is evaluated
against experimental measurements to assess the surface film model’s performance.
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4.6.1. Thin water film flow down an inclined plate

The behavior of a thin water film flowing down a flat inclined plate, both in the presence and
absence of counter-current airflow, was studied experimentally by Roy & Jain, 1959. The con-
figuration of the test section channel is presented in Figure 4.17. The channel is 381 mm long,
190 m wide, and 15.9 mm thick. The water film (red color) flows in the positive x-direction, and
the counter-current airflows in the negative x-direction. The test section can be inclined at three
different angles of 40°, 50° and 61° degrees to the horizontal so that the film flows downwards.
For this validation study, only the 40° inclination angle is considered because this experimental
data was readily available, and the list of film and airflow rates is summarized in the Table 4.9. The
measured quantity is the mean film thickness for different film and airflow rates. The experiments
were performed for five different film flow rates with four different counter-current air flows for
each film flow, leading to a total of 20 data points. The experiments used distilled water at room
temperature of 23 °C and thermophysical properties are calculated at this temperature.
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Figure 4.17.: Schematic of the test section of the falling film experiment with counter-current air
flow.

Table 4.9.: Film and air volumetric flow rates and their corresponding Reynolds numbers.

Film flow Film Reynolds Air flow Air Reynolds
No. rate [m>/s] number (Rey) rate [m>/s] number (Reg)
1 3.78 x 107> 218 0 0
2 5.05x 107> 290 6.29 x 1073 2165
3 6.31x 107> 363 8.65x 1073 2975
4 7.25x 107> 417 9.85x 1073 3470
5 82x107° 472 - -

4.6.2. Simulation setup

The simulation of the falling film behavior down the inclined plate with and without the influence
of the counter airflow is performed by adopting a multi-region three-dimensional computational
domain from the geometry in Figure 4.17. The primary region is the airflow domain, having
dimensions of the test section channel, with an inlet on the right side and an outlet on the left side.
The secondary region is the surface film region having the same length and width as the primary
region but small thickness in the z-direction. For the film region, the inlet is on the left side and
the outlet is on the right side. For the simulations, a thickness of 1mm is used, and this choice
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does not have any impact on the results because of the two-dimensional nature of the surface film
model. The simulations are initially performed for the base case (Re;, = 218 and Reg = 0) with two
different grids: coarse (50 x 10 x 20) and fine (100 x 20 x 40). The mean film thickness deviations
were less than 5 % between both meshes, and hence, the coarse mesh is used for further studies.
The gravity vector is defined by computing the x and y components for the inclination of 40°. All
boundaries other than inlets and outlets are treated as walls, and adiabatic temperature and no slip
velocity boundary conditions are specified on these walls. The simulations are performed using
the two-phase approach only, as the surface film model is incorporated only into this approach.
The primary region is free of any droplets as the main flow is in the film region; hence, the drift
velocity model is also neglected. The inlet film thickness is taken from the experiment with no
airflow, and the corresponding inlet velocity is calculated using Nusselt theory [Nusselt, 1916].
A fixed time step size of Az = 1072 is used for all simulations to ensure stability. The airflow is
treated as turbulent and is simulated employing the k — w SST model.

4.6.3. Validation results

The validation study comprised a total of 20 simulations, arising from the combination of five film
and four gas flow Reynolds numbers. The simulations are run until steady-state, which occurs
after 5 seconds for all cases. The comparison of simulated film thickness distribution over the
plate surface for all simulations after attaining steady-state is presented in Figure 4.18.
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Figure 4.18.: The film thickness distribution over the plate surface for different film and gas flow
Reynolds numbers with plate inclination = 40° (film inlet-left, air inlet-right) in
steady-state.

It can be observed that film flow along the surface is smooth and nearly uniform without the
counter-airflow for all film Reynolds numbers. The increased counter-current airflow leads to the
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thickening of the film layer and results in non-uniform film thickness on the plate surface. For the
largest airflow rate (Reg = 9850), the maximum film thickness is around 0.04 mm greater than that
of the base flow (Reg = 0). This trend is consistent for all film flow Reynolds numbers. The mean
film thickness from all simulations is evaluated and compared with the experimental data [Roy &
Jain, 1959] in Figure 4.19.
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Figure 4.19.: Comparison of the mean film thickness between experiment and simulations for all
film and gas flow Reynolds numbers with plate inclination = 40°.

The simulations demonstrate excellent accuracy (> 90%) with respect to the measured values, and
the model was able to predict the relative thickening of the film resulting from the counter-current
airflow. This validation study is an excellent illustration of the modeling interaction between the
film region flow and the mixture-VOF region flow, leading to the thickening of the film caused by
shear force exerted by the counter airflow.

4.6.4. Discussion

This section discussed the validation of the surface film model by simulating a thin film flow
behavior over a flat plate with and without counter-current airflow. The results indicated that
the model effectively captured the relative thickening of the film with the increase in the airflow
rates. Furthermore, comparing the mean film thickness experimental measurements revealed that
the two-phase surface film model coupled with the mixture-VOF model accurately predicted the
thickness values. Therefore, the film model is a good addition to the two-phase framework and
can be utilized to predict the thin film flow over containment structures and surfaces.

4.7. Water accumulation

The verification of the film-to-liquid phase mass transfer model is performed in this section by
performing a simulation in which a thin film flows along the vertical walls of a closed cubical
vessel. The idea is introduced first, and then the computational domain and simulation parameters
are presented. Subsequently, the conversion of film to VOF is investigated to see whether the mass
of film injected is conserved and forms a gas-liquid interface.
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4.7.1. Introduction and simulation setup

During loss of coolant accidents in reactors, the steam condenses on the structures by wall conden-
sation and results in the formation of a film, which grows and flows towards the sump region. This
results in the accumulation of the condensate in the compartment sump, which cannot be modeled
using a single-phase approach. The two-phase approach presented in this work should be able to
capture this film to gas-liquid interface formation. This is investigated using a hypothetical closed
cubical vessel of size 0.45 m X 0.45 m x 0.45 m, which is presented in Figure 4.20.
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Figure 4.20.: Schematic of the hypothetical test vessel with film falling along the walls.

The computational setup is reduced to a two-dimensional domain consisting of two regions: the
fluid region and the film region. The film region is added only on three walls of the fluid domain:
two vertical and one bottom. The film is injected through two inlets at a velocity of 1 m/s and a
film thickness of 0.1 mm. A mesh sensitivity study is initially performed with two grids: coarse
(45 x 45) and fine ( 90 x 90). The discrepancy in the water-liquid interface position between the
two meshes was less than 5 %, so the coarse mesh is selected for further analysis. The simulations
are conducted with the two-phase approach employing the mixture-VOF-film method. The drift
velocity model is neglected in this study as there are no dispersed droplets in the fluid region and
the primary focus is on the film. A time step-size of 1072 seconds is used, and the gas flow is
assumed to be laminar.

4.7.2. Results

The simulation is performed for a transient time of 500 seconds, which is sufficient to demonstrate
the conversion of film to gas-liquid interface in the VOF framework. Figure 4.21 demonstrates the
gradual formation of a gas-liquid interface in the simulations. During the initial stages, the film
has to reach the bottom wall to get converted to VOF liquid. As time progresses, the liquid starts
filling up the vessel, and the interface moves upwards. At this stage, the film on the vertical walls
close to the interface starts to join the liquid phase, and the film no longer flows to the bottom of
the vessel. The location of mass transfer keeps moving upwards as the vessel starts filling up, as
indicated in the Figure 4.21. To perform a quantitative analysis, the mass of film injected during
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its entire transient is compared with the water mass in the VOF domain. The net film mass injected
into the domain during 500 seconds can be calculated as:

Mfilm = O film,inWP fitm Al
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Figure 4.21.: The accumulation of water in the sump of a vessel by conversion of film to VOF
liquid-phase.

The simulation results at the 500-seconds revealed a net accumulated liquid mass of 44.64 kg and
a film mass of 0.11 kg, which is still wetting the vertical walls. The sum of these values closely
(99.7 %) matches the injected mass, demonstrating that the film-liquid phase mass transfer model
is mass conservative and can be effectively used.

4.7.3. Discussion

This section demonstrated the verification of the film-liquid phase mass transfer model by per-
forming a simulation with film flow along the wall of a closed vessel, which gets converted to
VOF liquid phase. This conversion occurs at the bottom, where the film is thick enough to form
a gas-liquid interface. The model demonstrated the ability to simulate these phenomena and en-
sured mass was conserved. These findings suggest that the model is well-suited for two-phase
containment simulations, particularly in scenarios where wall condensate films accumulate within
containment compartments.

4.8. SETCOM

This section focuses on the validation of the wall condensation model using the SETCOM exper-
iment and investigates the influence of bulk condensation on the wall condensation. It begins by
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outlining the experimental conditions and parameters chosen for the validation simulations. Next,
the computation domain, simulation setup, and mesh details are presented. Finally, the simulations
are conducted using both single-phase and two-phase approaches, and a comparative analysis is
performed by disregarding and considering bulk condensation to understand its impact.

4.8.1. The SETCOM experiment

The SETCOM (Separate Effects Tests for Condensation Modeling) facility at Forschungszentrum
Jiilich is utilized to generate benchmark data for the validation of condensation modeling ap-
proaches. The test section (Figure 2.2) features a 6 m long channel having a cross-section of
0.44 m x 0.44 m with the bottom wall cooled to induce wall condensation, while the other three
walls are insulated to prevent any heat loss. The entire facility can be oriented at different angles
between horizontal and vertical to assess different flow regimes. In an earlier work [Vijaya Ku-
mar et al., 2021], the SETCOM experiment was employed to benchmark containmentFOAM’s
the single-phase wall condensation model, which utilized wall-based mass sinks for condensate
removal while neglecting fog formation near condensing surfaces. Vijaya Kumar et al., 2021 con-
ducted wall condensation simulations with varying mesh densities, comparing a fine grid (y* ~ 1)
against a coarse grid (y* ~ 75). Their findings indicated that while the fine mesh calculations con-
sistently matched experimental results throughout the domain, the coarse mesh approximations
showed notable inaccuracies in the initial flow development zone (x < 1m). From the comprehen-
sive SETCOM database of 81 experiments ranging from low to high condensation rates, a number
of experiments with vertical steam-air mixture flow were selected to examine the influence of fog
formation and phase approach. For the sake of brevity, only a single characteristic experiment
with a high condensation rate is discussed. The boundary conditions of the selected experiment,
in which the facility is vertical, are summarized in Table: 4.10. The distribution of total wall heat
flux along the plate surface is used as the primary metric for evaluating the agreement between
experimental and simulation results.

Table 4.10.: Parameters of the specific SETCOM experiment for validation simulation.

Inlet velocity Inlet Inlet steam Coolant
Parameter [m/s] temperature [°C] | volume fraction [%] | temperature [°C]
Value | 42 | 80 | 30 | 10

4.8.2. Simulation Setup

The SETCOM simulations are performed on a simplified two-dimensional multi-region computa-
tional domain as shown in Figure 4.22.
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Figure 4.22.: Schematic of the SETCOM test channel: multi-region 2D computational domain

In the fluid region, the air-steam mixture flow occurs. The solid region represents the condensing
wall, on which the heat conduction equation is solved to determine the spatial distribution of tem-
perature resulting from the bottom wall cooling. The temperature coupling of the interface between
the regions is modeled using the conjugate heat transfer (CHT) boundary condition explained in
Sec.2.4.7. The single-phase simulations do not involve water film formation and transport at the
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interface due to the mass sink approach utilized by the wall condensation model. However, the
two-phase simulation leads to the generation of the film by wall condensation and deposition of
fog droplets. Hence, it is essential for the two-phase approach to employ the surface film model
to predict the condensate flow along the wall. This requires an additional thin film region in the
computational domain, which is added at the fluid-solid interface. The coupling of temperature be-
tween the film-solid and film-fluid interfaces is done using the CHT boundary condition by adding
the effect of the coverage factor also into it. To investigate the effect of grid refinement, espe-
cially near the condensing wall, the simulations are performed on four different meshes with y* of
approximately 1, 25, 45, and 75. The fluid region comprises 20,000 elements, the solid region con-
tains 3,500 elements, and the film region consists of 270 elements. The gas flow is turbulent and
is modeled using the k — w SST model, and wall functions were applied to the coarse meshes. The
Manninen drift velocity model combined with the population balance approach, employing eight
droplet size groups ranging from 1 pum to 128 um is used to model fog transport and evolution.
The simulations are conducted both with and without bulk condensation to isolate the influence of
bulk condensation. A fixed time step size of At = 1073 s (CFL < 10) is used for all simulations to
ensure computational stability. The simulations are run until steady-state is achieved and the total
wall heat flux is compared with the experimental values.

4.8.3. Results

The validation study consisted of a total of 8 simulations, arising from 4 meshes, single-phase and
two-phase approaches, and inclusion and exclusion of bulk condensation model. The comparison
of the total wall heat fluxes between these simulations is illustrated in Figure 4.23. It can be
observed that the models can predict the total wall heat fluxes with reasonable accuracy (> 90 %)
for all cases. The simulations with y* ~ 1 demonstrated the least difference between the two-phase
and single-phase approaches. This is attributed to the similar predictions of the condensation rate
by both approaches, which can be interpreted from Table: 4.11.

Table 4.11.: Comparison of integral wall, bulk and total condensation rates for different y* meshes,
with and without bulk condensation, employing single-phase and two-phase ap-

proaches.

Wall condensation only Wall + bulk condensation

Mesh Wall Bulk Total Wall Bulk Total
Refinement | [g/s]  [g/s]  [g/s] [g/s] [g/s]  lg/s]

% yha1 11.933 0 11.933 11.193  0.736  11.929
é‘; yt~25 11.266 0 11.266 11.070  0.142  11.242
'VS; yt ~ 45 11.191 0 11.191 11.097 0.081 11.178
yt =75 11.356 0 11.356 11.304 0.034 11.338

% vyl 11.512 0 11.512 11.125 0.868 11.993
% yt =25 10.352 0 10.352 10.085 0.408 10.493
E yt ~ 45 10.041 0 10.041 9.815 0377 10.192
yt =75 9.987 0 9.987 9.800  0.330 10.130

The relatively close condensation prediction is due to the good resolution of the near-wall region,
providing sufficient resolution of velocity, species, and temperature gradients. The slightly lower
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Figure 4.23.: Total wall heat flux profiles along the cooled wall for different y* values, comparing
cases with and without bulk condensation, and using single-phase and two-phase
approaches.

wall heat fluxes (5 %) while using the two-phase approach are related to two factors. Firstly,
the single-phase approach considers the effect of suction velocity by using face fluxes instead of
volumetric source terms. Secondly, the presence of water droplets or films increases condensation
resistance. This effect increases (maximum 15 %) as the near-wall mesh becomes coarser, as
illustrated in Figure 4.23. The comparison between inclusion and exclusion of bulk condensation
exhibits that the bulk condensation decreased the total wall heat flux by around 2 %, consistently
for all meshes. This is caused by the release of latent heat into the fluid during condensation,
leading to the increase in local temperatures, affecting the saturation conditions, and thereby, wall
condensation. The comparison of integral condensation rates (Table 4.11) shows that the inclusion
of bulk condensation model decreases the wall condensation rate consistently for all meshes and
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phase approaches. The total condensation rates show contrasting behavior between the single-
phase and two-phase approaches. For simulations employing the single-phase method, introducing
the bulk condensation model lowers the total condensation rate. However, the two-phase method
predicted an increase in total condensation rate with the inclusion of the bulk condensation model.
It can be observed that the bulk condensation rates are particularly higher with the two-phase
approach. This difference is due to the presence of a water film and fog droplets in the two-phase
method, which allows absorption of heat by the high heat capacity water. This leads to the relative
cooling of the local fluid in the region with fog and film, prompting further bulk condensation.

The distribution of the condensate film thickness along the plate surface, obtained using the two-
phase mixture-VOF-film method is shown in Figure 4.24.
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Figure 4.24.: Film thickness distribution on the condensing wall surface for different y* meshes
for the case with both wall and bulk condensation.

Film thickness (mm)

The case with both wall and bulk condensation is considered, and the film thickness deviation with
mesh refinement is investigated. The fine mesh revealed a maximum film thickness of around 0.17
mm, located at the exit of the channel. The coarser meshes exhibit a similar trend, with the highest
film thickness of around 0.15 mm, resulting from the under-predicted condensation rates in the
developing flow section of the plate. This discrepancy represents an error of around 10 %, which
needs to be considered when designing meshes for practical applications. These variations in film
thickness can be attributed to the differences in the condensation rate on different meshes (Table
4.11). The integral amount of film mass over the channel condensing surface with and without
bulk condensation for all meshes is discussed in Table 4.12.

Table 4.12.: Integral film mass calculated from the simulations for different meshes with and with-
out bulk condensation model, using two-phase approach.

Mesh ‘y+z1‘y+z25‘y+z45‘y+z75

Integral film mass with wall condensation [g] 338.5 316.9 303.1 295.0
Integral film mass with wall & bulk condensation [g] | 325.7 309.6 298.6 292.5

Although the total condensation rate with the two-phase approach is higher when bulk condensa-
tion is considered, the integral film mass is lower. This is because most of the fog droplets remain
suspended in the gas and leave through the outlet without depositing on the film. This trend is also
consistent for mesh refinements.

4.8.4. Discussion

The validation of the wall condensation model using the SETCOM experimental database was
performed in this section. The total wall heat fluxes predicted by the model using single-phase and
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two-phase approaches showed reasonable accuracy. The influence of bulk condensation was ob-
served to be marginal; nevertheless, the model was able to capture its influence. The single-phase
passive scalar approach was unable to include the effect of heat absorption by fog droplets due to
its higher heat capacity. However, the two-phase method was capable of incorporating this fea-
ture, and its effects were observed. The film model could simulate the condensate film formation,
its transport, and thickening. Therefore, both single-phase and two-phase bulk condensation ap-
proaches are relevant additions to the existing containmentFOAM single-phase wall condensation
model and can be utilized for technical-scale containment analysis.

4.9. THAI TH2

This section summarizes the validation of the entire computation model using a technical-scale
THAI-TH2 experiment to assess the capability of the containmentFOAM in predicting a multi-
phenomena interaction problem. The major focus is on investigating the effect of bulk condensa-
tion on the events and conditions inside the test vessel by comparing the results with and without
bulk condensation. The experiment objective and details about the vessel and its components are
discussed first. This is followed by defining the computational domain, mesh, and boundary con-
ditions. A comparative analysis is conducted in three parts: first, simulations with and without
bulk condensation model using the single-phase passive scalar approach are compared to assess
the implications of including bulk condensation and fog transport; second, a comparison between
the single-phase and two-approaches is performed by considering simulations incorporating both
wall and bulk condensation models; and third, an investigation of the influence of condensate
accumulation using a further simplified geometry using the two-phase approach.

4.9.1. The TH2 experiment

The TH2 experiment [Kanzleiter, 2002] examines how stratified atmospheric layers form and dis-
integrate through the injection of high-temperature steam into a humid air mixture. The test vessel
(Figure 2.3) features a 9.2 m tall cylindrical structure with 60 3 internal volume, including a main
cylindrical section measuring 3.156 m in diameter. The vessel steel structure includes a 22 mm
thick inner wall, a 16.5 mm thermal oil gap, followed by a 6 mm thick outer wall, all enclosed in
a 120 mm of rockwool insulation. Inside the vessel, there are two key components: a hollow inner
cylinder (1.4 m outer diameter, 10 mm thickness, and 4 m height), which is co-axial with the main
cylinder and is positioned between 2.2 m and 6.2 m from the base of the main vessel, and four
horizontal condensate trays (60° sectors) positioned between the inner cylinder and vessel wall at
a 4 m height from the base of the main vessel. The coolant circuit between the vessel wall and
outer wall is not operated and hence remains stagnant, and heat transfer between the coolant and
the walls occurs predominantly by conduction. The vessel is initially filled with air and the steam
injected at the upper part (Y = 6.7 m) via a toroidal feed pipe, having a diameter of 0.7 m and 19
horizontal holes. The vessel pressure before the steam injection is 1.042 bar, and the containment
temperature ranges from 23.5 °C in the lower vessel region (1.6 m - 2.1 m) to 24.5 °C in the dome
region (8.4 m - 9 m). The steam injection phase is performed at a 35 g/s mass flow rate for a
duration of 2.75 hours, and this phase will be used for the validation study. The steam injection
rate, transient pressure, and gas temperature at several locations are measured in the experiment.

4.9.2. Simulation Setup

Due to the quarter-symmetric nature of the TH2 vessel, the computational domain is simplified
to encompass only one-fourth of the domain, as shown in Figure 4.25. The thermal inertia of the
steel structures and thermal oil are significant; hence, cannot be omitted from the computational
domain. Also, it is challenging to determine and apply boundary conditions at these locations.
Therefore, the computational domain consists of three regions (Figure 4.25) based on their material
properties: one, the fluid region where the air-steam gas mixture flow happens; two, the vessel wall,
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inner cylinder, condensate tray, and outer wall region; and three, the coolant thermal oil region.
Additionally, for the two-phase simulations, there is also a thin film region at the interface between
the fluid and vessel.

Fluid region

Steam
injection

Walls

Inner steam
injection patch Outer steam

injection patch

H=9.4m

Outer wall
Vesselwall, inner cylinder & region

condensate tray region Coolant

region

Figure 4.25.: TH2 vessel computational domain components and mesh with detailed views: fluid-
vessel interface, steam injection boundary.

The coolant region is treated as a solid, as it is stagnant, with material properties of the coolant.
The steam inlet is simplified by replacing the holes in the inner and outer faces of the toroidal
pipe with annular sections, as shown in Figure 4.25. The structured mesh is generated using
ICEM-CFD software with y* ~ 1 and consists of 0.35 million elements in the fluid region, 70,000
elements in the vessel region, 15,000 elements in the coolant region, and 11,000 elements in the
film region. The computational mesh used in the simulations is derived from prior THAI vessel
studies [Kelm et al., 2016, Vijaya Kumar et al., 2020], thereby eliminating the need for explicit grid
independence studies. The initial conditions for all regions are extracted from the experiments, in
which the air and steam mass fractions are computed assuming a relative humidity of 95 %. The
region interfaces are applied with conjugate heat transfer boundary conditions for the temperature.
The temperature at the outer wall boundary utilizes a heat transfer coefficient boundary condition,
considering the insulation layer in the heat transfer coefficient. The fog droplet diameters for the
PBM model range from 1 um to 128 um in 8 different size groups. The single-phase approach
drift velocity uses the Manninen model with the deposition velocity boundary conditions on walls,
whereas there is no slip for the two-phase approach. The air-steam mixture gas flow is turbulent
and is modeled using the k — w SST model. A fixed time step size of Ar = 1073 seconds is utilized
for the single-phase approach, while the two-phase approach uses adaptive time stepping to adjust
time-step size to maintain both convergence and stability in the simulations. The single-phase
simulations are carried out with and without the bulk condensation model, whereas the two-phase
simulations are conducted by including both wall and bulk condensation models.
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4.9.3. Results
4.9.3.1. Single-phase approach results

The single-phase simulations including and excluding bulk condensation are run until 9000 s. The
steam, owing to its higher temperature and lower density compared to the cold surrounding air,
exhibits strong buoyancy and rises towards the dome of the vessel and forms a stratification. The
bulk condensate rate, fog, and droplet Sauter mean diameter distributions at a section of the vessel
at different time intervals for the wall and bulk condensation simulation are shown in Figure 4.26.
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Figure 4.26.: TH2: Condensation rate (top), Fog volume fraction (middle) and Sauter mean diam-
eter (bottom) distributions at the X-Y plane section at different transient times, with
wall and bulk condensation, employing single-phase approach.

It can be observed that the bulk condensation happens predominantly in the upper section of the
vessel, with maximum condensation close to the steam injection zone. The results indicate that
maximum bulk condensation occurs during the initial stages (t = 100 s), leading to the formation
of fog droplets of small sizes (= lum) close to the steam feed pipe. These droplets easily get
transported by the convection currents towards the dome region, during which they start to grow
by further condensation and coalescence. When the steam current reaches the dome wall, it gets
deflected in radial directions, leading to high accelerations due to change in direction. This results
in their deviation as droplets from the gas flow path due to their inertia and getting deposited on
the walls. Some of the droplets, while moving up, get transported away from the injection axis by
convection and diffusion. The larger droplets, grown by coalescence and condensation, are carried
towards the sump zone primarily under the influence of gravity and get deposited on the condensate
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trays or the bottom sump structures. The fog droplets are concentrated in the upper region above
the injection, as can be observed in Figure 4.26. Also, the droplets in this region are small, as they
are evolving within the smaller diameter ranges. The larger droplets are concentrated in the lower
region, as the drift velocity is much higher than the convection velocity for them. This is indicated
in the Sauter mean diameter distribution in the figure. These droplets, while drifting towards the
sump, also get evaporated in regions where the saturation temperature is higher. The evaporation
locations can be observed in the condensation rate distribution where the values are negative.

As the time progresses (t = 500-2000 s), the bulk condensation rate starts decreasing, and the
already present droplets either get deposited on the structure or grow and get transported towards
the lower regions. This results in a decrease in fog concentration in the upper region and an
increase in the lower region. The Sauter mean diameter distribution indicates that the concentration
of larger droplets is decreasing due to a reduction in condensation rates and deposition. Towards
the later stages (t = 3000-7000 s), the bulk condensation is nearly zero, and the remaining fog
concentration and Sauter mean diameter are reduced further by deposition and drift. The fog
droplets in the upper region traverse like a layer of fog, gradually moving toward the sump. The
effective bulk condensation rate is nearly zero at the final stage after reaching thermal equilibrium
(t=9000 s) and the fog-rich layer drifts further downwards.
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Figure 4.27.: TH2: Temperature distribution at the X-Y plane section at different transient times,
with and without bulk condensation, employing single-phase approach.

The latent heat release during bulk condensation has a significant impact on the temperature dis-
tribution in the upper vessel region. This can be observed in the comparison of temperature dis-
tribution (Figure 4.27) in the vessel with and without bulk condensation model. During the initial
stages (t = 100-1000 s) the temperature in the upper vessel region in simulation with bulk con-
densation is higher by around 10-15 K than without bulk condensation. This difference becomes
less significant during the middle stages (1000-3000 s) as the bulk condensation rate decreases.
The temperature distribution is almost the same in the latter to final stages, where bulk condensa-
tion and resulting latent heat release are negligible due to thermal equilibrium. The comparison at
different times of the simulated vertical temperature gradient with the experiment using sensors lo-
cated at a radial distance of 0.7 m is shown in Figure 4.28. At the beginning (t = 60 s) of the steam
injection, the temperature at the uppermost section with the inclusion of bulk condensations shows
better agreement with the experimental values. The experimental data shows that the temperatures
are higher in the region starting from the injection zone to the dome, which is not captured by both
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Figure 4.28.: TH2: Gas temperature distribution with and without bulk condensation along the
vessel height at a radial distance of 1.1 m and 300° angular position at different time
intervals.

simulations. The bulk condensation model is expected to perform better, as only this phenomenon
can explain higher temperatures. However, due to the under-prediction of the bulk condensation
rate, it was unable to raise the temperature in the region close to the steam nozzle. As the times
progress, the thickness of the stratified layer is under-predicted. Nevertheless, the bulk condensa-
tion model displayed its expected behavior of higher temperature, resulting from the latent heat
release during condensation. At the later stages, bulk condensation becomes negligible, the tem-
peratures of wall and bulk condensation coincide, and towards the end (t = 9000 s), the model
temperature predictions are in good agreement with the experiments. This is because, at this stage,
the energy transport is predominantly due to diffusion and fog settling, and the gas convection
effect is marginal. The movement of the stratified layer of temperature towards the lower vessel
region is also under-predicted by both models, which could be due to deviations in the outer wall
boundary conditions with the experiments leading to removal of more heat than occurred in the
experiment.

The comparison of the transient pressure inside the vessel (Figure 4.29) indicates that the influence
of bulk condensation is negligible. This is because the vessel pressure is predominantly affected by
the total steam mass converted to water. Therefore, the pressure is affected only by the net amount
of condensation rate rather than the mode of condensation. The higher gas temperature has a small
effect at the beginning of the transient. The transient variation of the net condensation rate with
time, quantifying the contributions of each mode of condensation, is illustrated in Figure 4.30. This
clearly indicates that the net condensation rate is only marginally influenced by the inclusion of the
bulk condensation model. This is because the decrease in wall condensation rate is compensated
by the bulk condensation rate. The bulk condensation contribution to the net condensation rate is
10 % in the beginning (t = 100 s), which reduces to 3 % during the middle stages (t = 2700 s) and
becomes nearly zero towards the end (t = 7000 s). The comparison of the pressure evolution with
the experiment indicates that the model predictions were excellent during the initial to mid-stages
(t=10-3000 s). In the subsequent stages, the pressure was overpredicted by the model, which is due
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Figure 4.29.: TH2: Transient average vessel pressure variation with and without bulk condensa-
tion, employing single-phase approach.
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Figure 4.30.: TH2: Quantitative comparison of integral condensation rates with and without bulk
condensation, including condensation mechanism-specific contributions to net con-
densation rate.

to the underprediction of wall condensation rate arising from the uncertainties in modeling heat
losses. The downward movement of the steam stratification layer is the same as the temperature
stratification layer shown in Figure 4.27. However, due to the under-prediction of this motion,
the amount of steam in contact with the cooler lower vessel walls is lower. This led to the under-
prediction of the wall condensation rate by both simulations. Nevertheless, the pressure prediction
is within 10 % errors, which is acceptable considering the uncertainties in the boundary conditions
of large-scale simulations.

4.9.3.2. Single-phase v/s two-phase approach results

The two-phase simulations are performed with both wall and bulk condensation models. However,
it presents significant computational challenges for large-scale simulations. The simulations are
slower compared to the single-phase approach, primarily as a consequence of the requirement of
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lower time-step size for stability reasons. The presence of two phases makes the energy equation
unstable at larger time-step sizes, causing temperature field oscillations and convergence difficul-
ties. This instability arises from the condensation models overpredicting condensation rates, which
leads to excessive latent heat release and temperatures exceeding saturation states. As condensed
water or fog is released, it re-evaporates to achieve saturation conditions, potentially at higher
than expected rates, causing further condensation. This creates a series of oscillations, which hin-
ders the simulation convergence. To mitigate this issue, the solution employed in this work is the
reduction of the time-step size, which increases the overall computational efforts. Hence, the sim-
ulation results of two-phase simulations are available only for up to 280 seconds, whose results

are compared with the single-phase results.
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Figure 4.31.: TH2: Comparison of condensation rate distribution at the at different transient times
between single-phase and two-phase approach.

The condensation rate distribution comparison at different time intervals shows that the two-phase
solver predicts slightly larger and more spread condensation than the single-phase approach (Fig-
ure 4.31). This is due to the inherent differences between the modeling approach and bulk conden-
sation rate calculation. In the two-phase approach, the latent heat released is absorbed by both the
gas mixture and water (or) fog. The water, due to its higher specific heat capacity and density, ab-
sorbs a significant portion of this latent heat, which was not considered in the single-phase model.
Hence, the energy required to bring the mixture to saturation is higher for the two-phase approach,
as demonstrated by Eqn. 3.100. Hence, the bulk condensation rates are higher for the two-phase
approach. This leads to a higher concentration of fog in the upper section of the vessel, as evi-
denced by Figure 4.32. Also, in the two-phase, the fog drift velocity does not use the deposition
velocity boundary condition, which removes the fog mass from the domain. The continuous fog
removal through the walls in single-phase creates a driving force towards the wall for fog, which
is absent in the two-phase approach. The drift of fog droplets towards the condensate tray is also
captured by the model illustrated in the figure. The latent heat released is absorbed more in the
region with higher fog concentrations due to its higher average heat capacity. This results in higher
temperatures in these regions, as demonstrated by the temperature contours in Figure 4.33.
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Figure 4.32.: TH2: Comparison of fog distribution at the at different transient times between
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Figure 4.33.: TH2: Comparison of temperature distribution at the at different transient times be-
tween single-phase and two-phase approach.

It can be observed that the temperature fields are not spread for the single-phase, whereas they
are more concentrated for the two-phase during the initial phase (t = 60-180 s). As the fog starts
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settling to the lower regions, the temperature field gets more spread in the two-phase approach than
in the single-phase approach, which is indicated by the temperature contour at times t = 240 -280 s.
This phenomenon is quantitatively shown in Figure 4.34, where the temperature distribution along
the height of the vessel is illustrated. The two-phase approach does not display any significant
improvement in the temperature profile prediction. It is slightly improved in some locations and
worse in others at any given time compared with the experimental data. The higher condensation
rate with associated latent heat release resulted in slightly higher temperatures for the two-phase
model, which is indicated by the temperature plot at a time of 240 s.
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Figure 4.34.: TH2: Comparison of gas temperature distribution along the vessel height at a radial
distance of 1.1 m and 300° angular position at different time intervals between single-
phase and two-phase approach.

The formation of surface wall films and their transport along the vessel wall are demonstrated in
Figure 4.35. The steam on contact with the dome and the wall in the upper section results in wall
condensation, generating films on those surfaces. The films on the dome wall experience high
tangential force due to the steam jet injection and spreading. This drives the film away from the
dome towards the side walls. The steam wall condensation on the side walls also generates film,
which joins the dome film and flows along the vessel walls towards the upper condensate gutter.
This flow is driven by gravity and the surface shear force exerted by the gas flow field. The films, on
reaching the condensate trays, spread over it as demonstrated at a time of 280 s. The comparison
of the transient vessel pressure between the single-phase, two-phase, and experiment up to t =
280 s (Figure 4.36) indicates that the two-phase approach initially predicts slightly lower pressure
than the single-phase approach around 60 seconds but predicts higher pressure afterward. This is
due to the combined interaction between three events: one, the higher condensation rate removes
the steam mass, reducing the pressure; two, the higher latent heat release raises the temperature
and subsequently pressure; and three, the fog and film mass generated, which occupies space and
cause pressure increase. However, the simulated time frame of 250 s is too short to observe the
influence on pressure considering the size of the vessel, the overall transient of the experiment,
and uncertainties in the boundary conditions.

93



4. Model Verification and Validation

] R N 1000
950
9.0
850
800
750
700
650
600
550
500
450
w0
350
300
250
200
150
100
50
00

t=60s t=120s t=180s t=240s t=280s

Film thickness (um)

Figure 4.35.: TH2: Evolution of the film thickness along time, employing a two-phase approach.
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Figure 4.36.: TH2: Comparison of transient average vessel pressure variation between single-
phase and two-phase approach.

4.9.3.3. Two-phase approach with simplified 2D geometry results

Arising from the significant computational requirement for the three-dimensional simulation us-
ing the two-phase approach, a simplified two-dimensional axis-symmetric mesh is selected to
perform a faster two-phase simulation. This involved removing the condensate trays from the
computational domain, as it will block the flow between the upper and lower annular regions.
This simulation is mainly performed to investigate whether the two-phase approach can model the
condensate accumulation at the sump region and investigate its influence on the vessel pressure.
Figure 4.37 demonstrates the evolution of water accumulation during different time intervals of
the simulations.

As condensation from both the wall and the bulk occurs, the resulting liquid slowly accumulates in
the sump, eventually forming a water-gas interface there. However, the amount of water collected
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Figure 4.37.: TH2: Evolution of water accumulation at the at different time intervals using two-

phase approach with simplified mesh.

in the sump is minor when compared to the total volume of the vessel. Hence, its impact on
the vessel pressure is marginal compared to the single-phase approach. This transient pressure

variation within the vessel is shown in Figure 4.38.
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Figure 4.38.: TH2: Comparison of transient average vessel pressure variation between single-

phase and two-phase approach with simplified mesh.

The slightly lower pressure with the two-phase during the first 7000 s is due to the higher condensa-
tion rates in the two-phase approach and also due to the simplified two-dimensional geometry. To-
wards the final stages of the simulation, the two-phase pressure rises, caused by the re-evaporation
of sump condensate that raises the steam content. These results also indicate that the two-phase
approach, although it captures more features, does not offer any significant improvement in the
prediction of vessel conditions than the single-phase approach.
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4.9.4. Discussion

The assessment of the influence of the interaction of the bulk condensation with other phenomena
in the containment and also the capability of the two-phase approach is discussed using the THAI
TH2 experiment simulation in this section. The comparison between the simulations with and
without the bulk condensation model revealed that the bulk condensation model was able to repro-
duce higher temperatures in the upper vessel zone due to the latent heat release. The comparison
with sensor temperatures indicated better prediction at some locations, while it was worse in some
other locations. The model was capable of simulating the fog transport, droplet evolution, and
differential settling of the droplets depending on their diameter. However, experimental data were
unavailable to compare these model influences on the containment event prediction accuracy. The
influence of bulk condensation on the pressure is marginal if the overall condensation rate (wall
+ bulk) remains the same. Additionally, bulk condensation accounts for at most 10 % of the total
condensation rate, which is too minor to significantly affect the pressure. The two-phase approach
simulations demonstrated that they require lower time-step sizes for a stable simulation, resulting
in high processing times. The comparison of the available two-phase results with single-phase
results indicated that the two-phase approach does not offer any additional accuracy. The conden-
sation rates were higher with the two-phase approach, which arises from the presence of water
in the bulk, which has higher specific heat capacity and density. Additionally, the fog volume
fractions exceeded those in the single-phase approach, likely because the latter uses a deposition
boundary condition to remove fog accumulating on the walls. The two-phase film approach was
able to model the generation and transport of the film along the vessel structures. The comparison
of the single-phase results with simplified two-dimensional two-phase simulations demonstrated
that the two-phase approach was capable of modeling the condensate accumulation phenomena.
Nevertheless, the amount of condensate collected was marginal relative to the vessel’s total vol-
ume to have any notable impact on containment pressure. The influence on the vessel pressure was
predominantly due to higher condensation rates with the two-phase approach and re-evaporation
of the accumulated condensate. The TH2 experiment involved significant uncertainties in the def-
inition of boundary and initial conditions as well as only sparse instrumentation, which did not
further enable to evaluate specific modeling aspects.

4.10. THAI HM2

This section discusses the validation of the containmentFOAM multi-phenomena interaction us-
ing another technical-scale THAI hydrogen mixing experiment called HM2. The experiment’s
objectives and details about the vessel and its components are discussed first. This is followed
by defining the computational domain, mesh, and boundary conditions. A comparative analysis
is conducted in two parts: first, simulations with and without the bulk condensation model us-
ing the single-phase passive scalar approach are compared to assess the implications of including
bulk condensation and fog transport; second, a comparison between the single-phase and two-
approaches is performed by considering simulations incorporating both wall and bulk condensa-
tion models.

4.10.1. The HM2 experiment

The HM2 experiment [Kanzleiter et al., 2008] is dedicated to studying the distribution and mixing
behavior of hydrogen stratification when steam is injected into the vessel. It represents a more
straightforward and thoroughly instrumented replication of the THAI ISP-47 experiment. The
vessel geometry and components are the same as in the TH2 experiment (Sec.4.9). The vessel
internal components, condensate trays, and the inner cylinder are fitted. The coolant circuit is not
operated, and hence, the coolant is stagnant, and heat losses as well as thermal insulation of wall
and oil represent the heat sink. The vessel is initially filled with nitrogen with small amounts of
oxygen and steam present. This is followed by the injection of hydrogen into the upper part (height
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= 4.8 m) of the vessel for a duration of 4200 s (phase 1) to form a hydrogen cloud in the dome
region. Then, there is a short period of 120 s without injection to allow the hydrogen cloud to settle
down. Finally, in phase 2, this cloud is dissolved by a steam plume rising upwards from injection
in the lower part of the vessel (height = 1.8 m) through a nozzle of internal diameter of 138 mm.
The location and shape of the injection nozzle are the only geometric differences between the TH2
and HM2 experiments. The vessel pressure before the steam injection phase is 1.259 bar with gas
temperatures ranging from 292 to 300 K. The steam injection rate is approximately 24 g/s for a
duration of 2160 s and gradually decreases to zero at around 2500 s. The phenomenology observed
in the experiment is that the injected steam first clears the inner cylinder while condensing on its
structure and then begins to erode the hydrogen cloud in the dome due to condensation on the
vessel walls; a circulation is created. The vessel pressure and temperatures increase during this
period. When the steam reaches the dome region, there is a sudden decrease in the pressure due to
wall condensation on the dome. The simulations aim to predict this behavior inside the vessel by
using different models and phase approaches.

4.10.2. Simulation Setup

The HM2 geometry is also a quarter-symmetrical like TH2, and hence the computational domain
and mesh are similar to the one shown in Figure 4.25. The only difference is in the location and
shape of the injection nozzle, which is a vertical cylindrical injector for HM2. The computational
domain (Figure 4.39 (a)) encompasses the vessel, coolant, and fluid regions, with the two-phase
approach incorporating an additional film region.
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Figure 4.39.: HM2:(a) Computational domain components and dimensions. (b) Quarter-
symmetric mesh with the all regions. Sectional view hydrogen (c) and temperature
(d) distribution inside the vessel at simulation time t = 0 s.
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The coolant region is treated as solid with material properties of the thermal oil as in TH2 sim-
ulations. The mesh (Figure 4.39 (b)) consisted of 0.4 million elements in the fluid region with
y* ~ 1 on walls, 75,000 elements in the vessel region, 16,000 elements in the coolant region, and
12,000 elements in the film region. Simulations are performed only for the steam injection phase
using the initial conditions. The initial conditions interpolated from the experiments for hydrogen
volume fraction and temperature are shown in Figure 4.39 (c, d). The region interfaces are applied
with conjugate heat transfer boundary conditions for the temperature. The temperature at the outer
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wall boundary is modeled with a heat transfer coefficient boundary condition, considering the rock
wool insulation layer effect. The fog droplet diameters for the PBM model range from 1 pum to 128
um in 8 different size groups. The single-phase approach drift velocity uses Manninen model with
the deposition velocity boundary condition on walls, whereas there is no slip for the two-phase
approach. The air-steam mixture gas flow is turbulent and is modeled using the k — w SST model.
A fixed time step size of At = 107> seconds is used for the single-phase approach, while the
two-phase approach uses adaptive time stepping to adjust time-step size to allow convergence and
stability of the simulations. The single-phase simulations are conducted with and without the bulk
condensation model, whereas the two-phase simulations are conducted by including both wall and
bulk condensation models.

4.10.3. Results
4.10.3.1. Single-phase approach results

The single-phase simulations including and excluding the bulk condensation are run until 2500
seconds, i.e., the dissolution of the hydrogen cloud. The spatial distributions of bulk condensation
rate, fog volume fraction, and Sauter mean diameter at a section of the vessel at different time
intervals are shown in Figure 4.40.
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Figure 4.40.: HM2: Condensation rate (top), Fog volume fraction (middle) and Sauter mean diam-
eter (bottom) distributions at the X-Y plane section at different transient times, with
wall and bulk condensation, employing single-phase approach.
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During the initial stages (t = 100-400 s), the bulk condensation primarily occurs in the inner cylin-
der region, with maximum condensation happening close to the injection zone. This high bulk
condensation in the inner cylinder results in the formation of small diameter droplets of diameters
(= 1um) close to the injection nozzle. These droplets easily get transported by the convection cur-
rents towards the exit of the inner cylinder, during which they start to grow by further condensation
and coalescence. Some of these droplets flow towards the walls by convection, drift, and diffusion,
and get deposited on contact with the walls.

The larger droplets that clear the inner cylinder move towards the annular region and then drift
towards the sump region predominately by gravity and also grow by coalescence and minor con-
densation during this drift. This is the reason for higher Sauter mean diameters in the lower annular
region. The larger droplets in the inner cylinder region, which are radially away from the high con-
vection region, also drift towards the sump, as indicated in the figure. There is also some minor
evaporation in the lower boundary between the inner cylinder and the annular region close to the
steam nozzle. During the mid-stages (t = 700-1700 s), the bulk condensation zone starts spreading
away from the nozzle to the interface between the cold hydrogen layer and hot steam plume. The
convection zone also starts moving upwards, pushing the fog towards the dome regions and also on
to the side walls, where they get deposited. The larger droplets start settling down, and the Sauter
mean diameters begin to drop in the sump region. Once the steam convection current reaches
the dome (1700-2500 s), the fog concentration starts to a decrease due to further deposition and
decrease in bulk condensation rate. A comparison of the steam-front movement from the inner
cylinder towards the dome between the simulations with and without bulk condensation is shown
in Figure 4.41.
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Figure 4.41.: HM2: Steam distribution at the X-Y plane section at different transient times, with
and without bulk condensation, employing single-phase approach.

It can be observed that the steam motion is slower if the bulk condensation model is omitted.
This reduced movement is due to the weaker convection currents for the wall condensation-only
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simulation. The convection currents towards the dome are predominately driven by the buoyancy
effect, with steam injection velocity playing a minor role. The latent heat released during bulk
condensation results in higher temperatures in the inner vessel zone, which is consistently higher
for the simulations with bulk condensation throughout the transient, as demonstrated in Figure
4.42. This leads to higher buoyancy forces in this region, generating stronger convection currents
and reduced density differences between hot plume and cold hydrogen-rich clouds compared to
the simulation without bulk condensation. Consequently, these enhanced currents drive the steam
front at a faster rate to the dome. The concentration of steam in the inner cylinder region during
the initial stages (t = 100-400 s) is slightly higher for the wall condensation only simulation. This
difference is attributed to the bulk condensation model, which condenses steam in this region, in
addition to the condensation walls of the inner cylinder.
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Figure 4.42.: HM2: Temperature distribution at the X-Y plane section at different transient times,
with and without bulk condensation, employing single-phase approach.

The comparison of the simulation with the experiment using temperature distribution along the
vessel height in the inner cylinder region at different time intervals is illustrated in Figure 4.43. It
clearly indicates that the bulk condensation model inclusion was able to predict the temperatures
inside the cylinder with excellent consistency with the experiment. The wall condensation-only
simulation shows deviations in the range of around 15-20 K in the inner cylinder region in the
initial stages (t = 100-400s). This difference decreases to the range of 5-10 K in the mid-stages (t
=700-1300 s). Even towards the end of the experiment (t = 1700-2500 s), the wall condensation-
only simulation shows a small deviation (2-5 K) in the upper and lower sections. However, the
simulations with bulk condensation offered better agreement with the experimental temperatures
during the entire transient. This implies that the latent heat release associated with the bulk con-
densation has a significant impact on the temperature field in the HM2 experiment, and the model
was able to predict it. This relevant difference in the gas temperature field is responsible for driving
the steam front at a faster rate towards the dome by strong buoyancy effects.
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Figure 4.43.: HM2: Gas temperature distribution with and without bulk condensation along the
vessel height at a radial distance of 0.35 m and 300° angular position at different
time intervals.

The dissolution of the hydrogen cloud is directly related to the progression of the steam to the
dome as, demonstrated in Figure 4.44.
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Figure 4.44.: HM2: Hydrogen distribution at the X-Y plane section at different transient times,
with and without bulk condensation, employing single-phase approach.
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The hydrogen layer starts dissolving as the steam reaches the upper end of the inner cylinder (t =
100 s). Consequently, some steam spreads towards the annular region and starts flowing down-
wards towards the sump region. This results in the formation of a weak convection loop, with
downward flow in the annulus and upward flow in the inner cylinder. The convection gradually
erodes the hydrogen cloud in the annular region. Mixing is more pronounced in the bulk conden-
sation simulation due to stronger buoyancy forces. As the steam front progresses, the convection
loop starts to get stronger, accelerating the dissolution of the hydrogen cloud. This process occurs
consistently faster for the simulation with bulk condensation, and when the steam reaches dome,
the hydrogen is fully mixed. In the simulation incorporating bulk condensation, complete hydro-
gen dissolution occurs at approximately 1700 seconds. In contrast, the simulation considering
only wall condensation fails to achieve full hydrogen dissolution even by the end of the simulated
transient (2500 s).

The comparison of the simulation hydrogen distribution with the experiment along the vessel
height in the annular region at different time instances is illustrated in Figure 4.45.
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Figure 4.45.: HM2: Hydrogen distribution with and without bulk condensation along the vessel
height at a radial distance of 1 m and 300° angular position at different time intervals.

During the initial stages (t = 100-400 s), the wall condensation-only case showed slightly bet-
ter prediction of the hydrogen concentration. However, this measurement is made in the annular
region, which is not yet affected by the steam injection. A minor overprediction of bulk conden-
sation rate can lead to this by starting the convection loop earlier. However, as the time progresses
(t=700-1300 s), the bulk condensation model offers better consistency as compared with the wall
condensation-only simulation. In the vessel mid-section, the hydrogen concentration predicted by
the bulk condensation model coincides with the experimental values, whereas the wall condensa-
tion only model exhibited an error of around 10 %. The simulations without the bulk condensation
model displays a significant delay in the dissolution and have not been able to dissolve even after
the end of the transient.

The transient variation of the vessel pressure (Figure 4.46) indicates better prediction compared to
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the experiment during the initial stages (t = 100 s) by the inclusion of bulk condensation model.
As the time progresses (t = 400-1300 s), the bulk condensation model exhibits some notable over-
prediction of the pressure, whereas the wall condensation-only simulation displayed minor under-
prediction. At this stage, the omission of bulk condensation model seems to predict the vessel
pressure better. There is a sudden decrease in the pressure at around 1600-1700 s in the exper-
iments, which is attributed to the rapid increase in the wall condensation rate when the steam
plume reaches the cold upper dome walls. The simulation incorporating the bulk condensation
model more accurately predicts the timing of this event, as evidenced by a corresponding pressure
drop in the simulation results. These phenomena are also consistent with the previous observations
on the steam and hydrogen distributions. The wall condensation-only simulation cannot predict
the pressure drop because of the delay in the steam reaching the upper walls. The evolution of the
net condensation rate with time, quantifying the contributions of each mode of condensation, is
illustrated in Figure 4.47.
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Figure 4.46.: HM2: Transient average vessel pressure variation with and without bulk condensa-
tion, employing single-phase approach.

During the initial stages, the steam plume gradually ascends through the inner cylinder and gets
condensed on the inner walls. This can be seen as an increase in wall condensation rate, which is
then followed by a sudden drop. This drop is due to the time required for the steam from the inner
cylinder to reach the cooler vessel walls to cause further wall condensation. Then, the wall con-
densation remains steady until the steam reaches the cooler dome walls, which results in an abrupt
increase in condensation rate that is consistent with the pressure decrease. These events occur
in simulations with and without bulk condensation, but at different times. The simulation without
considering bulk condensation exhibits considerable delay in representing these phenomena, while
the bulk condensation simulations displayed good consistency with the experiment.

4.10.3.2. Single-phase v/s two-phase approach results

The two-phase simulations are performed with both wall and bulk condensation models. However,
similar to the TH2 two-phase simulations, the HM2 also presents substantial computational chal-
lenges. The simulations must be run at lower time-step sizes for stability and convergence. Hence,
the HM2 two-phase simulation is available only for up to 240 seconds, and those results are com-
pared with the single-phase results to assess whether it can provide any considerable improvements
in the physical phenomenology.

The comparison of the condensation rate distributions between both approaches (Figure 4.48)
shows that the condensation zone with the two-phase approach is slightly more spread than the
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Figure 4.47.: HM2: Quantitative comparison of integral condensation rates with and without bulk
condensation, including condensation mechanism-specific contributions to net con-
densation rate.

single-phase approach. The condensation rates are hence higher in the two-phase approach, and
the reason for that is the inherent differences in the bulk condensation models of both approaches,
as discussed in Sec.4.9.3.2. This results in higher fog concentration in the vessel, which can be
observed in Figure 4.49. Also, due to the differences in the drift velocity boundary conditions
between both phase approaches, the two-phase model keeps the water phase conserved with the
computational domain. This reduced the deposition driving force towards the wall, resulting in
higher fog concentrations. For the temperature field (Figure 4.50), the two-phase approach also
predicts slightly higher values than the single-phase. This is related to higher condensation rates
and the associated latent heat release. The quantitative comparison of the temperature (Figure
4.51) and hydrogen volume fraction fields (Figure 4.52) with the single-phase simulation and
the experiments does not yield any significant improvement in the prediction accuracy by the
two-phase approach. While minor local improvements were observed at certain locations during
specific time intervals, the deviation from experimental data increased in other locations. The
formation of surface wall films and their transport along the walls of the inner cylinder and vessel
walls are demonstrated in Figure 4.53.

The continuous wall condensation and deposition of the droplets on the walls leads to the formation
of films on the inner cylinder surface. These films flow down towards the sump region by gravity
and the surface shear force exerted by the gas flow field. The film flow towards, combined with
larger droplet depositions, results in the generation of film on the condensate trays and sump walls.
The effect of the two-phase approach on the pressure is marginal in the considered short time
period. The impact of condensate accumulation in the sump is not investigated due to the short
duration of the experiment compared to TH2, which is insufficient to lead to any accumulation of
water in the sump region.

4.10.4. Discussion

This section discussed the influence of the bulk condensation model in improving the prediction
accuracy of gas mixing in a containment by simulating the THAI HM2 experiment. The compar-
ison between the simulations including and excluding bulk condensation using the single-phase
approach revealed that bulk condensation has a substantial effect on the local gas temperature dis-
tribution and mixing. The latent heat release associated with bulk condensation resulted in higher
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Figure 4.48.: HM2: Comparison of condensation rate distribution at the at different transient times
between single-phase and two-phase approach.

temperatures and consequently higher buoyancy forces, which reduced density differences in the
inner cylinder region compared with the simulation with only wall condensation. This resulted
in faster dissolution of the hydrogen cloud by the injected steam, which is consistent with the
experiment. The bulk condensation model significantly improved the predictions of the temper-
ature and hydrogen concentration along the vessel height at different time intervals. The bulk
condensation model also enabled better prediction of the timing of the steam plume contact with
the dome wall and complete mixing of the hydrogen cloud. This validation study demonstrated
that in scenarios where buoyancy effects are crucial, particularly with light gas/heavy gas mixture
present, bulk condensation is a vital phenomenon that should not be omitted, which is usually im-
portant in nuclear reactor containment flows. The comparison of the available two-phase results
with single-phase results indicated that the comparably costly two-phase approach does not offer
any additional accuracy.

4.11. Summary

The systematic verification and validation of the computational models developed during the re-
search work was conducted in this chapter. The Mollier mixing nozzle cases were used to verify
the bulk condensation model against the Mollier diagram theory. The models are able to predict
the quantity of fog, final mixture temperature, and steam content with reasonable accuracy for
both condensation and evaporation simulations. The bent pipe deposition and ventilation chamber
experiments validated the inertia and gravity sub-models of the drift velocity model, respectively.
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Figure 4.49.: HM2: Comparison of fog distribution at the at different transient times between
single-phase and two-phase approach.

Fog volume fraction [m3/m?3]

Single-phase

t=60s t=140s t=200s t=240s

The Manninen drift velocity model offered the best trade-off between computational cost and
accuracy than the Stokes model. Both single-phase and two-phase approaches yielded similar pre-
dictions across these simulations. The population balance model (PBM) was analytically verified
using simple coalescence and growth simulation cases, which implied that the PBM droplet evolu-
tion model is effective. The surface film model in the two-phase approach was validated by simu-
lating a thin film flow behavior over a flat plate, which demonstrated the capability of the model to
capture the relative thickening of the film by the effect of counter-current airflow over the film. The
conversion of the film mass to VOF liquid mass using the film-liquid phase mass transfer model
demonstrated that the model is mass conservative and effective for the intended applications. The
SETCOM simulations demonstrated that the bulk condensation has a marginal effect on the wall
condensation rates. The comparison between the single-phase and two-phase approaches revealed
that the two-phase approach is more sensitive to the mesh. However, this is primarily attributed
to the mass sink method in the two-phase approach, against the face-flux method employed in the
single-phase approach. Nevertheless, both approaches were able to predict the wall heat fluxes
in the SETCOM experiment with reasonable accuracy. The two-phase approach was capable of
modeling the film formation and its transport along the condensing wall. Subsequently, the mod-
els were tested on technical-scale experiments by including interactions with other sub-models.
This was initially performed on the THAI TH2 experiment, which indicated the clear effect of
bulk condensation on the local temperature field, fog formation and evolution, and its transport
and deposition. However, there was no quantitative improvement in the temperature and pressure
predictions compared to the experiment. The two-phase approach presented significant compu-
tational challenges, affecting the stability and convergence of the simulations. Even though the
film formation and condensate accumulation were predicted by the model, it did not offer sig-
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Figure 4.50.: HM2: Comparison of temperature distribution at the at different transient times be-
tween single-phase and two-phase approach.
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Figure 4.51.: HM2: Comparison of gas temperature distribution along the vessel height at a radial
distance of 0.35 m and 300° angular position at different time intervals between
single-phase and two-phase approach.
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Figure 4.52.: HM2: Comparison of hydrogen volume fraction distribution along the vessel height
at a radial distance of 1 m and 300° angular position at different time intervals be-
tween single-phase and two-phase approach.
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Figure 4.53.: HM2: Evolution of the film thickness along time, employing a two-phase approach.

nificant improvement in resulting pressurization and atmospheric composition. The THAI HM?2
experiment was used for validation, which clearly demonstrated the effect of bulk condensation
on gas mixing inside a containment. The simulations with the inclusion of the bulk condensation
model were able to predict the vessel temperature and hydrogen concentration with excellent ac-
curacy. It demonstrated the relevant impact of latent heat release and associated temperature rise,
resulting in higher buoyancy forces, which were not captured by simulation with only wall con-
densation. The bulk condensation model enabled improved prediction of the timing of the steam
plume reaching the dome, the complete mixing of the hydrogen cloud, and the trend in the pressure
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transient. Again, the two-phase approach did not offer any additional improvement in the result,
although it was able to capture the film generation and its transport. The HM2 simulation with
the bulk condensation model revealed that bulk condensation has a substantial effect on the con-
tainment gas mixing and local temperature distribution and hence is an important phenomenon to
be considered while developing CFD models for containment atmosphere mixing and H,/CO risk
mitigation. Hence, the developed single-phase bulk condensation model is a valuable addition to
the containmentFOAM package for containment safety analysis. The settling of fog droplets and
their re-evaporation is crucially influenced by droplet size, and the PBM approach can model this
phenomenon effectively. While the two-phase approach demonstrates potential, it requires further
refinement to improve stability, computational speed, and convergence. Also, it will be more valu-
able in scenarios where the volume of water or condensate constitutes a substantial portion of the
overall containment space and films are of relevance (e.g., condensation of pure steam). Such a
situation can be found in SMR (e.g., NuScale) and should be the focus of future development of
the two-phase model.
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5. Model Application

This chapter focuses on the application of the computational model developed and validated dur-
ing this research work to simulate the VANAM-M3 experiment. The primary aim is to investigate
the effect of bulk condensation and its interaction with other phenomena, while also demonstrat-
ing the capability of the CFD code to perform realistic large-scale containment simulations with
multi-phenomenon interaction. The first section explains the International Standard Problem (ISP-
37) VANAM-M3 experiment, its components, and the experimental procedure. This is followed
by defining the computational domain, mesh, boundary and initial conditions, and other relevant
simulation parameters. The study concludes by analyzing the differences between results with and
without the bulk condensation model, and by comparing simulation results to those from experi-
ments.

5.1. The VANAM M3 experiment

The VANAM M3 experiment was a part of the International Standard Problem No. 37 (ISP-
37), which aimed at validation of the numerical codes developed for nuclear safety analysis. The
experiment was conducted in the Battelle Model Containment (BMC) facility to investigate multi-
compartment aerosol depletion and thermal-hydraulic behavior in a nuclear reactor containment
during severe accident conditions. The containment phenomena of interest in this experiment in
addition to aerosol distribution and settling were the formation of stratified atmosphere, atmo-
spheric mixing by convection loops, the thermal energy balance, wall and bulk condensation, and
structural heat transfer. To investigate the hygroscopic aerosol component and steam condensation
on the aerosols, saturated and super-saturated conditions were considered.

The BMC VANAM facility (Figure 2.4) has a free volume of 626 m> consisting of several com-
partments that are interconnected to replicate a German PWR containment. The different compart-
ments and the location of the air-steam injection in the facility are illustrated in Figure 5.1. The
reactor room, central compartment, and reactor cavity are represented by R1, R2, and R3, respec-
tively. The room R4 is a dead-end compartment with surrounding walls representing staircases.
The remaining rooms RS, R6, R7, and R8 symbolize the upper and lower steam generator com-
partments. The room R9 constitutes the containment dome, sump, and annular region between the
concrete structure and the compartments. The air-steam and aerosol injections are located in the
upper steam generator room R5 through a vertical pipe, as indicated in Figure 5.1. The inner and
outer walls of the facility are made of reinforced concrete. The reinforced concrete, with no steel
liner, resulted in the leakage of gases to the surroundings under high pressures. This introduces
significant challenges in CFD simulations as this leak rate is difficult to quantify [Vijaya Kumar,
2022].

The experimental procedure consists of several phases, each representing different stages of a
hypothetical accident. The first phase (t = -57850 - 0 s) is the preconditioning of the test facility
by steam injection. The steam is released into the RS compartment to heat up the facility, and
the steam release rate is controlled to maintain the containment pressure at 1.25 bar. During this

111



5. Model Application

Concrete region

Fluid region

Air-steam
injection

(c) (d)

Figure 5.1.: VANAM: (a,b,c) The geometry of the Battelle Model Containment (BMC) illustrating
the different compartments and location of air-steam injection. (d) Section view of the
two-region mesh used for performing the simulation.

phase, the air is also drained out through R9, which allows the steam to enter the lower sections of
the containment and heat up the walls. Towards the end of phase 1, the drained air is re-injected
into the R9 to achieve the desired air content and pressure level. The second phase (t = 0-3700
s) constitutes the injection of the NaOH aerosol along with the hot air-steam mixture into the RS
compartment. This leads to the increase in the containment pressure from 1.25 to 2.05 bar. The
third phase (t = 3700-19800 s) is the aerosol depletion stage, during which no gas is injected into
the containment. The condensation of steam during this phase leads to a pressure drop to 1.25 bar
in the containment. This is followed by 3 more phases, which include a second aerosol release, wet
aerosol depletion, and further wet aerosol depletion, spanning a transient period from t = 19800 to
46080 seconds. However, the application analysis is conducted only for phases 2 and 3.

The experiment was equipped with instrumentation necessary to measure several key parameters.
The containment pressure was measured by two strain gauge pressure transducers. Thermocou-
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ples were used to monitor the temperatures of the containment atmosphere, concrete structure, and
compartment sumps. The gas flow velocities across the compartments were measured by bidirec-
tional turbine flow meters. The relative humidity of the containment atmosphere was measured by
multiple capacitive humidity sensors. Steam mass flow rate was determined by using orifice ob-
struction meters. The aerosol concentration and particle size distribution were measured by filter
stations operated at seven different locations in the containment.

5.2. Simulation setup

The VANAM application simulation is an extension of the previous work by Kelm et al., 2022
andVijaya Kumar, 2022. Due to the complicated nature of the geometry and lack of symmetry, a
complete three-dimensional mesh is required to encompass the full containment. The construc-
tion of block-structured mesh using ICEM-CFD for such a geometry is not feasible. Hence,
a hex-dominant unstructured mesh is generated using commercial automatic meshing software,
¢fMesh+, which is shown in Figure 5.1. It constitutes the fluid region with 2.61 million elements
and the concrete solid region with 2.92 million elements [Kelm et al., 2022, Vijaya Kumar, 2022].
Two simulations are performed, one with wall condensation and the other including wall and bulk
condensation, to assess the effect of bulk condensation on containment conditions and solver sta-
bility and runtime. The simulations were conducted using only the single-phase approach, as
two-phase is computationally expensive for large-scale experiments. The fog transport is modeled
using Manninen drift velocity method with the deposition boundary condition on the walls. The
PBM approach is used with fog droplet diameter range between 1 um and 128 um in 8 different
size groups. The droplet evolution by condensational growth, evaporational shrink, and coales-
cence are also included. The air-steam gas mixture flow is turbulent and is modeled using k — w
SST model [Kelm et al., 2022, Vijaya Kumar, 2022]. At the fluid-solid interface, the conjugate
heat transfer boundary condition is used for the temperature field.

Temperature (K) Temperature (K) Steam volume fraction [m?/m?]
34000 360,00 395.00 293.00 32000 34000  360.00 395.00 000 020 040 060 08 100
h h : l U — -— [—
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Figure 5.2.: VANAM: The structure temperature (left), fluid region temperature (middle) and
steam distribution (right) approximated for the initialization of phase 2 based on ex-
perimental data.

Phase 1 of the experiment is substantially long, and it is not computationally feasible to run such
long transients (~ 16 hours). Hence, the simulations that are performed span only phases 2 and 3,
with a total duration of around 18000 seconds. The initial structure and fluid temperature (Figure
5.2) are estimated by interpolating the sensor values into the computational domain. Also, the
initialization of steam distribution (Figure 5.2) is done by mapping the relative humidity sensor
values into the fluid region. This causes significant uncertainties in the simulation conditions com-
pared to the experiment, but still represents the most feasible approach. However, the objective
of this simulation is to investigate the effect of the bulk condensation model and demonstrate its
ability to run large-scale containment analysis, which remains achievable. The steam injection
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during phase 1 also generates fog droplets, which can remain suspended in the containment until
the end of phase 1. Regardless, this quantity and distribution of fog are unknown and hence the
simulation is initialized with zero fog assuming all fog settled and thermal equilibrium is achieved.
Phase 2 of the experiment involved injection of an aerosol along with an air-steam mixture. How-
ever, the aerosol transport and depletion are not in the scope of this application study. Hence, the
simulation is performed with only the injection of the air-steam mixture into the RS compartment.
Another important parameter to be considered in the simulation is the leakage of the gas mixture
through the concrete structures. This is modeled as a volumetric sink in the R9 compartment, with
mass loss rate estimated from the transient variation of air mass measured in the experiment. The
previous simulation [Vijaya Kumar, 2022] overestimated this leak rate; consequently, the current
work employs 10% of reduced rate to improve the accuracy. The simulations used adaptive time-
stepping during the initial stages (t = 0-200 s) due to the initial condition uncertainties, lack of
thermal equilibrium, and deviation from saturation conditions. As the simulation became stable, a
fixed time-step size of 10 s with Courant numbers in the range of one to five was employed to
accelerate the computation process.

5.3. Results

The bulk condensation and wall condensation simulations are run for 14000 seconds. The bulk
condensation simulation is analyzed first to examine the influence of bulk condensation. The bulk
condensation rate, fog volume fraction, and droplet Sauter mean diameter distributions are shown
in Figure 5.3. During the initial stages (t = 900-2000 s), the bulk condensation primarily occurs
in the R6 and R9 compartments, which is predominantly due to the presence of cold structures.
This resulted in bulk condensation in those regions, even before the phase 2 injected steam reached
these locations. The associated fog formation and drift of the larger droplets towards the sump of
the compartments can also be observed.
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Figure 5.3.: VANAM:Condensation rate (top), Fog volume fraction (middle) and Sauter mean di-
ameter (bottom) distributions with wall and bulk condensation at different time inter-
vals.

After the completion of the steam injection (t = 3700 s), at the mid-stage (t = 4500 s), the steam
released from the RS compartment reaches the R9 dome and annular regions and starts condensing
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in the form of fog in those locations. This can be seen as a large cloud of fog in the upper contain-
ment and annular regions. Some of the steam also reaches the other end of the R5 compartment
and leads to bulk condensation and fog formation. The coalescence and growth, followed by grav-
ity effects, force the larger droplets in the dome region to deposit on the R2 and R9 sump. This
can be observed in the Sauter mean diameter distribution. As the steam concentration inside the
containment decreases by condensation, the bulk condensation rate is reduced to t = 9900 s. The
remaining fog gradually settles down on the compartment structures, decreasing the fog content
further. Finally, towards the end of the simulation (t = 14000 s), the steam concentration has di-
minished to levels insufficient to trigger bulk condensation, and the residual fog has deposited on
the compartment sumps.

The qualitative comparison of the transient evolution of gas temperature (Figure 5.4 and 5.5) and
steam concentration (Figure 5.6) distributions between the simulations with and without bulk con-
densation did not indicate any notable differences. The bulk condensation rates are small com-
pared to previous THAI simulations, resulting in insufficient latent heat release to induce large
temperature changes.
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Figure 5.4.: VANAM: Comparison of transient gas temperature distribution between simulations
with wall condensation and with wall and bulk condensation.

120
R8 z=2.8m

|
R2 z=0.7m I R9 z=6.0m

El R9 z=2.2m

—— Simulation: Wall condensation
R6 z=2.8m Simulation: Wall + bulk condensation
o  Experiment

110

C
—
o
S

g

Gas temperature [°C]

60

0 2000 4000 6000 8000 10000 12000 14000
Time [s]

Figure 5.5.: VANAM: Comparison of gas temperature transients between the experiment and sim-
ulation with and without bulk condensation model.

115



5. Model Application

5 1.00
2 — —
3 r\ / / 0.90
Q
2 = — — 080 &
8 &
< m
X L 070 £
2 ‘s
) —0.60 O
) 0
= _050 &
£
c _ 040 §
Hoeh Nt N\ N E
[}
g - - - 030 £
Q
2 020 &
o
= 0.10
=
0.00

t=900s t=2000s t=4500s t=9900 s t=14000s

Figure 5.6.: VANAM: Comparison of transient steam volume fraction distribution between simu-
lations with wall condensation and with wall and bulk condensation.

The comparison of the simulation gas temperatures with experimental values (Figure 5.5) during
the transient revealed that the bulk condensation simulations are able to predict the temperature
evolution in the containment compartments like R2 and the upper region of R9 more consistent
with the measurement. The wall condensation model under-predicted the temperatures in these
rooms during the mid-stage (t = 3500-8000 s), while the bulk condensation model improved the
temperature predictions. This is due to the latent heat release and associated temperature rise
caused by bulk condensation. Additionally, the bulk condensation model demonstrated better
accuracy in temperature predictions for rooms R6 and R8 during the initial stages of the simulation.
However, the temperatures in the compartment regions like R1 and the lower region of R9 showed
further deviation from the experimental temperatures with bulk condensation.

The temperatures in these regions during their mid-stages (t = 1000-5000 s) are lower than the
only wall condensation simulations. This phenomenon can be explained by the evaporation of fog
droplets, which absorb the latent heat from the surroundings, decreasing the local temperatures.
This process occurs due to the presence of fog droplets, which have been previously generated in
the regions above them by bulk condensation. It was observed that some bulk condensation and
fog formation happened in these regions (Figure 5.3) during the initial stages of the simulation
(t =900 s), even before the injected steam reached those locations. This unexpected early fog
formation was interpreted as a result of uncertainties in domain initialization resulting from sparse
instrumentation. Consequently, the under-prediction of temperatures in these regions by the bulk
condensation model can be attributed to these initialization differences.

Nonetheless, the comparison of the vessel pressure evolution of both simulations with the ex-
periment reveals that the pressurization during the injection phase (t = 0-3000 s) was consistent
with the experiment (Figure 5.7). However, at later stages (t = 3000-14000 s), the peak value and
depressurization phase pressures are overpredicted by the simulations. This is due to the discrepan-
cies in the integral air mass between the experiment and simulations (Figure 5.8), arising from the
uncertainty in the specified leakage rate. The integral air mass in the simulations indicated over-
prediction in the depressurization phase. The additional mass of air in the containment resulted
in the over-prediction of pressure during that phase. The influence of the bulk condensation on
the containment pressure is marginal, which can be attributed to lower rates of bulk condensation
compared to wall condensation.

The simulations with and without bulk condensation are stable for most of the transient (200-1400
s), except during the initial stages (0-200 s). To address the initial instability, smaller time-step
sizes ranging from 107> to 10™* seconds were employed, and once stability is achieved, the time-
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Figure 5.8.: VANAM: Transient evolution of the containment air mass.

step size is increased to 107> seconds. A comparison of overall processing times indicated that
simulations involving bulk condensation required approximately 30 % more runtime than those
that considered only wall condensation, which is reasonable for large-scale applications.

5.4. Discussion

The technical-scale assessment of the single-phase bulk condensation CFD models developed dur-
ing this research work was conducted on the BMC using the VANAM M3 experiment. The objec-
tive of demonstrating the capability of the CFD solver to perform feasible simulations on an exper-
iment replicating the severe accident conditions in a nuclear reactor was achieved. The interaction
of the bulk condensation model with the other containment phenomena like turbulence, buoyancy-
driven flows, multi-component gas diffusion, and wall condensation was examined. The bulk
condensation model successfully simulated the fog formation, droplet growth and coalescence,
and also its transport by convection and drift. While the inclusion of the bulk condensation model
did not significantly affect the containment pressure predictions, there was a notable improvement
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in the prediction of transient temperatures in the upper compartments of containment, to which the
steam rises by buoyancy effects. The incorporation of the bulk condensation model, along with
the associated latent heat release, resulted in increased local temperatures in these compartments,
aligning more closely with experimental values. The simulations were stable for the majority of
the transient, and the simulations with bulk condensation were only 30 % more expensive than
without bulk condensation.
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During a severe accident in nuclear power plants (NPP), the events inside the containment can
lead to hydrogen combustion, which could damage the containment’s structural integrity and al-
low harmful radioactive materials to be released into the surrounding environment. The reliable
estimation of the gas mixture composition, the local temperatures, and pressure built-up in con-
tainment systems is fundamental for designing and evaluating an effective accident management
strategy. There are several interacting thermo-fluid dynamic phenomena inside the containment,
like multi-component gas diffusion, turbulence, buoyancy, wall and bulk condensation, fog trans-
port and re-evaporation, wall film flows, condensate accumulation, radiation heat transfer, and
conjugate heat transfer. The interplay of these various phenomena ultimately establishes both the
local and overall conditions within the containment. The condensation of steam in the bulk and
walls leads to the formation of fog droplets and films; their transport and re-evaporation affect
the containment atmosphere. The latent heat released during the bulk condensation causes higher
local temperatures, and the reverse process of fog droplet evaporation absorbs the latent heat from
the surrounding gases and leads to lower local temperatures. These temperature gradients can sig-
nificantly affect the local buoyancy forces, influence gas flow velocities, and thus the gas mixing
in the containment. The fog droplet transport under the effects of convection, gravity, and inertia
is also influenced by the droplet diameters, which evolve by condensational growth, evaporation
shrink, and also coalescence. Consequently, a computational model is developed in this research
work to examine the impact of bulk condensation, fog transport, and evolution on the containment
behavior and its interaction with other phenomena. The model is implemented into the exist-
ing containmentFOAM solver [Kelm et al., 2021] which is equipped with models for turbulence,
buoyancy, multi-component gas diffusion, wall condensation, conjugate heat transfer, and radia-
tion heat transfer, using the single-phase approach. The present work also includes the extension
of the solver to a two-phase approach to address the shortcomings of the single-phase approach
and facilitate the investigation of condensate transport and accumulation under the containment
conditions.

The objectives of this research work are two-fold: first, develop and implement a bulk conden-
sation model to determine the fog formation rate, and transport, evolution and re-evaporation of
the fog droplets using a computationally efficient passive scalar method incorporated with Popu-
lation Balance Model (PBM), all within a single-phase framework; second, develop a two-phase
approach combining the mixture, VOF and film approaches to reform the single-phase contain-
mentFOAM solver to a two-phase solver to model the influence of condensate mass in the com-
putational domain, and also simulate the formation of wall films, the deposition of droplets on
these films and accumulation of condensation in the sump region forming gas-liquid interfaces.
The computational models are developed systematically in the order of complexity, which begins
with the single-phase passive scalar approach and ends with the two-phase mixture-film-VOF ap-
proach. Finally, the comparison of the modeling strategies is conducted to identify the required
level of modeling detail and ensure an efficient representation of bulk condensation and for trans-
port on large-scale dry containments.
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For the single-phase passive scalar approach, the bulk condensation rate is modeled using a "return
to saturation at constant time scale" method, which is simple to implement and also computes the
bulk evaporation rate. A fog droplet transport equation is developed that considers the droplet’s
motion by the gas flow field, drift velocity, Brownian and turbulent diffusion, and also incorporates
the source term from the bulk condensation model. This is implemented using a passive scalar ap-
proach in a Eulerian framework. The drift velocity of the droplets considers the effects of gravity,
inertia, and drag, and two formulations, Manninen and Stokes, are used to compute the drift veloc-
ity. This fog transport volume transport equation is initially developed for mono-dispersed droplets
and then extended for poly-dispersed droplets using a population balance model (PBM) employing
the method of classes. The PBM model incorporates droplet evolution processes like nucleation,
condensational growth, evaporational shrinkage, and coalescence.

For the two-phase mixture-film-VOF approach, a combination of the best features of the mixture,
volume of fluid (VOF), and surface film approaches are utilized. The development of a hybrid
mixture-VOF model is initially performed by deriving and formulating the governing equations
for two-phase field variables. An indicator function is defined to determine the locations where the
liquid phase is in dispersed form and in continuous form. The models and terms corresponding
to the mixture approach and VOF approach are then added to the governing equations based on
this indicator function value in a mesh element. For instance, the drift velocity model is relevant
only for the mixture approach and hence, this term is added only to the elements where liquid
is in dispersed form. Similarly, the interface compression velocity is only relevant for VOF ap-
proach and is added only to elements where a gas-liquid interface is present. The surface thin
film approach is used to model the generation and flow of thin films over the walls, which reduces
the film-governing equations to a two-dimensional form. The film approach is more accurate and
computationally cheaper than VOF model to predict thin film flow over walls on coarse near-wall
meshes. A film-liquid phase mass transfer model is implemented to facilitate mass, energy, and
momentum exchange between the film and the liquid phase in VOF. This model enables the use of
the surface film approach when the film thickness is less than the near-wall cell thickness of VOF,
and when the film is thick enough to form an interface in the VOF region, then VOF approach is
used. The bulk condensation rate is calculated using the same model as in single-phase, but some
fraction of the latent heat released is absorbed by the fog droplets, which was not considered in
the single-phase approach. The wall condensation model is in two-phase uses a mass sink method
against the face-flux method used in the single-phase approach. The model is also extended to
facilitate interface condensation in the VOF region. The PBM approach employed already for
the single-phase model is extended to the two-phase approach by using the indicator function to
compute the dispersed phase volume fraction and solve the PBM equations.

The systematic verification and validation of the CFD models are conducted using theoretical
studies, separate-effect small-scale experiments, and integral-effect technical-scale experiments.
The bulk condensation model is verified using Mollier diagram theory by simulating the mixing
of cold and hot air-steam mixtures in a nozzle. The model predictions of final temperature, vapor
content, and fog content exhibited good agreement with the theoretical data for both condensation
and evaporation scenarios. The discrepancies between the single-phase and two-phase approaches
are found to be marginal. The validation of the inertial part of the drift velocity model is performed
by comparing the fog droplet deposition efficiency in a bent pipe simulation using Manninen and
Stokes methods against experimental data. The Stokes method displayed slightly better accuracy
than the Manninen method in both single-phase and two-phase approaches. However, the Stokes
model was revealed to be three times computationally more expensive than the Manninen model,
which cannot justify the minor additional improvement it offered. Hence, the Manninen model
is recommended for most containment simulations. The gravitational part of the drift velocity
model is validated by comparing the vertical particle concentration distribution in a ventilation
chamber experiment. The Manninen and Stokes methods, employing the single-phase and the
two-phase approaches, produced nearly identical results and also showed reasonable agreement
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with the experimental data, substantiating the selection of Manninen model for future work. The
Population Balance Model (PBM) is verified analytically using theoretical coalescence and growth
models, which indicated that the numerical implementation is effective in predicting fog droplet
size evolution. The surface film model is validated by simulating the flow of a thin water film flow
down an inclined plate with and without counter-current flow. The mean film thickness predicted
by the model matches the experiments, and the relative thickening of the film by the counter-
current airflow is also well comparable with the experiment. The verification of the film-liquid
phase mass transfer model done by simulating a hypothetical vessel in which the film is injected
along the vertical walls of the vessel and the accumulation of the water in the sump region is
examined. The model successfully simulated the vessel filling process while ensuring total liquid
mass remains conserved.

The global performance of the wall condensation model is validated using the SETCOM experi-
ment, at a scale and level of complexity closer to the technical-scale application. The single-phase
approach is able to predict the total wall heat fluxes reasonably well for coarse and fine near-
wall meshes, whereas the two-phase approach under-predicted the wall heat fluxes slightly on
fine meshes and moderately on coarser meshes. This is attributed mainly to the differences in the
model implementation in the phase approaches, in which a face-flux method is employed by the
single-phase approach, while the two-phase approach uses a mass sink method. The influence of
bulk condensation is observed to be marginal; nevertheless, the model is able to include its effect.
The formation and transport of the wall condensate film are also observed with the two-phase ap-
proach incorporating the surface film model. The capability of the integral computational model in
predicting the containment atmosphere conditions is initially examined using the THAI TH2 ex-
periment. The comparison between the simulations with and without the bulk condensation model
revealed that the bulk condensation leads to higher temperatures in the upper vessel zone due to the
latent heat release. When these predictions were compared against actual sensor temperature read-
ings, the results were overall more consistent with measurements. At certain locations, the model
demonstrated improved accuracy, aligning more closely with experimental data. However, at a few
other points within the containment, the predictions deviated more significantly from the measured
values, which could not be explained based on the sparse experimental dataset. The model is able
to simulate the fog transport, droplet evolution, and differential settling of the droplets depending
on their diameter. The influence of bulk condensation on the pressure is marginal, as the overall
condensation rate and equilibrium state remained the same with and without bulk condensation.
The two-phase simulations turned out to be computationally intensive, resulting in higher process-
ing times without yielding significant improvements in accuracy. Despite these limitations, the
simulations successfully captured key physical phenomena. Notably, the model effectively rep-
resented the formation of a condensate film on containment walls and depicted the accumulation
of condensate in the sump area, which might be a relevant insight for SMR containments. The
validation study employing the THAI HM2 experiment revealed the substantial impact of bulk
condensation on the local vessel temperature distribution and gas mixing. The latent heat release
during bulk condensation led to higher temperatures and consequently higher buoyancy forces in
the inner cylinder region, which is not captured in the simulation with only wall condensation. Ad-
ditionally, the model accurately predicted the timing of the hydrogen cloud dissolution, a critical
safety parameter in severe accident scenarios. Overall, the incorporation of the bulk condensation
model significantly enhanced the accuracy of temperature and hydrogen concentration predictions
throughout the vessel, underscoring the importance of including bulk condensation phenomena in
containment simulations.

The difference in levels of influence of bulk condensation on containment conditions between the
TH2 and HM2 can be attributed to the location of steam injection. In TH2, the steam injection is in
the upper section close to the dome, providing insufficient distance for the buoyancy effects to have
a significant impact. However, in HM2, the steam injection happens in the lower section, allowing
buoyancy flows to exert a noticeable influence. Hence, the location of steam release can be a
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crucial parameter that determines the scale of influence of bulk condensation within a containment.
The practical application and scalability of the developed CFD model are finally demonstrated on
the large-scale Batelle Model Containment (BMC) using the International Standard Problem (ISP-
37) VANAM M3 experiment. While the bulk condensation model did not improve containment
pressure predictions significantly, the accuracy of transient temperature predictions in the upper
containment compartments increased notably, with the simulated local temperatures aligning more
closely with experimental values.

In conclusion, this research successfully developed and implemented a bulk condensation model
and fog droplet transport with PBM using both single-phase and two-phase approaches. The va-
lidity, applicability, and necessity of these models were successfully demonstrated through sys-
tematic testing and application runs. The single-phase approach is computationally efficient and
feasible for large dry containment applications, while the two-phase approach requires substan-
tial enhancements in the direction of stability and speed and might become necessary in SMR
containment analysis. The significant impact of bulk condensation on local temperatures, gas
compositions, and buoyancy forces underscores the need for inclusion of bulk condensation ef-
fects in CFD codes for containment flows. The bulk condensation model is a significant addition
to containmentFOAM CFD toolbox, offering enhanced capabilities for analyzing containment at-
mosphere mixing, other effects related to fog transport such as aerosol behavior or gas radiation
transport, and mitigating H>/CO risks in nuclear reactor safety assessments.
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The current work presented the development, implementation, validation, and application of a
bulk condensation model and the transport of generated fog using the PBM method to include
the droplet evolution and drift velocity effects. The bulk condensation used a simple saturation
temperature-based model, which was easy to implement and also very stable in technical-scale
simulations. However, it was observed that in some cases, the bulk condensation rate was overpre-
dicted because the local fluid was driven to saturation state faster than in a real scenario. Hence,
improvements could be brought into the bulk condensation model to account for the delay in reach-
ing the saturation state, thereby more accurately reflecting the physical process. An alternative
bulk condensation model [Zhang & Laurien, 2014], which considers the droplet surface area and
diffusion of steam to the droplet surface, was explored for implementation. However, this model
exhibited stability issues, necessitating extremely small time-step sizes for reliable calculations.
Further research is required to investigate ways to make this model stable in containmentFOAM.
The PBM implementation was able to model the droplet evolution, but it was not possible to val-
idate it directly against experiments due to a lack of droplet size measurements in experiment
containment facilities. Therefore, experiments focused on fog formation and droplet size evolu-
tion could be performed, and droplet size distributions should be measured. This will provide
valuable data for validation of the bulk condensation and PBM models in a containment scenario.
The current work only considered coalescence by turbulent aggregation, while other mechanisms
like ballistic and Brownian collisions could also be explored.

The single-phase approach addressed in the present work was found to be computationally efficient
and feasible, whereas the two-phase approach demonstrated significant computational challenges.
The two-phase simulation required smaller time step sizes to be stable for technical-scale contain-
ment simulations with phase change processes, particularly when thermal non-equilibrium existed
between the phases; ultimately, the thermal equilibrium approach was successfully used. Hence,
further research is required to find possible solutions to improve the stability and speed of the two-
phase non-equilibrium solver. The assumption of thermal equilibrium between the phases in the
two-phase approach will become unrealistic, especially in cases involving large droplets with high
drift velocities like sprays. In such scenarios, these droplets would not instantly achieve thermal
equilibrium with the surrounding gas phase.

Future improvements can explore the two-phase approach to account for thermal non-equilibrium
effects by using separate energy equations for each phase instead of the mixture energy equation.
Although the two-phase approach presented in this work did not indicate any improvements in pre-
dicting the vessel conditions in the validation experiments, it was able to demonstrate phenomena
like wall condensate films and accumulation of water in the sump region. The approach requires
further validation and testing using experiments with higher condensation rates, which could cause
condensate accumulations large enough to influence the containment pressures.

Finally, this two-phase CFD approach holds significant potential for performing safety analyses
in small modular reactors (SMRs), which feature large quantities of liquid water occupying con-
siderable containment volumes and condensation on gas-liquid interfaces. The development of
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containmentFOAM towards SMR safety analysis represents a crucial future direction for this re-
search. The present work serves as an important initial step towards this ambitious objective,

laying the groundwork for SMR-specific modeling capabilities.
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Appendix

A. Liquid phase volume fraction transport equation derivation

Starting with Eqn. 3.58 and expanding it,

(9a/ - — _ s
a—— +pi—— +pV- (a/zUm) + Uy - Vo1 + piV - (a’lUml) +aUp - Vpy

—piV-(OVay) = (O,Vay) - Vo = S+ Smpoansfer (A1)

= p (E +V - (Un) + V- (010m) - V - (FlVa/[))

F[Va/]

6 — —
+ (g +Up- VPI + Uni - V,Ol - ( ) : Vpl) =S+ Smf,transfer (Az)

Dividing A.2 by p; and reordering the terms,

Oy N o arDp;  Su Smfiransfer
ZL vV (Un) + V- (U) - V- (O Vay) = —— 220y 2ml 2mfransfer A3
o (az m) (Cll ml) IiVay) oDt o (A.3)
where %ptl = % + ﬁm . Vp[ + ﬁml . Vp1 - (%}m) . Vpl
Similarly Eqn. 3.59 can be expanded to,
Oag = = ag Dpg  (Simg + Smy)
=+ (gUn) + V- (g Unmg) = V- (TgVerg) = P T (A.4)
where % = % +Up- Vpog + ﬁmg -Vp, - (%) - Vp,
Adding Eqns. A.3 and A.4 gives,
0 (0/1 + a/g) . . " "
—— V- (O + agUn) = =V - (/T + g Ung) + V - (TVa; + T, Vay)
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D ag D 1 1 S S mfaransfer
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Adding and subtracting a;V - U,, on the RHS of Eqn. A3,
9% |9 (0 T) + V- (@0 ) - V - (T Ve
ot
D S S
=V Ty — )V - U, - L2 2l ZJansfer - p g)
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Substituting for V - U,, from Eqn. A.7 only for the second term on the RHS of Eqn. A.8
0% 9 (T) + V(@0 ) - V- T V) = ¥ - T,
ot
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Simplifying above equation and reordering the terms give the final transport equation of liquid
phase volume fraction for hybrid mixture-VOF approach:

aa'l - _
=+ (Un) + V- (@ Tmi) = V - (T V)
R o 1D 1 D,
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