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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up
of senior scientists and engineers, with broad responsibilities for safety technology and research
programmes, and representatives from regulatory authorities. It was set up in 1973 to develop and
co-ordinate the activities of the NEA concerning the technical aspects of the design, construction and
operation of nuclear installations insofar as they affect the safety of such installations.

The committee’s purpose is to foster international co-operation in nuclear safety amongst the OECD
member countries. The CSNI’s main tasks are to exchange technical information and to promote
collaboration between research, development, engineering and regulatory s; to review operating experience
and the state of knowledge on selected topics of nuclear safety technology and safety assessment; to
initiate and conduct programmes to overcome discrepancies, develop improvements and research
consensus on technical issues; to promote the coordination of work that serve maintaining competence in
the nuclear safety matters, including the establishment of joint undertakings.

The committee shall focus primarily on existing power reactors and other nuclear installations; it shall also
consider the safety implications of scientific and technical developments of new reactor designs.

In implementing its programme, the CSNI establishes co-operative mechanisms with NEA’s Committee on
Nuclear Regulatory Activities (CNRA) responsible for the program of the Agency concerning the
regulation, licensing and inspection of nuclear installations with regard to safety. It also co-operates with
NEA’s Committee on Radiation Protection and Public Health (CRPPH), NEA’s Radioactive Waste
Management Committee (RWMC) and NEA’s Nuclear Science Committee (NSC) on matters of common
interest.
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EXTENSION OF CFD CODES APPLICATION TO TWO-PHASE FLOW SAFETY PROBLEMS

PHASE 2

By D. Bestion, H. Anglart, J. Mahaffy, D. Lucas, C.H. Song, M. Scheuerer, G. Zigh,
M. Andreani, F. Kasahara, M. Heitsch, E. Komen, F. Moretti, T. Morii, P. Miihlbauer,
B.L. Smith, T. Watanabe

EXECUTIVE SUMMARY

This document is an extension of the NEA/SEN/SIN/AMA(2006)2 report produced by the Writing
Group 3 on the extension of CFD to two-phase flow safety problems, which was formed following the
recommendations made at the “Exploratory Meeting of Experts to Define an Action Plan on the
Application of Computational Fluid Dynamics (CFD) Codes to Nuclear Reactor Safety Problems” held in
Aix-en-Provence, in May 2002. Extension of CFD codes to two-phase flow may provide insights to
smaller scale flow processes which were not seen by present tools. Using such tools as part of a safety
demonstration may bring a better understanding of physical situations, more confidence in the results, and
an estimation of safety margins. The improved computer performance allows for a more extensive use of
3D modelling of two-phase Thermal hydraulics with finer nodalization. However, models are not as
mature as in single phase flows and a lot of work has still to be done on the physical modelling and
numerical schemes in such two-phase CFD tools. The Writing Group listed and classified the NRS
problems where extension of CFD to two-phase flow may bring real benefit and also classified different
modelling approaches. First ideas were reported about the specification and analysis of needs in terms of
validation and verification.

Following the preliminary report mentioned above, it was suggested to focus further activity on a limited
number of NRS issues with a high priority and a reasonable chance to be successful in a reasonable period
of time. As a result of recommendations from this report, a second step was taken with WG3, resulting in
this report.

The objectives of the WG3-step 2 activity are:

e Selection of a limited number of NRS issues where extension of CFD to two-phase flow may
bring real benefit.

¢ Identification of the remaining gaps in the existing approaches for each selected NRS issue.

e Review of the existing data base for validation of two-phase CFD application to the selected NRS
problems. Identification of needs for additional experimental validation.

e Identification of a matrix of numerical benchmarks of special interest for the selected NRS
problems.

o Establishment of the foundation of Best Practice Guidelines for two-phase CFD application to the
selected NRS problems.
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The action was carried out by the writing group WG3. Three meetings were held in the period from
March 2006 to May 2007. Tasks were assigned to each group member to supply information on specific
NRS issue. Information was gathered from published literature, from International Conferences and from
European projects such as NURESIM of the sixth FP. A close liaison was maintained with the other two
CFD Writing Groups and WG3 contributed to the organisation of the CFD4NRS workshop in
September 2006 and of the XCFD4NRS workshop in September 2008.

Six NRS problems where two-phase CFD may bring real benefit were selected to be further analysed in
more detail:

e Dry-out investigations.

e DNB investigations.

o Pressurised thermal shock (PTS).
e Pool heat exchanger.

e Steam discharge in a pool.

o Fire analysis.

These are high priority issues from the point of view of nuclear safety with some investigations currently
ongoing and their CFD investigations have a reasonable chance to be successful in a reasonable period of
time. They address both the present generation of PWR & BWR and the Generation-3 water reactors and
address all flow regimes so that they may, to some extent, envelop many other issues.

A general multi-step methodology was applied to each issue to identify the gaps in the existing approaches.
Many options are possible when using two-phase CFD, for the basic model (one-fluid, two-fluid,
multi-field), for the averaging or filtering of turbulent and two-phase scales (using RANS, URANS,
VLES, LES), for the treatment of the interface either by an Interface Tracking Method (ITM) or
statistically by calculating quantities such as a volume fraction or an interfacial area. The choices have to
be justified after an in depth analysis of the issue and an identification of all basic flow processes. Then
closure relations have to be selected or developed for interfacial transfers, turbulent transfers and wall
transfers and a validation test matrix has to be established to validate all the models in a separate effect
way. Many consistency checks are necessary to build the CFD application on a physically sound basis.

The method was applied to the six selected issues resulting in an updated state of the art, and the gaps were
identified in the modelling. Available data for validation were reviewed and the needs of additional data

were identified. Verification tests were also identified. A few benchmarks are proposed for future activity.

Although two-phase CFD is still not very mature, a first approach of Best Practice Guidelines (BPG) is
given which should be later complemented and updated.

The main results of this work are here summarised here:

For the six selected issues, the theoretical framework was made so clear that the selection of the basic
model options was possible, even if some choices remain partly open and require further benchmarking
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between options. The method for modelling polydispersion in boiling bubbly flow, the use of an ITM or a
more simple Large Interface identification for free surfaces in PTS investigations are examples where
further developments and comparisons are still necessary.

For each selected issue, an experimental test matrix already exists which provides very valuable
information for model validation. However, in each case, there are still some deficiencies and needs were
identified, requiring new “CFD-grade” experiments equipped with advanced local instrumentation. The
present status of closure laws used for the selected issues reflects the merits and limits of the validation
matrix. Further effort is recommended to propose a strategy of validation with a clear definition of separate
effect tests, global tests, and demonstration tests, and of their respective roles in the whole validation
process.

The verification issue has to be revisited more systematically and an effort is required to define more
specific 3-D benchmarks. Two ways are recommended:

o The use of the Method of Manufactured Solutions should be promoted in two-phase CFD to
produce tests with analytical solutions.

e New experiments with simple prototypic flow configurations should be produced with very well
defined initial and boundary conditions and well instrumented local measurements of possibly all
principal variables.

Before having a comprehensive Verification Matrix, it was decided to select a benchmark test (or a few)
for each NRS issue to provide at least an evaluation of the present capabilities and limitations, and to
promote further progress.

The proposed multi-step methodology gives a first approach to Best Practice Guidelines for two-phase
CFD by inviting users to formulate and justify all their choices and by listing some necessary consistency
checks. Some methods for the control of numerical errors are also given, as a part of the BPG.

The work performed by the Writing Group confirms that two-phase CFD is becoming a useful tool,
complementary to system codes, for safety investigations. At this point it cannot be used to perform system
safety demonstrations to determine the safety of a plant, however it provides insights into small scale flow
processes, and provides a better understanding of physical situations. It is already a useful tool for safety
analysis and may become a tool for safety demonstration when all the steps of the methodology have been
correctly addressed including uncertainty evaluation.
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1. INTRODUCTION

The Writing Group 3 on the extension of CFD to two-phase flow safety problems was formed following
recommendations made at the “Exploratory Meeting of Experts to Define an Action Plan on the
Application of Computational Fluid Dynamics (CFD) Codes to Nuclear Reactor Safety Problems” held in
Aix-en-Provence, in May 2002. Extension of CFD codes to two-phase flow is significant potentiality for
the improvement of safety investigations, by giving some access to smaller scale flow processes which
were not explicitly described by present tools. Using such tools as part of a safety demonstration may bring
a better understanding of physical situations, more confidence in the results, and an estimation of safety
margins. The increasing computer performance allows a more extensive use of 3D modelling of two-phase
Thermal hydraulics with finer nodalization. However, models are not as mature as in single phase flow and
a lot of work has still to be done on the physical modelling and numerical schemes in such two-phase CFD
tools.

The Writing Group listed and classified the NRS problems where extension of CFD to two-phase flow may
bring real benefit, and classified different modelling approaches in a first report (Bestion et al., 2006). First
ideas were reported about the specification and analysis of needs in terms of validation and verification.

It was then suggested to focus further activity on a limited number of NRS issues with a high priority and a
reasonable chance to be successful in a reasonable period of time. The WG3-step 2 was decided with the
following objectives:

e Selection of a limited number of NRS issues having a high priority and for which two-phase CFD
has a reasonable chance to be successful in a reasonable period of time.

e Identification of the remaining gaps in the existing approaches using two-phase CFD for each
selected NRS issue.

e Review of the existing data base for validation of two-phase CFD application to the selected NRS
problems. Identification of needs for additional experimental validation.

e Identification of a matrix of numerical benchmarks of special interest for the selected NRS
problems.

e [Establish the foundation of Best Practice Guidelines for two-phase CFD application to the
selected NRS problems.

This document is an extension of the first report produced by the Writing Group 3. A few NRS problems
where two-phase CFD may bring real benefit are first selected to be further analysed in more detail
according to some criteria. They must be high priority issues from the point of view of nuclear safety with
some investigations going on and CFD investigations must have a reasonable chance to be successful in a
reasonable period of time. They must address both the present generation of PWR & BWR and the
Generation 3 water reactors and should possibly address all flow regimes so that they may, to some extent,
envelop many other issues.
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A general multi-step methodology for application of two-phase CFD to nuclear safety issues is proposed.
Many options are possible when using two phase CFD, for the basic model (one-fluid, two-fluid,
multi-field,...), for the averaging or filtering of turbulent and two-phase scales (using RANS, LES,...), for
the treatment of the interface either by an Interface Tracking Method or statistically by a volume fraction,
an interfacial area equation,... The choices have to be justified after an in-depth analysis of the issue and
an identification of all basic flow processes. Then closure relations have to be selected or developed for
interfacial transfers, turbulent transfers and wall transfers, and a test matrix has to be established to validate
all the models in a separate effect way.

The method has been applied to the selected issues resulting in an updated state of the art and gaps were
identified in the modelling. Available data for validation were reviewed and needs of additional data were
identified.

Verification tests were also identified. A few benchmarks are proposed for future activity.

Although two-phase CFD is still not very mature a first approach of Best Practice Guidelines is given
which should be later complemented and updated.

D. Bestion, H. Anglart, B.L. Smith, J. Royen, M. Andreani, J. Mahaffy, F. Kasahara, , E. Komen, P.
Mihlbauer, T. Morii, Extension of CFD Codes to Two-Phase Flow Safety Problems,
NEA/SEN/SIN/AMA(2006)2
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2. SELECTION OF A LIMITED NUMBER OF NRS ISSUES

Selection criteria

A limited number of issues for which two-phase CFD has a reasonable chance to be successful in a
reasonable period of time were selected according to the following criteria:

High priority issues: the selected issues should be considered as high priority from the point of
view of nuclear safety. The existence of some on-going investigations in the industry or research
projects related to these issues was also considered.

Chance to be successful: only issues having a reasonable chance to be successful in a reasonable
period of time have been selected, this reasonable period of time being about five years. It
depends in particular on the maturity of present numerical tools to handle the issue. The ranking
of issues performed in the previous report (Bestion et al., 2006) was used in this selection.
“High” maturity was applied to the case in which sufficient information was available, all related
phenomena were well identified, and models were developed for each phenomenon,
improvements being welcome for some of them. “Medium” maturity was applied when a
publicised background exists, most basic phenomena are supposed to be well identified, and
some models exist which require improvements and validation. “Low” maturity was applied to
the case in which no trusted information was available on the validity of existing models. Only
“High” maturity and “Medium” maturity issues were considered.

Availability of data: only issues for which some data sources are available to allow a validation
of the physical models were considered. CFD grade data with a high density of local
measurements are often necessary for a validation of the physical models in a “separate effect”
way. More global experimental data with mixed effects are also required to check the consistency
of the whole model.

Covering all water reactors: the selected list of issues should address both present generation of
PWR & BWR and the advanced (generation 3) water reactors including passive reactors.

Covering all flow regimes: the selected list of issues should cover all flow configurations
(dispersed-bubbly, dispersed-droplet flow, free surface flow,...) so that they may, to some extent,
envelop many other issues.

Remark: After review of the state of the art for each selected issue, it appears that a period of five years
may be largely optimistic, first for getting a credible and numerically operational physical CFD type
modelling, secondly for getting the necessary missing detailed experimental data and finally for
incorporating the experimental findings in the models.
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2.2 The selected issues

The issues about CHF (both DNB and Dry-out) and Pressurised Thermal Shock were investigated in the
NURESIM Integrated project of the 6th Framework Program where 14 partners (CEA, EDF, FZD, GRS,
PSI, ASCOMP, KTH, University of Pisa, JSI, LUT, VTT, UCL, KFKI, NRI) are using and developing
two-phase CFD.

PWRs are clearly concerned with DNB and PTS issues; BWRs are clearly concerned with dry-Out and
“Steam discharge in a pool”, whereas “pool heat exchanger” and “steam discharge in a pool” are important
issues for all advanced passive reactors.

The opportunity of selecting the issue about “containment Thermalhydraulics” was discussed. This topic
will not be treated here in order to avoid overlapping with other GAMA activities.

The opportunity of selecting the issue about Reflooding was also discussed. Although this is a very old
issue, the present simulation tools (the system codes) will appear very old fashioned in one, two, or three
decades in comparison to what will exist in the CFD world. First attempts to use CFD should be made at
least to attract some young scientists and to keep some expertise on this important accidental sequence.
However due to the lack of an experiment having enough local measured data, the issue was not selected.

Fire analysis is the only considered issue which is not dealing with steam-water flows and it belongs to a
rather different domain from the others. However it was found that CFD investigations of fires and of the
steam-water issues encountered very similar difficulties and have many common features.

Six issues have been finally selected for detailed study:

e Dry-out investigations.

e DNB investigations.

e Pressurised Thermal Shock (PTS).
e Pool Heat Exchanger.

e Steam discharge in a pool.

o Fire analysis.

Looking at all possible local interface configurations of two-phase flows, there are a limited number of
possibilities:

e Dispersed bubbles in a continuous liquid.

e Dispersed droplets or particles in a continuous gas phase.

e Separate-phase flow at the vicinity of the interface such as a free surface in a stratified flow or a
surface of a liquid film. In both cases there are only two continuous fields.

e Presence of two continuous fields and two dispersed fields. This is the case of a stratified flow
when droplets are above the liquid surface and bubbles below, a situation which may be found
when there are waves with droplets entrained at the wave crests and when breaking waves are
trapping bubbles below the free surface.

Looking at all possible heat transfers, there may be heating walls, cooling walls, vapourisation or
condensation, and heat sources due to chemical reactions.
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Bubbly flows are encountered in DNB investigations and in pool heat exchangers, droplet flows and
particle flows in dry-out investigations and fire analyses, free surfaces are encountered in PTS and pool
heat exchangers, liquid films are encountered in dry-out investigations. Heating walls and vapourisation
are present in both DNB and dry-out investigations, condensation in PTS and steam discharge in a pool. A
free surface with bubbles below the surface is found in pool heat exchangers and at ECC injection when
investigating PTS. The most complex situation with two continuous fields and two dispersed fields is not
present in the selected issues. Considering the relative low maturity of two-phase CFD tools, it is expected
that the selected five issues give the opportunity to cover many flow configurations, leaving aside only the
most complex situations.

2.3 A multi-step methodology for application of two-phase CFD to nuclear safety issues

A general method of work illustrated in Figure 2.1 is proposed when using two-phase CFD for safety
issues with successive steps:

1. Identification of all important flow processes
2. Main modelling choices

2.1 Selecting a basic model
2.2 Filtering turbulent scales and two-phase intermittency scales

2.3 Treatment of interfaces
3. Selecting closure laws

3.1 Modelling interfacial transfers
3.2 Modelling turbulent transfers
3.3 Modelling wall transfers

4.  Verification

5.  Validation

If the CFD tool is used in the context of a nuclear reactor safety demonstration, one may add a last step:

6.  Uncertainty evaluation
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Figure 2.1: General methodology for two-phase CFD application to nuclear reactor safety
Identification of all important flow processes

Any reactor issue involves complex two-phase phenomena in a complex geometry with many basic flow
processes which may play a role. The user must identify all these basic thermalhydraulic phenomena
before selecting the various code options which are available in most two-phase CFD codes. None of the
available codes can be used as a black box which could take a complex problem and select automatically
the adequate options to provide the adequate answer. These basic phenomena have to be ranked with
respect to the importance in the reactor issue. This can be achieved by performing a PIRT (Process
Identification and Ranking Table) analysis or by a similar approach. The preliminary analysis of some
experiments simulating the problem (or part of the problem) may be of great help to identify the
phenomena. Considering the inherent complexity of any two-phase flow, this identification of important
processes should be revisited several times during the successive steps of the general methodology.
Modelling work and validation work may change our mind on the relative importance of each
phenomenon. Also analysis of some experimental data from the validation matrix may highlight some
sensitive phenomenon which was not identified. The methodology may then be iterative.

Modelling choices

Three choices are necessary to select the set of balance equations which will be used for solving the
problem and they must be consistent with each other. They are related to the separation into fields, to the
time and space filtering, and to the treatment of interfaces.

e The number of fields

Any two-phase flow may be seen as a juxtaposition of several fields and/or phases. When there is a clear
criterion to identify the limits of each field (phase) at each time t, one may define the field (phase)
k characteristic function y,(x,t) which is 1 if the field k is present at position x at time t and zero if it is not
present. Then local instantaneous equation for mass, momentum and energy may be multiplied by this
¥« function before proceeding to the averaging of the equations.
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Then the three balance equations for mass; momentum and energy are averaged for each field k
(k=1, Nfield) resulting in a set of 3*Nfield basic balance equations.

CFD tools offer various approaches e.g. one-fluid homogeneous model, two-fluid model, multi-field
models. A two phase flow may be seen locally as a possible juxtaposition of a continuous liquid field, a
continuous gas field, one or several dispersed gas fields (bubbles) and one or several dispersed liquid fields
(droplets). The separation into several fields is particularly necessary when each field has a velocity and/or
a temperature significantly different from the others. Then the most complex basic model for two-phase
flow would have 2 + Nb + Nd fields and 3*(2 + Nb + Nd) basic balance equations, Nb being the number of
bubble fields, Nd being the number of droplet fields. In many cases, it is not necessary to use such a
complex model.

o Filtering turbulent scales and two-phase intermittency scales

The second important choice is the choice of the type of averaging or filtering of equations. The well
known two-fluid model usually makes a time-averaging of equations over a time period which is high
enough compared to turbulence time scales and two-phase intermittency scales. This is fully consistent
with the classical Reynolds Averaged Navier-Stokes (RANS) equations which are used in single phase
flow turbulence. This requires that the time scales of the mean flow of interest are significantly larger than
the filtered scale by the averaging, which is not always the case.

CFD in single phase turbulent flow also has alternative models such as URANS (Unsteady RANS),
LES (Large Eddy Simulation), or VLES (Very Large Eddy Simulation) when some large scale phenomena
have to be deterministically treated.

One may extend these approaches to two-phase CFD by splitting turbulent scales and two-phase
intermittency scales into the larger ones which are simulated whereas a statistical description is applied to
the smaller ones.

e Treatment of interfaces

Two-phase flows have interfaces with a wide range of geometrical configurations. There are locally
“closed interfaces” for dispersed fields e.g. bubbles and drops, and locally open interfaces for free surfaces,
interface of a falling film, of a jet...etc

A deterministic treatment of an interface predicts the position of the interface in the space as function of
time and may require an Interface Tracking Method (ITM) such as the Volume of Fluid (VOF), the Front
Tracking (FT), the Level set (LS), Lattice Boltzmann Method (LBM) and others

A statistical approach describes the presence of interfaces through averaged parameters such as a volume
fraction, an interfacial area density...

In case of a pure statistical treatment, one may need an “Identification of the Local Interface Structure”

(ILIS) to select appropriate closure laws for the interfacial transfers. Such an ILIS is equivalent to the
“flow regime map” used in 1D two-fluid models in system codes.
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A local interfacial structure is defined by three items:

1. Presence of dispersed gas field (bubbles).
2. Presence of dispersed liquid field (drops).

3. Presence and direction of a “Large Interface”.

In some cases on may combine a deterministic treatment of “large interfaces” with a statistical description
of dispersed fields.

In a statistical description of interfaces, they are characterised at least by a volume fraction, but very often,
additional information provided by additional equations is required for particle number density, interfacial
area density, multi-group volume fractions (e.g. MUSIG method), or any other information on the particle
population, pdf of the diameter,...

Selecting Closure Laws

e Modelling interfacial transfers

Any kind of interface may be subject to mass, momentum and energy interfacial transfer. The formulation
of these transfers depends on the above modelling choices, filter scale and interface treatment.

If a “Large Interface” exists (such as a free surface), an adequate model may require the knowledge of the
precise position of this interface, either by using an ITM or by any other method.

When an ILIS has defined the interface structure the choice of adapted closure laws is possible.
All mass momentum and energy interfacial transfers have to be modelled and validated on available
Separate Effect Tests (SETs). Modelling interfacial transfers is a fundamental question in two phase flow
whatever approach is used. CFD approach may make this process easier by using more local information
which allows a more mechanistic approach, but this requires that sufficient local measured data are
available for development and validation.

e Modelling turbulent transfers
Turbulent transfers have to be modelled and validated on available Separate Effect Tests (SETs). The
formulation of these transfers depends on the above modelling choices on the basic model, filter scale and
interface treatment.

e Modelling wall transfers

Momentum and energy wall transfers have to be modelled (though adequate wall functions) and validated
on available Separate Effect Tests (SETs).

Verification

Pure numerical benchmarks may be necessary to check the capabilities of the numerical scheme and to
measure the accuracy of the resolution.
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The method will be applied to each of the selected issues and gaps will be identified at every step of the
method for every issue in the following sections of the report.

When such a methodology will have been applied to a large number of two-phase flow situations, precise
guidelines could be given to CFD code users to select the right options appropriate for the specific
application. At present, only limited foundations of such Best Practice Guidelines will be given.

Validation

A matrix of validation tests (and possibly also of demonstration tests) has to be defined and used.
Demonstration tests may be necessary to demonstrate the capability of a modelling approach to capture all
the basic flow processes at least qualitatively, and validation tests including separate effect tests and global
tests are necessary to evaluate quantitatively the models for interfacial, turbulent and wall transfer terms of
the equations, as far as possible in a separate effect way. DNS results may also be used to some extent as
complementary to experimental validation. However, only fully validated DNS simulations may be used as
“numerical experiments”.
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3. THE DRY-OUT INVESTIGATIONS

3.1 Definition of the Dry out issue and identification of all Important Flow Processes

One of the major limiting factors in the safe operation of Boiling Water Reactors (BWR) is the occurrence
of dry out, which manifests itself with break-up or disappearance of the liquid film in diabatic annular two-
phase flows. Due to dry out, the heat transfer between cladding and coolant is significantly deteriorated
and, as a result, the cladding temperature rapidly increases. This, in turn, can cause damage to the cladding
and can lead to a release of fission products to the coolant. Figure 3.1 shows a typical configuration of
annular flow in a heated channel. The liquid phase exists as a liquid film, which is attached to walls, and as
droplets, which are carried in the central part of the channel by the vapour phase. The mass flow rate in the
liquid film is changing due to several mass transfer mechanisms. Due to hydrodynamic forces acting on the
liquid film surface, a certain amount of liquid from the liquid film is entrained into the vapour core as
droplets. The entrainment rate of droplets from the liquid film is usually expressed in units of kg/m’/s,
which corresponds to the mass of liquid entrained from a unit film surface in a unit time interval. Clearly,
the liquid film is depleted due to the drop entrainment. Another mechanism that is causing liquid film
depletion is associated with evapouration due to heating applied to walls. These two mechanisms must be
counterbalanced by the drop deposition from the vapour core to the liquid film surface to avoid the film
dry out.

l«— dryout.

Figure 3.1: Schematic of annular flow and liquid film dry out

There are several possible mechanisms that have been postulated for dry out (Hewitt, 1982). The first one
is as suggested above: the liquid film dries by progressive entrainment and evapouration, which are
prevailing in comparison to deposition and dry out occurs when the film has gone. Another possible
mechanism is associated with a formation of a dry patch within the liquid film, causing such wall
temperature increase that it cannot be rewetted. In some situations a sudden disruption of liquid film may
occur beyond which the wall surface is dry. The disruption mechanism is not fully understood yet,
however, hydrodynamic mechanisms for the disruption are postulated. For very thin liquid films dry out
occurs when the rate of evapouration of droplets at the surface exceeds the rate at which they arrive at the
surface due to deposition. For thicker liquid films it is postulated that dry out may occur due to vapour film
formation under the liquid film. The mechanism of forming this vapour film might be of the same type as
described for the DNB mechanisms.
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Annular flow pattern usually is the predominant flow regime in upper core regions in Boiling Water
Reactors. The factor that limits the total power obtained from each assembly is the risk of occurrence of
dry out. Increasing the heat flux above some critical value can lead to dry out that is associated with a
sudden increase in the wall temperature, which, in turn, can destroy the cladding material and allow the
radiation releases into the primary system. Due to inaccuracy in dry out prediction as well as uncertainties
in operating conditions, the operational heat flux must not approach the critical heat flux by some safety
margin. In order to optimise the operating conditions, the critical heat flux must be accurately predicted
with smaller margins than the ones existing today.

As already mentioned, annular regime in boiling flow is characterised by a thin liquid film flowing on the
channel walls and a gas core flowing in the central part of the channel. The droplets in the gas core
represent a larger interfacial area than the liquid film and thus can dominate heat and mass transport
between the phases. System pressure drop is increased by droplet acceleration in the gas core and
depositing droplets contribute to corrosion by increasing local wall friction.

3.2 Limits of Previous Approaches and Expected Improvements with CFD

The currently existing approaches to predict the occurrence of dry out in nuclear fuel assemblies are as
follows:

e application of a correlation which is predicting dry out based on bundle-mean values of major
flow and heat transfer parameters, such as the mass flux, the thermodynamic mean quality and
the power distribution,

e application of a sub-channel code in connection with a phenomenological model to predict the
liquid film distribution on heated rods.

In both these cases a significant amount of experimental data is needed to develop the correlations and to
calibrate the phenomenological liquid film models. As a result, the predictive tools are limited just to the
assemblies in which the data were obtained and are not applicable to general dry out predictions.

The expected major improvements while employing CFD approach are as follows:

e capability to capture the geometry influence on dry out,

e mechanistic formulation of models based on local values of the governing parameters, leading to
a predictive tool applicable to a wide range of the operating conditions,

¢ including the effects of turbulence on two-phase flow features such as spatial distribution of
drops, distribution of drop sizes and deposition of drops on liquid film, leading to more accurate
predictions,

e capability to capture from first principles the influence of spacer grids on drop size and
deposition rates,

e better understanding of the dry out phenomenon by analysing detailed information provided by
CFD simulations.

3.3 Selecting the basic model

The computation of annular flows can be performed using either the Eulerian-Eulerian (two-fluid) or
Eulerian-Lagrangian framework for the steam-droplet core flow. Due to presence of a liquid film on walls,
special wall functions must be applied to account for the liquid film movement and the interface roughness
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seen by the core flow. The most common approach to model the effect of drop dispersion and drop/vapour
heat transfer is by means of the Lagrangian approach. This method is based on tracking of individual
droplets in the continuous vapour phase by integrating their equations of motion. To simulate the effect of
drop dispersion, the gas velocity is randomly sampled along trajectories, where characteristic properties of
turbulence are determined from mean vapour flow properties. Heat and mass transfer of droplets is
accounted for by solving the droplet mass and energy equations. For dry out predictions it is essential to
consider interactions between droplets and a wall covered with a liquid film. However, for near-dry out
and post-dry out heat transfer conditions, interactions between droplets and the dry wall should be
considered as well. The liquid film itself can be treated as a third field with mass, momentum and energy
balance equations.

The liquid film can be included into the basic model in two ways: either as an additional field with
pertinent conservation equations of mass, momentum and energy, or as a dedicated model that resolves the
liquid layer on thewall surface and calculates the liquid film thickness based on the mass, momentum and
energy balances. In the former case a consistent three-field model is obtained with conservation equations
formulated separately for vapour, droplet and liquid film. The model must be supplemented with closure
laws for interfacial mass, momentum, energy and turbulence transfer between the fields, as well as with
model for adhesion effects which are responsible for the film susceptibility to move along walls. In the
latter case, the model of the steam-droplet core flow (which can be formulated in either Eulerian-Eulerian
or Eulerian-Lagrangian framework) is coupled with the film model through transfers of mass, momentum
and energy at the film-core interface.

Both above-mentioned modelling approaches can be formulated in two- and three-dimensional
frameworks. Two-dimensional framework is especially valuable for model testing, which is typically
performed for axisymmetric (pipe) flow conditions, and whenever computational time is of concern.
Three-dimensional approach is recommended for most practical applications. In this approach all
continuous fields are represented in 3D, with one notable exception for the liquid film, which can be
modelled using either 1D, 2D or 3D approach. The mesh size should be such as to allow resolving the
geometry details.

3.4 Filtering Turbulent Scales and Two-Phase Intermittency Scales

The present prediction tools are not including the modelling of turbulence and have limited capabilities to
resolve the internal two-phase scales. Thus major improvement is expected while employing the CFD
approach, in which these issues can be addressed.

The most promising approach which can be applied for practical cases is based on the two-fluid, multifield
RANS modelling of the gas core and the liquid film, where ensemble averaging is applied to the vapour,
liquid film and the dispersed droplet field. The equations are closed with droplet-vapour interaction terms
that describe the exchange of mass, momentum and energy. The liquid film thickness and the interface
between the liquid film and the gas core is resolved in the ensemble-averaged sense, that is the mean liquid
film thickness is calculated, whereas the wavy structure of the interface is not resolved and is accounted for
with closure relationships for the interfacial mass, momentum and energy transfer. Another approach could
employ Large Eddy Simulation (LES), in which only the smallest eddies, smaller than droplets and wave
structure on the liquid film, will be filtered. This approach would enable inclusion of the wave motion on
the film surface, and in particular would take into account the influence of disturbance waves on the dry
out occurrence.

3.5 Identification of Local Interface Structure

The identification of the local interface structure requires employment of mechanistic closure laws which
are based on local values of the governing flow parameters. This type of approach is practically impossible
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for current prediction tools, since they are using typically area-averaged and bulk parameters. In contrast,
CFD approach lends itself for the resolution of the local interface structure.

The interface in annular two phase flows has two distinct scales: a large-scale interface exists between the
liquid film and the continuous vapour and a small-scale interface exists between the continuous vapour and
droplets. The large-scale interface is determined by the liquid film surface, which has a wavy structure on
top of the base film thickness. The most important from the dry out point of view are so-called disturbance
waves, the wave height being several times larger than the base film thickness, and which propagate with
velocities which exceed the mean velocity of the liquid film. However, the thickness of the base film is
also important since the triggering of dry out is due to the evapouration of the base film between two
disturbance waves. The interfacial area can be considered proportional to the wall surface area and the
additional area due to interfacial waves can be only considered as a roughness effect on interfacial
transfers.

The small-scale interface is determined by the drop size, which is an important parameter that affects the
deposition rates and thus the dry out phenomenon. The drop size can be calculated from an algebraic
expression as a function of local parameters. In a more sophisticated approach, the drop size can be
determined from predictions of drop break-up and collisions. Various models for drop break-up have been
developed, e.g. the TAB (Taylor Analogy Breakup) model (O’Rourke and Amdsen, 1987) and the
Reitz-Diwakar model (Reitz and Diwakar, 1987).

3.6 Modelling Interfacial Transfers

Modelling of the interfacial transfer rates requires detailed information about local values of major flow
parameters such as flow velocity, fluid temperature and turbulence intensity. This type of information is
not available in present predictive tools, thus, the interface transfer rates are evaluated from correlations
which are using bulk parameters. Such formulation may lead to inconsistent results and is not applicable
outside of specified ranges. CFD approach is free from these limitations and can be applied for modelling
of interfacial transfer rates in a wide spectrum of conditions. This is particularly true in complex
geometries, such as spacer grids, where the influence of geometry features on interfacial transfer rates can
be captured.

The liquid phase in typical dry out situation exists in two different structures: as a continuous liquid film
moving on walls and as a disperse phase (droplets) carried by the continuous vapour phase. Thus, there are
three types of interactions that have to be considered: liquid film — vapour interactions, liquid film—droplet
interactions and droplet — vapour interactions.

The liquid film — vapour interactions include mass transfer due to evapouration of the liquid film and the
momentum transfer due to interfacial shear and evapouration. Since usually the liquid film and the vapour
phase are assumed to be at the saturation temperature, the energy transfer is determined by the
evapouration rate, which results from the local value of the heat flux, thus its modeling is quite
straightforward.

The mass, momentum and energy transfer between droplets and the liquid film is usually modeled by
accounting for the entrainment of droplets from the liquid film into the gas core and the deposition of
droplets from the gas core to the liquid film. Both these effects are strongly influencing the liquid film
thickness and thus need to be accurately predicted. Their modeling is discussed in a more detail below.

Liquid droplets carried by a turbulent gas stream deposit on bounding walls. Deposition rate depend on
drop dispersion in turbulent flow where particle motion is primarily governed by interactions with eddies
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of various scales. Depending on the ratio of the particle response time to the eddy characteristic time the
dispersion can have different characters. If this ratio is very small, particles are following the continuous
flow structure. When the ratio is close to 1 (the time constants of eddies and particles are of the same range
of magnitude) the dispersion of drops can be even bigger than that observed in the carrier fluid. Finally, for
high values of the ratio particles remain largely unaffected by eddies. Due to the complexity of involved
processes, the deposition rate is modelled in various ways. Typically, drop deposition is associated with
two mechanisms: the diffusion process and the free-flight to the wall. For proper prediction of the
deposition rate of droplets both these mechanisms have to be taken into account. In addition, impinging
conditions of a drop on a liquid surface have to be considered. When a single droplet impinges a liquid
film various phenomena can occur. The droplet can bounce from the surface or merge with the liquid film.
Splash can occur when the drop kinetic energy is high enough. For conditions typical for BWRs, the liquid
film is thin and the velocity of droplets is high, thus splashing and mergence are the key phenomena
involved.

Several mechanisms of drop entrainment from the liquid film have been identified. The dynamic impact of
gas core causes generation of waves on the film surface, with droplets being separated and entrained from
the crests of these waves. Important role in the drop entrainment process plays the creation and break-up of
the disturbance waves. Another entrainment mechanism is associated with splashing associated with drop
deposition. Finally, in a heated channel with nucleate boiling in the film, entrainment can occur due to the
action of vapour bubbles which induce splashing. Entrainment of droplets from liquid film due to core
dynamic action will not occur if certain critical conditions of the onset of film atomization are not satisfied.
A number of empirical and semi-empirical correlations have been suggested in the literature for prediction
of the critical conditions and the rate of the entrainment. Obviously, such correlations should include both
the liquid film and the film interface properties.

The droplets — gas core interactions include mainly the transfer of momentum due to drag, lift and
turbulent dispersion forces. The mass and energy transfer terms are usually neglected since in non-dry out
annular flows the two fields are in the thermodynamic equilibrium and no phase change takes place. An
important parameter that governs the transfer rates is the local value of the interfacial area concentration,
which, in turn, depends on the local drop diameter. Thus, the drop diameter is a part of the solution and has
to be predicted from a model which takes into account the break-up and collision effects as well as drop
interactions with turbulence of the continuous field.

3.7 Modelling Turbulent Transfers

Turbulence plays an important role in two-phase annular flows since it influences the transfer rates of mass
and momentum between the gas core and the liquid film. When drop concentrations are very small, the
influence of drops on turbulence in the continuous field (so-called turbulence modulation) is small and can
be neglected. This type of approach is referred to as the one-way coupling approach, since only the
influence of the turbulence in the continuous field on drop distribution is modelled. With moderate drop
concentration a two-way coupling approach is used. In this approach the turbulence modification in the
continuous phase due to droplets is taken into account. For high drop concentration (which is the case for
most practical situations of interest) even particle-particle interactions have to be considered.

The simplest approach to vapour turbulence will employ a two-equation turbulence model (either k-¢ or k-m), in
which additional source terms are introduced to account for the turbulence sources and turbulence dissipation
caused by droplets and liquid film interface. Turbulence transfer at the film interface is usually modelled using
the standard law-of-the wall approach, possibly with a modification to account for the wavy structure of the
interface.

In a more advanced approach based on LES, turbulence transfer between the liquid film and gas core can
be computed directly, provided that only eddies smaller than film surface waves and drops are filtered.
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Modelling would be required for the turbulence transfer resulting from interface structures which are
smaller than the smallest resolved turbulent eddies.

3.8 Modelling Wall Transfers

Prior to dry out occurrence the walls are covered with liquid films, where velocity, temperature and
turbulence distributions can be obtained in principle in the same way as it is done for single phase flows.
However the film may be modelled more simply with balance equations being integrated over the film
thickness and classical wall friction coefficients are used. It should be noted that even though the liquid is
superheated in the film, the evapouration takes place at the film interface rather than on the wall or in the
bulk. When a dry patch is created at the onset of dry out, evapouration takes place at the wall surface and at
its vicinity. In the dry patch the convective heat transfer to vapour and heat transfer to the impinging
droplets must be taken into account. To this end the total wall heat flux must be partitioned into two
corresponding parts, which will cause the vapour superheat and drop evapouration. Prediction of the wall
surface temperature will require a simultaneous solution of heat conduction in the solid wall.

3.9 Matrix of Validation Test Cases

Early experiments were focused on the measurements of the total power, which was necessary for the dry
out occurrence in a heated channel. A vast number of these experiments were performed for different
conduit geometries in different flow conditions, with constant and variable axial and radial heat flux
distributions. The measurements for steam-water were done in round ducts, annuli and rod clusters. The
round duct experiments covered diameters between 3.93 and 24.95 mm (about 14 diameters), heated
lengths in a range 400-7100 mm and pressures from atmospheric to 200 bar (Becker et al., 1963; Becker,
1962; Becker, 1965; Becker and Hernborg, 1961; Becker et al., 1970; Becker and Ling; 1970; Becker et
al., 1971; Soderqvist et al., 1994; Becker et al 1969; Becker, Persson, Nilsson and Eriksson, 1963). As a
result of these measurements, the effects of diameter, heated length, pressure, mass flux, inlet sub-cooling
and non-uniform power profile on critical heat flux were studied and correlations derived. The
measurements in annuli covered the inner tube diameters of 9.92 — 13.8 mm and outer tube diameters of
17.42 — 26.0 mm; heated lengths of 600 — 3650 mm and pressures of 30, 50 and 70 bar (Becker and Letzer,
1981; Persson, 2001). Additionally to the effects mentioned for the round ducts, the influence of pin and
grid spacers on the critical heat flux was studied for the annuli. Rod clusters of 3, 6, 7 and 36 rods in round
and square arrangements were subject to experiments in the pressure range of 3 — 46 bar (Becker et al.,
1964; Becker and Hernborg 1964; Nilsson et al, 1983; Becker, 1967). Radial as well as axial non-uniform
heat profiles were applied.

For a validation of models based on the analysis of wall film flows, experimental data of pressure drops,
including wall shear stress and interfacial shear stress, which characterise liquid film thickness and the
onset of entrainment, respectively, are required. Also, actual measurements of film flows, film thickness,
wave amplitude, frequencies and wave velocities are needed for the validation. Moreover, because
complete physical models for droplet entrainment and droplet deposition are still not available,
experimental data of these are needed to develop reliable correlations and/or computational models.

Pressure Drop in Annular flow

More than several thousand pressure drop measurements for steam-water and air-water mixtures in annular
flow are reported in the literature. Wiirtz (1978) has reported more than 2700 measurements for
steam-water. The measurements in tubes were carried out within the following intervals: Tube diameter
3.2-559 mm, Pressure 1 — 212 bar, Mass flux 99-8210 kg/m2s. The summary of the selected
measurements of pressure drop is given in Table 3.1.

25



NEA/CSNI/R(2010)2

Table 3.1: Data sets of pressure drops (shear stress) for validation of dry out models

No | Measured Geometry Fluid Flow conditions Reference
value Heating
1 AP Tubular test section: Steam-water P: 30, 50, 70 and 90 bar Wirtz, 1978
D; =10 mm, Adiabatic and diabatic | G: 500-3000 kg/m’s
L;=9.0m
Annular test section:
d1:1 7 mm,
d2:26 mm,
Lh:8.0 m
2 AP Plexiglass tube Air-water P: atmospheric Andreussi, 1983
D= 24 mm Adiabatic conditions | Gy: 9.73x10™ —200.3x107 kg/s
L=5m G, 17.5x10° - 50.3x107 kg/s
3 AP LOTUS test rig Air-water P: 2.4 bar Govan et al.,
Ty Tubular section Adiabatic conditions Gy: 100, 200, 300 and 500 kg/mzs 1989
7 Di=31.8 mm Gy: 70-240 kg/m’s
L=23m Temperature ambient

D;: internal diameter

Ly: heated length
T, wall shear stress

7; Interfacial shear stress

Film Flow Rates

A review of film flow measurements in steam-water mixtures in annular flow was performed by Wiirtz
(1978). The film flows were measured both in tubes and in annuli. The diameters of the tubes were in
range from 9.3 to 20 mm and the diameters for annuli were (all dimensions in mm) 19.7/23.8, 17.0/27.2
and 17.0/26.0. Pressures were in range from 2.4 to 100 bars and mass flux from 275 to 4000 kg/m’s. Most
of the film flow measurements were done in 60s — 70s. A summary of selected measurements is presented

in Table 3.2.
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Table 3.2: Summary of selected measurements of film flow rates

No | Measured value Geometry Fluid Flow conditions Reference
Heating
1 | Film flow acrylic resin tube Air-water P: 2 bar Cousins and Hewitt,
Wave velocity D;: 9.525 mm Adiabatic Gy 18.14 & 31.75 kg/h | 1968
Temperature ambient
2 | Film flow Tubular test section: Steam-water P: 30, 50, 70 and 90 bar | Wiirtz, 1978
Film thickness D;: 10 mm, Adiabatic & diabatic | G: 500-3000 kg/m’s
Wave frequency | Ly: 9.0 m
Wave velocity Annular test section:
d;=17 mm,
d,=26 mm,
L,:=8.0m
Ly:=3.5m
3 | Film flow Tubular test section Steam-water P:70 bar Adamsson and
D;i 13.9mm Diabatic conditions G: 500 — 1750 kg/m’s Anglart, 2006
Ly 3.65m

various power profiles

Deposition Rates

An extensive review of existing measurements of deposition rate has been presented by Okawa et al.
(2005). The deposition rates were predominantly measured in air-water systems with low pressures. The
techniques employed are the double film extraction, thermal method and tracer method. The internal
diameters of the tubes for deposition rate measurements range from 9.5 mm to 57.2 mm. The proposed
data sets of measured deposition rates for the present study are presented in Table 3.3.

It was experimentally proven that the mode of the deposition is dependent on the droplet size. Observations
of droplet motion (Andreussi, 1983) show that larger droplets travel across the gas core at about their
initial velocity in a constant direction until they are deposited. This mechanism of deposition has been
called direct impaction. At higher gas velocities where the droplets are comparatively smaller the effect of
the initial momentum on droplet motion becomes negligible. In this case the eddy diffusion mechanism of
deposition prevails. Bates and Sheriff (1992) have presented a summary of the previous work done on
droplet size/velocity in vertical annular air-water two-phase flow. All above mentioned researchers have
been performing measurements at atmospheric or close to the atmospheric pressure. The internal diameters
of the tubes were 9.5, 32 and 51 mm. Various techniques have been employed for the measurements,
among which such as photography, diffraction, visibility (SPC —single particle counter), LPM (SPC) and
Phase Doppler (SPC). The sizing ranges span between 5.5 and 2500 um. A summary of selected
measurements are presented in Table 3.3.
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Table 3.3: Summary of selected measurements of deposition rates

No | Measured Geometry Fluid Flow conditions Reference
value Heating
1 | Deposition Stainless steel tube | Air — water P:1.4—7.6 bar Okawa et al.,
mass transfer | D;: 5 mm Temperature ambient 2005
coefficients L: 3670 mm Gy: 201-1264 kg/m’s
Droplet G, 173 - 627 kg/m’s
concentration
2 | Deposition LOTUS test rig Air-water P: 2.4 bar Govan et al.,
rates Tubular section Adiabatic conditions Gy: 100, 200, 300 and 500 | 1989
Di: 31.8 mm kg/m’s
L:23m G,: 70-240 kg/m’s
Temperature ambient
3 | Deposition Vertical tube Air-water P: ambient & 1.5 bar Jepson et al.
rates/ Drop | D;:10.26 mm Helium/water T°: ambient 1989
size Gy: 40-147 kg/m?/s
G,: 7.33-80.3 kg/m’/s
4 | Drop size Stainless steel duct | Nitrogen-water Pressure 3.4 and 17 bar Fore et al., 2002
distribution D;: 9.67 mm Temperature 38 °C
L:34m Q: 0.0157 and 0.126 kg/s
Jg:5,7,17 and 23 m/s
5 | Drop size Vertical tube Air-water (1cP liquid) Fore and
distribution D;: 50.8 mm Air-watertglycerine Dukler, 1995
L:7.6 m (50% mix) (6 cP
liquid)

Entrainment Rates

When a gas phase is flowing over a liquid film, several different flow regimes are possible depending on
the magnitude of the gas velocity. For a very small gas velocity the interface is relatively stable, however,
as the gas velocity increases the interfacial waves appear. The amplitude and irregularity of waves become
pronounced as the gas velocity is further increased. At sufficiently high gas flow, the capillary waves
transform into large amplitude roll waves (disturbance waves). Near the transition to the roll wave or at a
still higher gas velocity, the onset of entrainment occurs.

It is not easy to make measurements of a complex process such as entrainment from film into the gas core.
In the case of deposition, unidirectional experiments can be carried out such that entrainment is not
occurring. No such simple scheme is available for measuring entrainment rates. It is not possible to remove
the drops from the gas core without causing significant disturbance to the flow. Equally, it is not possible
to get close to the source of entrainment, namely the disturbance waves from which the drops are created,
primarily because they are moving along the walls. One way to measure entrainment is to reach a
quasi-equilibrium state in the system where it is considered that deposition rate is equal to the entrainment
rate. Okawa et al. (2005) presented a summary of existing experiments for the equilibrium entrainment
rate. The measurements were performed in air-water as well as steam-water. The system pressure varied
between 1 and 90 bars. Internal diameter of the tube was from 9.3 to 57.1 mm. A summary of selected
measurements is shown in Table 4.

28




Table 4: Summary of selected measurements of entrainment rates

NEA/CSNI/R(2010)2

No Measured Geometry Fluid Flow conditions Reference
value Heating
1 Equilibrium Stainless steel tube | Air —water | P: 1.4—7.6 bar Okawa et al., 2005
entrainment Di: 5 mm Temperature ambient
rate L: 3670 mm Gy: 201-1264 kg/m’s
G,: 173 — 627 kg/m’s
2 | Fraction of Plexiglass tube Air-water Pressure: atmospheric Andreussi, 1983
liquid entrained | D;: 24 mm Adiabatic Qi 9.73x10” - 200.3x 10~ kg/s
by gas, L:5m Q,: 17.5x10” - 50.3x10~ kg/s
Rate of liquid
interchange
3 | Entrainment acrylic resin tube Air-water P: 2 bar Cousins and
rate D;: 9.525 mm Adiabatic Q,: 18.14 and 31.75 kg/h Hewitt, 1968
Temperature ambient

Even though the validation database for dry out is quite extensive, it does not cover the needs as far as the
validation of CFD models is concerned. A specific feature of CFD closure laws is that they are formulated
in terms of local values of major flow parameters, such as velocity, temperature, phasic volume fraction
and turbulence intensity. In principle, a thorough validation of CFD models requires that all these
parameters are measured simultaneously and used in the validation. Thus, the present experimental
database should be extended with simultaneous measurements of several parameters such as velocity (both
vapour and drops), drop size, drop volume fraction, turbulence intensity and liquid film thickness. A
properly validated CFD model for dry out should be able to predict all these parameters at the same time.
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4. THE DEPARTURE FROM NUCLEATE BOILING

4.1 Definition of the DNB issue and identification of all Important Flow Processes

Departure from Nucleate Boiling (DNB) is the CHF process which is likely to occur when a PWR core
deviates from its nominal conditions. DNB in LWRs is currently estimated by empirical correlations that
have been developed from specific measurements. Applicability of such correlations is limited to the
experimental conditions and to geometry of test sections, in which the measurements have been performed.
Extrapolation of correlations beyond these limits will not assure the required accuracy and, in general, is
not possible. Needless to say, this particular feature makes correlations useless in development of new fuel
assembly designs, and full-scale measurements are required instead. Due to that, the design process is quite
costly and time consuming.

In addition to correlations, there are several phenomenological models that have been developed to predict
DNB. When investigating DNB conditions, it has been observed that small bubbles near the heated surface
are merging into large bubbles (Jiji & Clark 1964, Hino & Ueda 1985). Large bubbles, in turn, form a
vapour blanket, which is separated from the heated wall by a thin liquid macro layer. DNB condition
occurs when the macro layer evapourates and the wall temperature rises above the rewetting temperature.

There are several phenomenological models of the DNB condition based on the macro layer dry out
concept. They typically invoke the Helmholtz instability mechanism (Haramura & Katto 1983), include a
three-layer liquid velocity distribution, a Magnus effect, and buoyancy and drag forces on the vapour
blanket (Lee & Mudawwar 1988) and finally, add energy balance in the liquid macro layer (Ho et al.
1993) . It should be mentioned that, besides the concept of dry out of the liquid macro layer, there exist
other phenomenological models, based on other principles. They can be shortly described as: liquid layer
superheat limit model, boundary layer separation model, liquid flow blockage model and vapour removal
limit and near-wall bubble crowding model.

Three scales have important flow processes influencing the DNB:
Macro-Scale (order of about 1 cm)

e Phenomena at this scale are the mixing between sub-channels, cross-flows, and turbulence and
grid spacer effects on averaged flow parameters P, G, Xth.

e Averaged flow parameters (pressure P, mass flux G, and thermodynamic quality Xth) can be
predicted with a sub-channel code.

e DNB can be empirically correlated at this scale as a function of P, G, Xth.
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Meso-scale (order of about 1 mm)

e Phenomena at this scale are the bubble transport and dispersion, Bubble growth and collapse,
coalescence, break up, turbulent transfers of heat and momentum, local effects of grid spacers

e Local flow parameters (pressure P, phase velocities V1, Vv, liquid temperature T1, void fraction
o, and bubble diameter d,) within subchannels can be predicted with a CFD code

e DNB could be empirically correlated at this scale as a function of P, VI, Vv, Tl, a, d,
Micro scale (order of 10 pm, 1 pum or less)

e Phenomena at this scale are the activation of nucleation sites, the growing of attached bubbles, a
possible sliding of attached bubbles along the wall, coalescence of attached bubbles, bubble
detachment, wall rewetting after detachment

e Prediction of pressure, velocity and temperature, and of positions of all interfaces is necessary to
simulate these small scale flow processes with Direct Numerical simulation (DNS) Techniques
and Interface Tracking methods (ITM)

e DNB is no longer correlated but can theoretically be predicted by DNS and ITM
4.2 Limits of previous approaches and expected improvements with CFD

As mentioned above, DNB in LWRs is currently estimated by empirical correlations that have been
developed from specific measurements, applicable only to the experimental conditions and to geometry of
test sections, in which the measurements have been performed. Such correlations cannot be used for the
development of new fuel assembly designs,

To overcome the above-mentioned shortcomings of CHF correlations and phenomenological models, it is
desirable to develop a mechanistic model to predict CHF conditions in a boiling channel based on local
parameters. The model has to take into account:

a) the heater characteristics (physical properties, geometry, and surface roughness);

b) the fluid characteristics (physical properties, near-surface macro layer hydrodynamics, and
far-surface flow features); and

c¢) the heater-fluid interface characteristics (contact angle, active site density).

All these parameters span over several different scales, starting from micro-scales (e.g. surface roughness),
through meso-scales (e. g. bubble or drop size), till macro-scales (e.g. sub channel size). Such mechanistic
model should be applicable to any flow and heat-transfer conditions and should accommodate arbitrary
geometry features of the boiling channel.

System codes cannot be used to model phenomena where interactions between such different scales exist.

On the contrary, CFD technique is the proper tool to be used in such situations, since it combines the
far-surface effects (e.g. flow distribution in a rod bundle) with near-surface effects (e.g. bubble nucleation
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at the heated surface). Still, further development of models is necessary for proper treatment of the
phenomena. The major improvements include, but are not limited to: (a) model of the interfacial area
transport, (b) model of two-phase boundary layer, (c) model of the controlling mechanism for CHF and
quenching.

A better understanding of the DNB phenomenon and an improved accuracy of CHF predictions requires
that flow processes to be simulated at each relevant scale including CFD codes and ITM. Models at scale n
can be based either on analysis of experimental data or on numerical experiments using scale n-1
simulations. Improvements of the methodologies related to DNB might be achieved by performing the
following R&D actions:
»  Micro scale
e Further develop and improve DNS and ITM.
e Perform local visualisation experiments.

o Perform simulations with several nucleation sites up to DNB.

>  Meso-scale

o Further develop and improve two-phase CFD models on the basis of experiments and on the
basis of DNS and ITM simulations.

e Experiments with local measurements in a heated channel.

e Validate CFD model with data.

»  Macro-scale
e Use CFD predictions to improve models in sub-channels codes.
e Experiments in an assembly.

e Couple sub-channel codes with CFD codes to predict DNB.

Coupling between scales may be useful.
4.3 Selecting a Basic model

In boiling bubbly flows, the gas is a dispersed phase with many small bubbles in a continuous liquid phase.
The two-fluid model is naturally used in this flow conditions to benefit from the possibility to model all
interfacial forces acting on the bubbles such as drag, lift, turbulent dispersion, wall lubrication, and virtual
mass forces which control the void repartition in a boiling channel. The balance equations of the two-fluid
model include two mass balance equations, two momentum balance equations and two energy balance
equations (see Morel et al , 2003, 2005).

The only choice which remains partly open is the way to model poly-dispersion effects. Bubbles may have
a rather wide diameter distribution and it may be necessary to model the behaviour of bubbles depending
on their size, in particular for the interfacial heat and mass transfers associated with vapourization and
condensation or for momentum transfer since the lift force may change sign depending on the bubble size
(Tomiyama, 1998). Multi-group models exist with mass (and momentum) equations written for several
bubble sizes. The two-fluid model is then extended to some kind of multi-fluid model (see Lucas et al.
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2007, Krepper et al. 2009). The method of the statistical moments (Morel et al., 2009) can also be used to
characterise the poly-dispersion. The two methods should be further evaluated and compared.

4.4 Filtering turbulent scales and two-phase intermittency scales

Considering flow in a PWR core in conditions close to nominal, when boiling occurs, a high velocity
steady flow regime takes place with time scales associated with the passage of bubbles being very small
(10, 107 s) and with bubble diameter being rather small (10 to 10 m) compared to the hydraulic
diameter (about 10” m). These are perfect conditions to use a time average or ensemble average of
equations as usually done in the RANS approach. All turbulent fluctuations and two-phase intermittency
scales can be filtered since they are significantly smaller than scales of the mean flow.

The use of a Large Eddy Simulation (LES) approach is also possible. This requires that there is a filter scale
smaller than the large eddies of the liquid flow and larger than the bubble size. Compared to the RANS
approach, using the LES will allow the simulation of large coherent structures of liquid turbulence and the
associated bubble dispersion, instead of modelling it. LES was applied to a bubbly plume with some success by
Reddy Vanga et al. (2005) and by Niceno et al. (2007, 2009). This LES approach must be further evaluated and
compared to the RANS approach for boiling flows. The associated CPU cost may be prohibitive since smaller
meshes are necessary, but LES application to simplified situations may bring valuable information on
interactions between bubbles and eddies which are shaded phenomena in the RANS approach.

4.5 Identification of Local Interface Structure

Identification of Local Interface Structure (ILIS) is necessary to select the adequate interfacial transfer
laws. This ILIS is similar to the use of flow regime maps in system codes. Here there is a unique interfacial
structure corresponding to a dispersed gas phase in a continuous liquid. As long as bubbly flow is
encountered, there is no need to develop an automatic ILIS and there is no need to use an ITM. However,
going to DNB occurrence, a continuous gas layer appears changing the interface structure and a criterion
must be implemented for identifying this occurrence.

The description of the interface structure in bubbly flow may require addition of transport equations such as
IAT (interfacial area transport) or bubble number density transport. More generally the method of the statistical
moments can be used to characterise the poly-dispersion of the vapour phase or a Multi-group model
(MUSIG method) with mass (and momentum) equations written for several bubble sizes. These two methods
should be evaluated and compared to data. The MUSIG method with several mass equations for different
bubble sizes and at least two momentum equations have shown good capabilities for capturing all qualitative
effects in TOPFLOW (Krepper et al., 2007) vertical pipe tests in adiabatic conditions. The main difficulty is the
modelling for bubble coalescence and fragmentation which becomes very complex in both approaches.

4.6 Modelling interfacial transfers

Momentum interfacial transfers control the void distribution and it is necessary to model all the forces
acting on the bubbles. The Virtual Mass force is not expected to play a very important role, and rather
reliable models exist for the drag force. More effort should be paid to the modelling and validation of lift
force, turbulent dispersion force and wall force since available models are still often tuned. In particular,
since the lift force may depend on the bubble size (Tomiyama, 1998), it may be necessary to model
poly-dispersion to take this into account. However, in most cases of boiling flows at high velocity there
will be only bubbles below the critical diameter where the lift force changes its sign.
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Interfacial heat and mass transfers also depend on the bubble size distribution. It was found that a given
heat transfer coefficient applied to a population of poly-dispersed bubbles or to an “averaged bubble
diameter” could result in very different condensation rates, which demonstrates the importance of a
poly-dispersion modelling of boiling flows. Moreover, condensing bubbles in subcooled liquid are often
modelled with heat transfer coefficients derived for solid spheres and the effect of decreasing radius is not
taken into account.

4.7 Modelling turbulent transfers

Liquid turbulence plays a very important role in boiling flows. It influences liquid temperature diffusion,
bubble dispersion, bubble detachment, bubble coalescence and break up which affect the interfacial area.
Then the liquid turbulent scales have to be predicted correctly to model all these processes and this will
require additional transport equations. The k-epsilon or Shear Stress Transport (SST) methods were used
with some success in DEBORA (Morel et al. 2003) and TOPFLOW (Lucas et al, 2005). If the swirling
flow past a spacer grid vane must be modelled, it is shown (Mimouni et al., 2008, 2009) that the SST
models can perform better than the k-epsilon model. The LES approach has been evaluated in the
simulations of Deen bubble column (Niceno et al. 2007). LES can only be used in situations for which the
bubble size is small enough compared to large turbulent eddies and it must be further evaluated and
compared to the RANS approach for boiling flows in confined conditions.

4.8 Modelling wall transfers

The wall function for momentum should be adapted to the boiling flow situation, should not be too
sensitive to the mesh size, and should allow converged solutions with reasonably coarse mesh size close to
a heating wall. Such a wall function was validated on ASU tests (Koncar, 2007, 2009). A “wall force”
exerted on bubbles close to a wall is often used in the models without a consensus on its expression (Antal,
1991, and Tomiyama, 1998).

The boiling model of Kurul and Podowski (1991) and the Unal (1976) correlation for bubble detachment
diameter are often used in boiling flows. They do not perform uniformly well in all test conditions and they
may be sensitive to mesh size when the near-wall properties are calculated from the state in the first
wall-adjacent cell. Further progress is still necessary for energy wall functions.

The DNB criterion in local variables also remains to be found. First demonstration calculations used a
limiting value of the void fraction in the first cell close to the heating wall as DNB criterion and simulated
boiling flow conditions in real WWER type core assemblies within the NURESIM project. Although the
simulation results are not so far from the experiments, it is clear that the issue is still fully open. The basic
phenomenon responsible for the DNB occurrence being still unclear, one may expect that new experiments
or possibly DNS simulations will be necessary to clarify the DNB process before proposing physically
based local DNB criterion. This criterion may be also empirically correlated as a function of local variables
on the basis of experimental data.

4.9 Validation matrix for the DNB issue

4.9.1 Available data for DNB

A review of existing experimental data which may be used to validate CFD application to DNB was made
within the NURESIM project (Bestion et al., 2006, 2007). The Table 4.1 summarises the main

characteristics of this data base and shows what basic model of CFD tools may be validated by each
experiment. The following experimental programs were considered.
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DEDALE air-water bubbly flow tests

DEDALE is an adiabatic air-water experiment performed at EDF/DER (Grossetéte, 1995) analysing the
axial development of a bubbly flow in a vertical pipe up to the transition to slug flow with local
information for the validation of dynamics-related models in CFD tools.

DEBORA boiling flow tests in a heated pipe

The DEBORA experiment (Garnier et al. 2001) was carried out at the Commissariat a 1’Energie Atomique
to provide a reliable local data base on boiling phenomena (up to DNB) in PWR T/H condition ranges. The
test section is an electrically heated vertical tube with upward R12 boiling flow simulating PWR in-core
T/H conditions, with local measurements along a diameter within the outlet tube cross section of both
steam phase characteristics (void fraction, interfacial area concentration, bubble size and mean axial
velocity) and liquid phase parameter (temperature). Temperature of the tube wall outer surface was also
measured at a few locations close to the tube outlet.

DEBORA tests in a heated pipe with a turbulence promoter/enhancer (swirl flows)

The “DEBORA-Promoter” (see Boucker et al., 2006) tests with a vane type turbulence promoter/enhancer
were carried in addition to the previous ones, to characterise the two-phase boiling flow behaviour in a
complex geometry representing a spacer grid.

AGATE single-phase tests

The AGATE experiment has been developed in CEA Grenoble (see Bestion at al. 2006). Two test sections
were used:

e “AGATE-Grid” consists of a 5X5 rod bundle inside a squared-section housing with a mixing
vane grid.

o “AGATE-Promoter” with a similar geometry as “DEBORA-Promoter” one (i.e. pipe with a 3
vane turbulence enhancer).

Non-heated water flows upward in the vertical test section and velocity measurements are made using
Laser Doppler Anemometry (LDA). Both the mean velocity and velocity fluctuations are measured in
order to investigate the effects of the grid or promoter.

The data allow validation of the turbulence modelling with spacer grid (or turbulence promoter/enhancer)

effects in single-phase conditions. They were used for validation of a 1D model with a k-g turbulence
model (Serre et al, 2005).

ASU (Arizona State University) tests of boiling flow in a heated annular channel
Experiments of turbulent subcooled flow in a vertical annular channel were carried out at the Arizona state
University (Roy et al, 1994, 1997, 2002, Kang et al 2002) to provide detailed information on average flow

structure, temperature, and gas and liquid flow fields in fully developed nucleate boiling, as well as on
turbulent variables controlling transport mechanisms. In the experiment, R-113 was the working fluid.
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Measurements used simultaneously a two-component LDV for liquid velocity and a fast response
cold-wire for the temperature field, as well as a dual-sensor fibre optic probe for the vapour fraction and
vapour axial velocity.

Purdue University (PU/NE) tests of boiling flow in a heated annular channel

Experiments have been carried out at the School of Nuclear Engineering of Purdue University in an
internally heated annulus to provide local measurements of void fraction, interfacial area concentration and
interfacial velocity in subcooled boiling (Bertel et al. 1999, 2001, Situ et al. 2004). Water at atmospheric
pressure was the working fluid. Influence of inlet liquid temperature, heat flux and inlet liquid velocity on
local flow parameters was specially investigated. The chosen geometry and set of conditions were aimed at
scaling the conditions of a BWR. Although properties at 70 bars could not be represented, geometrical,
hydrodynamic and thermal similarities for the flow boiling processes were preserved.

Additionally, the experimental results have been complemented by visual observations of the boiling
processes, which provided essential information on the displacement between the location of Net Vapour
Generation (NVQG) and the location of bubble detachment. More recent photographic studies of bubble
lift-off diameters have been presented by Situ et al. (2004, 2005).

KAERI tests of boiling flow in a heated annular channel

Experiments have been carried out at the Korea Atomic Energy Research Institute (KAERI) in an
internally heated annulus to provide local measurements of void fraction and phase velocities in subcooled
boiling (lee et al. 2002, Yeoh et al. 2004, 2005). Water at low pressure (1 to 2 bars) is the working fluid.
The aim was to provide a database for subcooled boiling modelling, including aspects such as force
balances for departing vapour bubbles and bubble population balance.

The test channel is a vertical concentric annulus, 2.376 m long with a heated inner tube. The inner tube
includes a 1.67 m heated section. Measurements of void fraction and bubble velocity were taken using a
double-sensor conductivity probe. Liquid velocities were measured by a Pitot tube, correcting for the effect
of bubbles (Tu et al. 2005).

Experimental data on TOPFLOW loop on two phase flow in a vertical tube

The structure of an adiabatic air-water and of steam-water flow with reduced condensation and with slight
sub-cooling in a vertical pipe of 195.3 mm inner diameter (DN200) was studied using wire-mesh sensors. The
experiments were performed at the Two Phase FLOW Test Facility (TOPFLOW) of Safety Research of
Forschungszentrum Dresden-Rossendorf e.V. (see Prasser et al., 2006). Beside experimental data for air-water
flow at ambient conditions also data obtained for steam-water flows under nearly adiabatic conditions as well as
with slightly sub-cooled water are available for pressures of 1 and 2 MPa. Wire-mesh sensors can characterise
the shape of large bubbles, since they acquire the phase distribution in the entire cross-section.

The DN200 pipe is equipped with a variable gas injecting system that allows injection of air or steam at
18 different vertical positions upstream of the measuring position to study the evolution of the flow
structure along the flow (Prasser et. al. 2007).

Radial gas fraction profiles as well as bubble size distributions can be calculated (Prasser et al. 2002).
Radial gas velocity profiles were obtained by means of a point-to-point cross-correlation between the
signals of both sensors placed in a distance of 63 mm behind each other (Prasser et al. 2002a). Bubble size
distributions were extracted from the measuring data.
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BFBT data on Void Fraction Distribution in BWR Fuel Assembly

Experimental tests for measuring the void fraction distribution inside Boiling Water Reactor (BWR) fuel
assemblies have been conducted by the Nuclear Power Engineering Corporation (NUPEC) by the use of an
experimental facility referred to as BFBT (BWR Full-size Fine-mesh Bundle Tests). Data provided by such
facility are currently being used for CFD code assessment in the framework of an OECD-NEA/US-NRC
Benchmark. An X-ray CT scanner and X-ray densitometers are employed to measure the void fraction
distribution in a BWR full-scale fuel assembly under steady-state and transient conditions (Inoue et
al.1995). The void fraction data have a 0.3x0.3 mm’ resolution. Such a high resolution makes those data
useful for CFD code validation.

The test section consists of a full-scale BWR fuel assembly simulator, which is made of electrically heated
rods able to reproduce the actual power profiles generated by nuclear fission. The instrumentation allows
measurements of temperature, flow rate, pressure and, mainly, void fraction.

LARGE WATER LOOP experimental test facility

The LARGE WATER LOOP has been built at the NUCLEAR MACHINERY PLANT, SKODA, Plzen
Ltd. The loop is non active pressurised-water equipment with technological and thermal parameters
corresponding to those of PWR. The CHF experimental facility (a part of Large Water Loop) has been
designed for the research of CHF in water flow through a bundle of electrically heated rods. Some
information was reported in NURESIM project (see Bestion, Macek et al. 2007).

The test sections were formed by 7 or 19 parallel electrically heated rods with external diameters of 9 mm.
axially and radially uniform or non-uniform heat flux distribution and water up flow were used in the tests. The
rods (3500 mm long) were placed in regular hexagonal geometry with a pitch of 12.5-13 mm. Critical
conditions were obtained under constant thermalhydraulic conditions by gradually increasing heat input.
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4.9.2 Remaining experimental needs

New experiments are needed for: 1) establishing criteria for occurrence of DNB; 2) validating the
capability of CFD codes to predict subcooled flow boiling (especially for high heat fluxes). Due to the
multi-scale nature of boiling and the effect of geometry on various processes at the meso-scale level, the
required experiments can be grouped in three categories:

Experiments in simple geometries

Simultaneous measurements of wall temperature, bubble size distribution, interfacial area, and average and
turbulent phase variables in experiments preserving geometric, hydraulic and thermal scaling are still
missing. Of particular interest (as never reported before) would be the measurement of the normal
component of the liquid velocity (due to bubble growth), and investigations on the effects of surface
characteristics under flow boiling conditions.

Experiments in complex geometries

Experiments with boiling flows channels of complex geometry, representing the nuclear rod bundle
subchannel closer than the tube or the annulus, should be considered. These experiments should especially
focus on the concentration of bubbles in the gap and the migration of bubbles across the gap between
adjacent subchannels. The issue of circumferential variation of heat flux should also be addressed.

Micro-scale phenomena
Data are needed for a broad range of micro-scale phenomena. The most crucial to be addressed are:

o CHF mechanism under convective boiling conditions. A specific need exists for experiments
under flow boiling conditions, as other mechanisms have been proposed to prevail than in pool
boiling. In particular, direct observation of the liquid micro-layer vapourising on the heater
surface will be required to clarify the role of its rupture in the onset of DNB. Complementary
experiments on nano-scale phenomena such as the evapourating extended meniscus (ultra-thin
liquid layer below the bubble) are also necessary, as the evapouration of liquid layers and
advancement or receding of interfaces are controlled by this nano-scale physics.

o Bubble dynamics and boiling characteristic points in a flow channel In new experiments, the size
of the bubble at detachment (and lift-off), the points of inception or onset of nucleate boiling
(ONB), net vapour generation (NVG), and Onset of Significant Voiding (OSV) should be
monitored to verify the models affecting the micro-scale. In particular, the dependence of the
bubble diameter at detachment and of the bubble release frequency on heat flux should be better
investigated in new experiments at high pressure.

o Nucleation New experiments under forced convection conditions are needed to address the
correlation between CHF and nucleation site density, as well as the correlation (available for pool
boiling conditions only) between active nucleation sites and wall superheat. Both “fresh” and
“aged” heaters should be considered as they display different behaviour in relation to activation
of nucleation sites for increasing wall superheats. Finally, investigations over a wide range of
pressures should address the interaction between coalescence and site activation mechanisms,
which at low pressure has been reported to produce a smaller lift-off diameter for merging
bubbles than for single bubbles.
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e Basic tests on bubble transversal migration and sliding bubbles The detachment and
reattachment of bubbles (this last phenomenon being observed at high subcooling under low
pressure conditions) have significant influence on the cross-sectional area-averaged void fraction
and consequently on heat transfer. On the other hand, for small subcooling and low pressure,
bubbles slide along the wall. To understand this variety of bubble behaviours and their relevance
over a wide range of conditions, basic tests to determine the forces acting on the individual
bubbles after detachment are needed, where a parametric variation of number density, pressure,
flow rate and subcooling is carried out.

e Basic tests on turbulence in the bubbly layer Tests for assessing the influence of bubbles
generated at the wall on the turbulence of the liquid phase and for providing an experimental data
base for developing wall functions for boiling flows are needed.

e Basic tests on interfacial condensation Experiments are required to investigate the condensation
that occurs within the boiling section. In fact, available visual observation of condensing bubbles
in the unheated section of a hated test rig do no provide conclusive information to be used for
CFD simulations up to DNB.

e Basic tests on heat flux partitioning A key issue for modelling is the partition of wall heat flux
among the various heat transfer modes postulated or inferred from visual observations. Attempts
to obtain quantitative information on the relative weight of microlayer evapouration and transient
conduction under pool boiling conditions have been reported. These studies could not resolve the
controversy with respect to the dominant heat transfer mechanism, thus more work is still needed
for pool boiling. Progress in that area will provide the basis for experiments under convective
flow conditions, which eventually will also be needed.
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