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Following a joint OECD/NEA-IAEA-sponsored meeting to define the current role and future perspectives of the application
of Computational Fluid Dynamics (CFD) to nuclear reactor safety problems, three Writing Groups were created, under the
auspices of the NEA? working group WGAMA", to produce state-of-the-art reports on different aspects of the subject. The work
of the second group, WG2, was to document the existing assessment databases for CFD simulation in the context of Nuclear
Reactor Safety (NRS) analysis, to gain a measure of the degree of quality and trust in CFD as a numerical analysis tool, and to
take initiatives to extend the existing databases. The group worked over the period of 2003-2007 and produced a final state-of-
the-art report. The present paper summarises the material gathered during the study, illustrating the points with a few highlights.
A total of 22 safety issues were identified for which the application of CFD was considered to potentially bring real benefits in
terms of better understanding and increased safety. A list of the existing databases was drawn up and synthesised, both from the
nuclear area and from other parallel, non-nuclear, industrial activities. The gaps in the technology base were also identified and
discussed. In order to initiate new ways of bringing experimentalists and numerical analysts together, an international workshop
-- CFD4NRS (the first in a series) -- was organised, a new blind benchmark activity was set up based on turbulent mixing in T-
junctions, and a Wiki-type web portal was created to offer online access to the material put together by the group giving the

reader the opportunity to update and extend the contents to keep the information source topical and dynamic.
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1. INTRODUCTION

The spectacular growth in computer hardware over
the last quarter century and the accompanying advances
in software development have resulted in the availability
of reliable numerical tools for addressing safety issues in
Nuclear Power Plants (NPPs). The first step forward was
undertaken in the 1970s with the development of system
codes using the two-fluid model approach [1], such as
RELAP-5 [2], TRAC/TRACE [3], CATHARE [4] and
ATHLET [5] for example, for the analysis of primary
circuit transients. Other programs, such as GOTHIC [6],
GASFLOW [7], MELCOR [8] SCDAP [9] and MAAP
[10] have also been written for containment and severe
accident analyses, respectively.

The application of Computational Fluid Dynamics
(CFD) methods to problems relating to Nuclear Reactor
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Safety (NRS) is less well developed but is rapidly
accelerating. The need to use CFD arises because many
traditional reactor system and containment codes are based
on a network of 1-D or 0-D volumes. It is evident, however,
that the flow in such components as the upper and lower
plena, downcomer and core of a Reactor Pressure Vessel
(RPV) is strongly three dimensional. Natural circulation,
mixing and stratification in containments is also essentially
3-D in nature, and representing such complex flows by
pseudo 1-D approximations may not just be oversimplified
but could even be misleading, resulting in erroneous
judgments being made.

One of the reasons why the application of CFD methods
in NRS has been slow to establish itself is that the transient,
often two-phase, phenomena associated with accident
events are extremely complex. Traditional approaches
using system codes have been successful because a very
large database of phasic exchange correlations has been
built into them. The correlations have been formulated
from 1-D special-effects experiments and have been well
tested. Data on the exchange of mass, momentum, and
energy between phases for 3-D flows are very sparse in
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comparison. Thus, although 1-D formulations may restrict
the use of system codes in simulations in which there is
geometric complexity and 3-D fluid motions, the physical
models are well-established and reliable, provided they
are used within their specified ranges of validity, and
these days they are often run in real time for full reactor
transients. In contrast, to use CFD, the physical models
will require considerable further development, especially
for two-phase applications; also, massively parallel
machine architecture is a necessity for real reactor
applications.

The use of numerical simulation methods in NRS often
has to address regulatory concerns. From this perspective,
a common approach to dealing with practical licensing
issues is to use simplified modelling, coupled with a
conservative approach, to ensure that adequate safety
margins are guaranteed. Traditionally, a large number of
sensitivity studies are carried out to determine how plant
parameters have to be modified in order for the predictions
to remain conservative. Sophisticated statistical methods,
such as Latin Hypercube Sampling (LHS), have placed
this practice on a firm mathematical foundation. However,
a key concern is to determine the degree of conservatism
needed to compensate for the lack of physics embodied in
the simplified models. Information can be obtained from
mock-up experiments, but difficult scaling issues have to
be faced [11] in order to ensure that the extrapolation of
model data to full scale is trustworthy. Moreover, the
experiments themselves inevitably involve simplifications,
and judging the degree of conservatism associated with
introducing the simplifications is itself quite difficult. The
only way to ultimately ensure that a conservative approach
has been proposed is to increase safety margins, but this
practice often places unwelcome constraints on plant
efficiency and competitiveness.

The trend being taken by most safety authorities is to
gradually replace a conservative approach by a best-
estimate methodology, coupled with an uncertainty
evaluation [12]. This policy change has already taken
place in the context of system analysis with the
development of second-generation codes in the 1970s,
based on the two-fluid approach as a means of replacing
the conservatism of simplified two-phase flow models.
The use of CFD codes in NRS may be viewed similarly
in regard to having an appropriate numerical tool to
analyse certain situations in which there is a strong 3-D
flow component.

To gain acceptance in the licensing world, investigations
need to be underpinned by a comprehensive validation
programme to demonstrate the capability of the technology
and to provide results reliable enough to be used in licensing
procedures. For single-phase applications, CFD is mature
enough to complement existing analysis tools currently
employed by the regulatory authorities, and it has the
potential to reduce conservatism without compromising
safety margins. However, one issue that needs to be
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resolved is that generally the major commercial CFD
vendors do not allow unrestricted access to their source
code, a situation which could be unacceptable from a
regulatory standpoint. The use of open source software
such as OpenFOAM [13] offers a way to circumvent this
difficulty. An alternative would be for the authorities to
use a well-established CFD code as a cross-check on the
safety submissions based on CFD that have been
presented to them. One thing is for certain, however,
CFD will enter the safety picture in an increasing way in
the near future.

2. CSNI* ACTION PLAN

The starting point for the activities reported in this
article was an Exploratory Meeting of Experts to Define
an Action Plan on the Application of Computational
Fluid Dynamics (CFD) Codes to Nuclear Reactor Safety
(NRS) Problems, which was held in Aix-en-Provence,
France on 15-16 May, 2002 [14], a meeting jointly
sponsored by the IAEA” and the OECD/NEA?. This
initiative resulted in the formulation of an action plan
recommending the creation of three Writing Groups,
overseen by the OECD/NEA, and with mandates to
perform the following tasks:

WG1 Provide a set of guidelines for the application of
CFD to NRS problems;

WG2 Evaluate the existing CFD assessment bases,
identify any gaps, and initiate activities aimed at
broadening the assessment database;

WG3 Summarise the extensions needed to CFD codes
for application to two-phase NRS problems.

The present paper summarises the work undertaken
within Writing Group WG2 as a result of this initiative.
Work began early in 2003. Teams of experts were assigned
to each of the groups, representing the following OECD
member countries: the Czech Republic, France, Germany,
Italy, Japan, S. Korea, the Netherlands, Norway, Sweden,
Switzerland and the USA. A preliminary report was
submitted to the OECD/NEA Working Group on the
Analysis and Management of Accidents (WGAMA) in
September 2004, which scoped the work needed to be
carried out to fulfil the WG2 mandate and made
recommendations on how to achieve the defined objective.
The other groups followed a similar procedure, and in
January 2005, all three groups were re-formed to carry
out their respective tasks.

The WG2 group concentrated on single-phase
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phenomena; two-phase CFD was not yet considered to be
of sufficient maturity for a comprehensive assessment
basis to be constructed, and the identification of the areas
which still need to be developed (the task of WG3) should
be undertaken first. It was recognised that, unlike the
situation with system and containment codes, the nuclear
community was not the primary driving force for the
development of commercial CFD software, but could
benefit from the validation programmes originating in
non-nuclear areas, since often the thermal-hydraulic
phenomena were similar.

The remainder of the paper is organised as follows.
Section 3 lists those NRS issues identified by the group
for which it was considered that the application of CFD
would bring real benefits in terms of better predictive

capability over traditional lumped-parameter or 1-D
approaches. Some highlights are included for illustrative
purposes, but the reader is referred to the CSNI report
[15] for full details. In Section 4, brief descriptions of the
verification, validation and assessment procedures are
given, and Section 5 details the assessment bases that
have already been established in the non-nuclear domain
and discusses their usefulness and relevance to NRS
applications. Most CFD codes currently being used for
NRS analyses have their own, custom-built assessment
bases; these are included in the list. Since many of the
phenomena occurring in reactor thermal hydraulics are
very similar to basic fluid flow situations appearing in
other circumstances, this non-nuclear assessment database
is very useful even in the context of nuclear applications.

Table 1. NRS Problems Requiring CFD with/without Coupling to System Codes

NRS problem classs?;?itg;t]ion clalsr;?liidceargon mSLIJrI]t?-I;h:sre
1 | Erosion, corrosion and deposition Core, primary and secondary circuits Operational Single/Multi
2 | Core instability in BWRs Core Operational Multi
3 | Transition boiling in BWR/determination of MCPR Core Operational Multi
4 | Recriticality in BWRs Core BDBA Multi
5 | Reflooding Core DBA Multi
6 | Lower plenum debris coolability/melt distribution Core BDBA Multi
7 | Boron dilution Primary circuit DBA Single
8 | Mixing: stratification/hot-leg heterogeneities Primary circuit Operational Single/Multi
9 ;Ztri:(r)ngEZES;ng\I/Ci)\l;Vr;Ii?r:I;L:Bg%(%t!.], gtCé‘.)lnlet Primary circuit Operational Single
10 | BWR/ABWR lower plenum flow Primary circuit Operational Single/Multi
11 | Waterhammer condensation Primary circuit Operational Multi
12 | PTS (pressurised thermal shock) Primary circuit DBA Single/Multi
13 | Pipe break — in-vessel mechanical load Primary circuit DBA Multi
14 | Induced break Primary circuit DBA Single
15 | Thermal fatigue (e.g. T-junction) Primary circuit Operational Single
16 | Hydrogen distribution Containment BDBA Single/Multi
17 | Chemical reactions/combustion/detonation Containment BDBA Single/Multi
18 | Aerosol deposition/atmospheric transport (source term) Containment BDBA Multi
19 | Direct-contact condensation Containment/ Primary circuit DBA Multi
20 | Bubble dynamics in suppression pools Containment DBA Multi
21 | Behaviour of gas/liquid surfaces Containment/ Primary circuit Operational Multi
22 ggiﬁg;&gi‘g?gaﬂons for advanced (including Gas- Containment/ Primary circuit DBA/BDBA Single/Multi

DBA - Design Basis Accident; BDBA — Beyond Design Basis (or Severe) Accident; MCPR — Minimum Critical Power Ratio
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Nonetheless, databases that have been established with
NRS issues specifically in mind represent the most valued
data source for the document; these are described in some
detail in Section 6. Typical examples are experiments
devoted to the boron dilution issue, pressurised thermal
shock and thermal fatigue. The technology gaps which
need to be closed to make CFD a more trustworthy
numerical tool for NRS analyses are listed in Section 7.
Section 8 describes the new initiatives taken by the group
to broaden the established assessment bases. These
include the setting up of a new series of international
workshops under the acronym CFD4NRS specifically
focussing on the use of CFD in nuclear reactor safety
research, the launching of a blind benchmarking activity
in the field of thermal fatigue, and the creation of a Wiki-
type web portal to store, update and extend the
information compiled by the group. Finally, a summing up
is given in Section 9.

3. NRS PROBLEMS FOR WHICH CFD COULD
BRING REAL BENEFITS

Table 1 lists the NRS problems for which the group
considered CFD could bring real benefits in terms of
better understanding, quantification, and improved safety
estimation. To be included on the list, the information
supplied was cast in the following form: (i) what is the
relevance to nuclear reactor safety; (ii) why is CFD needed,;
(iii) what is the current state-of-the-art on the subject; and
(iv) what are the perspectives for improvement? Both
single and multi-phase problems were identified, though
in the latter case only the briefest of descriptions was
given, and the details left to be discussed within the
framework of Writing Group WG3 [16], in which the
modelling extensions that would be necessary for CFD to
handle such problems are reported.

Low boron slug

(a) Model layout

The entries on the list do not in any way reflect priorities
or degrees of interest in the problem. Prioritising the safety
issues was the task of a separate study group [17]. Rather,
with some areas of overlap, the safety issues are grouped
into problems concerning the reactor core, the primary
circuit, or the containment; they are listed in this order. Full
details are given in the CSNI document [15], but some
salient points are picked up here for illustrative purposes.

3.1 Boron Dilution

Mechanisms have been identified [18], such as SB-
LOCA or steam generator tube rupture (SGTR), which
could lead to a slug of low borated water being injected
through one of the coolant loops into the RPV of a
Pressurised Water Reactor (PWR). If the slug arrives at
the core without mixing significantly with the streams
from the other cold legs, a (local) criticality excursion
could ensue. The complete phenomenological model
requires two steps: (i) knowledge of the concentration of
boron at the core entrance, and (ii) thermal-hydraulics/
neutronics calculations for the core region. The first step
(covered by state-of-the-art CFD) thus provides the initial
and boundary conditions for the second. Main CFD inputs
to this problem concern the description of the transportation
mechanisms to the core: namely, pump start-up or natural
circulation after restoration of the water inventory. Relevant
parts of the reactor for flow modelling concern at least the
downcomer, the lower plenum, and possibly the pipework
related to the initial transportation of the slug to the RPV.
One-dimensional system codes are not able to simulate
these processes realistically; CFD analysis is needed, due
to the multi-dimensional, transient nature of the flow, the
geometrical complexity of the computational domain, and
the requirement of accurately representing the mixing of
the different flow streams.

Figure 1a shows the outer surface of a typical CFD
model (meshlines removed) for a 3-loop PWR. The mesh

(b) Boron concentration at core inlet

Fig. 1. CFD Simulation of a Three-loop PWR to Study the Boron Dilution Issue
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is constructed, in this case, of 6.7 million hexahedral cells.
At the start of the transient, a low-boron water slug occupies
the region indicated in one of the cold-legs. The flow in
all three cold legs is started simultaneously. A profile of
the boron concentration at the entrance to the core at the
instant the slug arrives is shown in Fig. 1b. As can be seen,
there remains a heterogeneous distribution of boron,
indicating that incomplete mixing of the cold-leg streams
is predicted for this case.

Many CFD validation tests have been performed, based
on measured data from a number of experiments: e.g.
University of Maryland [19], which formed the basis of the
International Benchmark Problem ISP-43, the ROCOM
facility at FZD Rossendorf [20], and the Vattenfall 1:5
scale test in Sweden [21]. In addition, boron dilution and
general in-vessel mixing have been the subject of the EU-
funded programmes EUBORA [22] and FLOWMIX-R
[23]. Further details are given in Section 6.1

3.2 Mixing and Thermal Fatigue

Thermal stratification, cycling and striping phenomena
may develop in the major components and piping systems
of nuclear plants. The phenomena can occur in safety-
related lines, such as the pressuriser surge line, the
emergency core cooling injection lines, and other lines
where hot and cold fluids come into contact with each
other. Damage resulting from the associated fluctuating
thermal loads to nearby structures has been reported for

(a) CFD simulation of a bleed flow event

mixing tees of the feedwater systems, in the reactor clean-
up systems, and in residual-heat removal systems.
Sometimes, defective valves through which hot (or cold)
water leaks into a cold (or hot) water stream are the cause
of such fatigue problems. Figure 2a shows a view through
the mid-plane taken from a CFD simulation of a scaled
mixing tee experiment in which there is a bleed flow from
a leaking valve in the branch line. As can be seen, there
are coherent, large-scale turbulent motions downstream
of the junction. These induce thermal fluctuations in the
pipe, a situation that can lead to high-cycle thermal fatigue.
The problem is a serious safety concern in respect to ageing
and life management of nuclear plants. Coolant temperature
oscillations due to turbulent, thermal mixing effects that
pose a risk of wall thermal fatigue are reported to be at
frequencies up to several Hz [24]. Significantly higher
frequencies than these, however, are considered not to
pose a risk, as they are strongly attenuated by the thermal
inertia of the pipe material.

In general, the common thermal fatigue issues are well
understood and can often be controlled or circumvented
(by adding internal static mixers, for example). However,
some incidents indicate that certain information on the
loading in the mixing zone, and its impact on the structural
material, is still missing. One such incident occurred at the
Civaux-1 PWR in 1998 [25,26], which was worrying in
that the plant (1450 MW N4) had only been in operation
for 1500 hours, and three similar plants had also been

(b) Mesh layout from a study of the Civeau-1 incident

Fig. 2. Using CFD to Study Thermal Fatigue in T-junctions
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constructed. Figure 2b shows the mesh layout used to
analyse the mixing processes using CFD [27]. The piping
arrangement for all four plants was subsequently changed
to an earlier design type.

3.3 Hot-Leg Heterogeneities

For the safe running and control of a PWR, it is
essential to have, as precisely as possible, knowledge of
the real primary flow rates to ensure that they do not
exceed the limiting design-basis values. The upper value
is derived from mechanical considerations regarding the
assembly holding forces and the control rod falling time
while the lower value is associated with the DNB
(Departure from Nucleate Boiling) risk protection signal.
In the plant, the actual primary flow rates are not
measured directly but estimated indirectly from internal
temperature measurements and overall heat balances.

By far the main source of uncertainty in this procedure
(about 10 times greater than from other sources) is related
to estimating the average hot-leg temperature. Despite
the mixing processes taking place in the upper plenum,
important temperature and flow heterogeneities may still
be present at the hot-leg instrumentation location, leading
to uncertainties in the estimation of the actual average
temperature and by inference the actual coolant flow rate.
In order to quantify the error, the average temperature of
the hot-leg has to be estimated using scale-model tests,
from specific plant data, or from CFD calculations.

Direct extrapolation of experimental results to real
plant conditions is very difficult [11] and can often result
in an overestimation of the uncertainty. The use of such
overestimated values in the case of actual plant situations
(e.g. core loading) can give results which do not satisfy the
specified safety criteria. Advanced methodologies based
on CFD calculations can reduce the level of uncertainty.
Results to date are encouraging [28]. CFD simulations
are able to reproduce qualitatively all the phenomena
observed during the experiments: the upper-plenum flow,
the temperature contours from the core to the hot legs, and
the flow pattern in the hot legs (which is actually composed
of two counter-rotating vortices). The main problem
impeding further progress is the sheer complexity of the
geometry, making the calculations slow and expensive (a
situation that will improve with advancements in computer
hardware). However, the physical models also need to be
improved, and a very fine-scale representation of the
turbulent phenomena is required to localise the vortices
in the hot-leg. Consequently, application of CFD codes
requires validated models to estimate mixing in the upper
plenum and vortex development in the hot-leg.

3.4 BWR/ABWR Lower Plenum Flow

There are many pipes in the lower plenum of a BWR
or Advanced Boiling Water Reactor (ABWR) reactor
(see Fig. 3a). Two phenomena are relevant to NRS. One
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is the stress induced by flow vibration, which may cause
these pipes to fret and perhaps break, and the other is a lack
of uniformity of flow between the pipes, which may lead
to a non-uniform temperature distribution in the reactor core.

Many internal structures are located close together in
the lower plenum. At a time of partial pump operation,
which is an accepted mode of operation in an ABWR,
inverse flow can occur in the leg attached to the inactive
pump. CFD codes are effective in evaluating the flow field
in such geometrically complex situations, and significant
progress has been made in Japan [29] in support of their
ABWR programme (see Fig. 3b). Note that since the study
relates to the lower plenum of the reactor, it is a single-
phase application.

3.5 Pipe Break

Transient pressure forces occur on structures following
a large pipe break and are of importance for various
reactor types. Inside the RPV, the decompression waves
produce dynamic loadings on the surfaces of the vessel
internals, such as the core shroud and core grids of a
BWR. This issue is an important example of the need to
predict accurately the transient three-dimensional
pressure fields in order to estimate the resulting dynamic
loads on structures. It is also important to realise that
modern structural analysis has to include dynamic loads,
even for Loss-of-Coolant-Accidents (LOCAS).

The decompression process is a highly 3-D and transient
phenomenon, so it can only be realistically simulated
using CFD. During the first phase, before flashing of the
water in the RPV begins, a single-phase CFD model can
be used, but after flashing has started a two-phase model
is necessary to describe the decompression process. From
the beginning of the flashing of the water, the two-phase
phenomena are dominant.

CFD analysis of a Main Steam Line Break (MSLB) in
a BWR was carried out as part of a qualifying programme
before the replacement of the core grids at Units 1 and 2
at Forsmark NPP in Sweden [30]. The results indicated a
rather complex character of the decompression process; the
instantaneous forces were computed to be approximately
twice those estimated previously using simpler methods.
The results have not yet been validated against experiments,
however.

Coupled CFD/FEM analysis has been undertaken in a
simulation of one of the HDR experiments, performed at
FZK (now KIT), Karlesruhe [31]. Predictions based on a
single-phase fluid model, with no possibility of phase
change, and with fluid-structure interaction (FSI),
compare well with experimental data for the first 100 ms
after the break. Thereafter, two-phase phenomena
dominate, and to date no simulation has been attempted.

3.6 Hydrogen Distribution in Containments
During the course of a severe accident in a Light Water
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Reactor (LWR), large quantities of hydrogen could
accumulate in the containment. Detailed knowledge of
the containment thermal hydraulics is necessary to ensure
the effectiveness of the hydrogen mitigation procedures.
Condensation and evaporation on walls, pool surfaces
and condensers need to be modelled realistically because
the related mass and heat transfer processes strongly
influence the subsequent pressure and mixture composition
in the containment. In addition, there is the issue of pressure
loading to the structures. The mixture composition is very
important because it strongly affects the burning mode of
the hydrogen and the operation of the PARs (Passive
Autocatalytic Recombiners).

Containments have very large volumes and have
multiple compartments. A too-coarse nodalisation will
not only lose resolution but will smear the temperature,
species concentration and velocity fields through numerical
diffusion. From a physical point of view, the flow model
must also take into account condensation (in the bulk, or
on the surfaces of cold walls) with the associated heat
transfer to the structures. Unfortunately, condensation
models are not yet standardised in CFD codes.

A CSNI State-of-the-Art Report was issued in 1999
[32]. It concluded that current lumped-parameter (i.e. 0-
D) models are able to make adequate predictions of the
pressure history in the containment and of the average
steam content. Predictions of hydrogen distributions were
regarded as acceptable but only if safety margins were
kept large enough. The benchmark exercise 1SP-47 was

Dryer

Fuel
Assembly

Control Rod

Reactor
Interral Pump

Control Rod
Housing

(a) ABWR general layout

Separator [n/s]

aimed precisely at validating CFD codes for containment
thermal-hydraulics, including the hydrogen risk.
Simulations of experiments from the TOSQAN [33],
MISTRA [34] and ThAI [35] series were included in the
exercise. More recently, tests from the OECD/SETH
series [36] have just been released (Dec. 2009); some
tests are relevant to the issue of hydrogen distribution in
containments and will contribute to this assessment
database.

3.7 Chemical Reactions/Combustion/Detonation

Detonation and combustion in containments may lead
to pressure rises that exceed the design specifications. There
is also the risk of localised overheating of structures in the
case of standing flames. Deflagrations, accelerated flames,
or even detonations, can all be envisaged for some accident
scenarios.

Deflagration is a very complex phenomenon, involving
both chemistry and turbulence. CFD, combined with flame-
speed-based deflagration models, can provide insights
into the dynamic loadings on the structures. In contrast,
detonation processes are relatively simple to model
because the very fast front propagation means there is little
feed-back from other slower processes, such as chemistry,
fluid flow and structural deformation. However, simulation
of shock-wave propagation should also account for multiple
reflections and superposition of the waves. In principle,
CFD has the capability to follow these phenomena.

The CFD code FLUENT [37] has been used to calculate
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(b) Flow field in lower plenum

Fig. 3. ABWR (Flow Field Courtesy of Shiina et al., 2003)
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the hydrogen distribution in a BWR containment, in
combination with DET3D [38] for the 3D detonation
simulation, and with ABAQUS [39] for the structural
analysis and load evaluation. There have been many
applications of compressible CFD solvers to model
detonations in large-scale geometries: for example, the
RUT experiments from the Kurchatov Institute [40], also
some calculations of fast deflagrations in a simplified
EPR (European Pressurised Water Reactor) containment
were performed in the framework of the 5" FWP Project
HYCOM [41]. Hydrogen deflagration models and CFD
codes were also evaluated in the 4™ EU FWP programme
HDC [42].

3.8 Aerosol Deposition in Containments

Following a severe reactor accident, fission products
would be released into the containment in the form of
aerosols. If there were a subsequent leak in the
containment barrier, these aerosols would be released
into the environment and pose a health hazard. The most
conservative assumption is that all the fission-product
aerosols would eventually reach the environment. A more
realistic assessment can be made by studying the detailed
processes which govern the initial core degradation, fission
product release, aerosol-borne transport and retention in
the coolant circuitry, and aerosol dynamics and chemical
behaviour in the containment. CFD can be used to model
these processes by employing Lagrangian tracking of the
aerosols.

Some CFD calculations have been performed in
simulations of tests from the PHEBUS-FP facility at CEA
Cadarache [43]. The facility provided prototypic reactor
conditions from which integral data on core degradation,
fission product release, aerosol-borne transport and
retention in the coolant circuit, and aerosol dynamics and
chemical behaviour in the containment. However, all
data from the tests are of integral type, sufficient only to
validate lumped-parameter codes. There remains a distinct
lack of data suitable for CFD validation in realistic
geometries (see also Section 7.3).

3.9 Atmospheric Dispersion

Again, following a severe reactor accident, radioactive
release to the atmosphere could ultimately occur, which
may represent a health hazard for the installation workers
and the surrounding population. Atmospheric release of
nuclear materials (in the form of both aerosols and gases)
implies air contamination, at first on-site and later off-site.
The atmospheric dispersion of such material in complex
situations, such as buildings being in close proximity to
the reactor, is a difficult problem to analyse, but one that
is important for the safety of the people living and working
in such areas. Dispersion models, which are used to estimate
the levels of radio-activity, require meteorological data
as input. Typical examples of such data are atmospheric
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velocity fields and temperature distributions.

Atmospheric motion and dispersion are 3-D in character,
turbulent and unsteady; CFD is the traditional approach
in the investigation of such flows. On-site simulations
must take account of the proximity of nearby buildings
and effects due to the wind and weather (i.e. radiation
heating by the sun, precipitation, etc.). Off-site, account
has to be taken of the topography of the landscape, night-
and-day effects, stratified layers, etc. However, within the
realm of the physical phenomena, the major challenge
lies in turbulence modelling. The flows are highly 3-D,
unsteady and are accompanied by strong streamline
curvature, separation, and the generation of vortices. The
redeeming feature is that atmospheric dispersion is not
unique to releases from nuclear power plants, and much
progress has been made in other disciplines, in particular
in the release of toxic chemicals from non-nuclear industrial
plants. As a consequence, little attention has been paid to
the issue by the nuclear community except in integral form.
The use of best-estimate methodology, such as CFD, would
improve the reality of the predictions should more localised
information be required.

3.10 Flow-Induced Vibrations

Flow-induced vibrations in steam generators (SGs)
have been studied for many years, since tube rupture could
have serious consequences due to loss of coolant and
because of the risk of direct release of radioactive material
to the environment. Tube vibration caused by dynamic
forces (as generated in the U-bends of standard PWR
SGs) may initiate mechanical damage due to fretting,
wear, and fatigue. Similar concerns are being expressed
in the context of the radial reflectors of Advanced
Pressurised Water Reactors (APWRS), since excessive
vibration could result in rupture of the fuel-pin cladding,
the first barrier against release of radio-active material.

If the core barrel of the APWR is set into vibration
by the turbulent flows in the downcomer, the vibrations
would be transmitted to the radial reflector through the
water filling the space between them (Fig. 4). If the radial
reflector vibrates, the grid supporting the outermost fuel
bundles may make contact with it, and when the grid
vibrates, the fuel cladding could wear through fretting.

In order to estimate the level of vibration of the radial
reflector with sufficient accuracy, it is necessary to
calculate the pressure fluctuations generated by the
turbulent fluctuations in the downcomer correctly, since
these are the driving forces for the vibration. The
following two methods are available for using CFD to
evaluate the vibration between fluid and structure:

e The vibration between the fluid and the structure is
calculated directly by the coupled use of a CFD code
and a structural analysis code, perhaps with the fluid-
structure interaction described by a Lagrangian
moving-mesh technique;

e The vibration between the fluid and the structure is
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Fig. 4. Schematic Illustrating Flow-induced Vibration
for the Radial Reflector in an APWR

calculated by the structural analysis code directly,

modelling the water between the core barrel and the

radial reflector simply as an additional mass, and
imposing the downcomer pressure fluctuations
calculated by the CFD code as load conditions.

The latter method is by far the more practical, but the
emergence of corporate links between the structural
dynamics FEM (Finite Element Method) code ANSYS
[44] and the established industrial (Finite Volume) CFD
codes FLUENT [37] and CFX [45] brings the prospect of
fully coupled simulations for addressing such problems
significantly closer. In addition, the FEM code ABAQUS
has just released details of a fully coupled CFD module
[46].

4. VERIFICATION, VALIDATION AND ASSESSMENT

Having identified the potential application areas, it is
necessary to define the steps needed to produce reliable
CFD predictions. Modern CFD codes consist of hundreds
of thousands of lines of coding, written by different
programmers. It is inconceivable there are no ‘bugs’ in
the program. In addition, access to the code’s stores is
often made via a Graphical User Interface (GUI). The
transfer of information from the GUI to the central solver,
and vice versa, must be absolutely accurate. Finally, the
code’s documentation must faithfully represent what is
actually coded. Paraphrasing Oberkampf and Trucano
[47] where necessary, the process of correcting all these
faults is called verification. Formally, verification is defined
as “the process of determining that the implementation of
a physical model or numerical method accurately represents
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Fig. 5. Block Diagram of a Numerical Assessment Procedure

the developer’s conceptual description of the model and
the solution to the model”. Basically, this means that the
coded equations are being solved correctly, there being
no requirement at this stage to demonstrate whether or
not the equations represent ‘physical reality’; this issue is
taken up under the heading validation.

Verification is principally the responsibility of the code
developers, though users can participate by performing
verification calculations. This process consists of
examining the model implementation through comparison
of code predictions against exact analytical results,
manufactured solutions [48], or previously verified higher
accuracy simulations. Ideally, testing of all relevant
implementation aspects of the CFD code should be
undertaken as confirmation that accurate and reliable
results can be obtained from the mathematical models
programmed into the code.

But how good are the mathematical models in regard
to representing physical reality? It is the task of the
validation procedures to address this key question, one
that can only really be successfully answered by comparing
code predictions against measured data. The message is
put very succinctly by Roache [49] as: “verification deals
with mathematics, validation deals with physics”.

The WG2 Writing Group defined the word assessment
as “the expression of belief (based on validated calculations)
that a given computer code is able (when properly used)
to simulate with acceptable fidelity a given set of situations
(at least parts of a nuclear reactor transient)”. Assessment
therefore requires validation of an already verified
computer code against suitable experimental data. Figure
5 graphically depicts the necessary stages to be followed
for a successful assessment. The procedure starts with a
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Phenomena Identification and Ranking Table, or PIRT [50].
The PIRT approach originated as part of the US NRC’s
methodology for the use of best-estimate simulation codes
in the licensing of nuclear power plants. Phenomena and
processes are ranked in the PIRT based on their influence
on primary safety criteria, and subsequent efforts are
focused on the most important of these. This process has
broadened over the years, and is now also used outside
the nuclear community as an important component of
any validation procedure.

Step 1. Careful definition of the objectives. It is often
more effective to define a series of specific PIRT
exercises (e.g. boron dilution) rather than trying
to cover everything with a very general PIRT
exercise (e.g. SB-LOCA).

Step 2. Appointment of a panel of experts. Both technical
and managerial expertise should be represented
on the panel. At least one member should have a
primary focus in each of the following areas,
relevant to the scenario and system under study:

¢ Experimental programs and facilities;

¢ Simulation code development (numerical implementation

of physical models);

« Application of relevant simulation codes to the present

and similar scenarios;

« Configuration and operation of the system under study.
Step 3. Review of objectives, system and scenario. With
this done, a list of parameters of interest can be
compiled.

Identification of relevant existing information.

This should primarily be experimental data, and

results of related analyses. The process relies

heavily on the knowledge and experience of panel
members but can be broadened, if required.

Identification of phenomena and processes

associated with the system under the specified

scenario. This step is self-explanatory.

Ranking of the phenomena. This is the end-point,

but is also the most important aspect of the

procedure. The ranking can be done in terms of

a L/M/H priority assignment but with subdivisions

if necessary. The process may need to be iterative

if the situation demands it.

There are circumstances in which no validation
calculations of the situation with a given computer code
have been undertaken so far or that experimental data are
sparse or non-existent. In such cases, the CFD code can
be demonstrated to have the capability of simulating the
situation, but a route to a final safety assessment is not
possible, since the adequacy of the physical models in the
code to represent the relevant physical phenomena has
not been scrutinised; that is, the validation step has been
bypassed. The procedure is illustrated graphically in Fig.
5, which emphasises the point that there is no continuous
link between the verification and assessment boxes without
performing the validation step. All that can be done in this

Step 4.

Step 5.

Step 6.
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case is to demonstrate a capability to perform the allotted
task.

Any assessment matrix should be strictly problem-
dependent: that is, any particular matrix must contain at
least part of a computational path (humerical algorithm
and/or physical model) considered appropriate for the
intended application of the code. Ideally, a separate
assessment matrix should be prepared for every selected
nuclear safety issue where CFD simulation is deemed to
be beneficial. This is a very demanding task. Fortunately,
there will be many points of overlap between such groups
of matrices, since the same numerical algorithm and
physical models will often be used in different applications.
It is worthwhile therefore to look at the common ground
between nuclear and non-nuclear validation material.

5. EXISTING ASSESSMENT BASES (NON-NUCLEAR])

Major sources of information identified by the WG2
Writing Group are elaborated below under appropriate
section headings. Some of the websites referenced allow
free access to data for code validation; they sometimes
propose CFD reference calculations, and they sometimes
ask people to participate to the enhancement of the
database by submitting their own cases. In this way, the
CFD community has ready access to an ever increasing
body of information to act as an assessment base for their
activities. At present, the activities are orientated primarily
towards the aerospace and aerodynamics communities,
but they at least demonstrate the seriousness of the
commitment to quality and trust in CFD. It was part of
the mandate for WG2 to expand the concept to serve the
nuclear community too (see Section 8). Several available
general-purpose databases comprising experimental data
catalogued by the group are listed here.

5.1 Validation Tests Performed by Major CFD Code
Vendors

The code vendors identified are those who promote
general-purpose CFD, but who also have customers in the
nuclear industry: namely, ANSYS-CFX [45], STAR-CCM+
[51], FLUENT [37] and (to a lesser extent these days)
PHOENICS [52]. Also, included are codes written
specifically for nuclear applications, though not always
available for general use. The principal ones are TRIO-U
[53] and SATURNE/NEPTUNE-CFD [54]. Other CFD
software with specialisations in certain areas, but with no
established nuclear base, such as OpenFOAM [55] and
ACE-CFD+ [56], were excluded from the list though they
may be added later, as appropriate.

Each of the four main industrial CFD vendors operates
in a highly competitive commercial environment, and
each is acutely aware of the state of development of their
major competitors. Consequently, such a sensitive item
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Fig. 6. Backward-Facing Step Benchmark on the ERCOFTAC Database:
Configuration and Velocity Profiles (Re-attachment at x/H = 5)

as validation, which might lead them into unwelcome
code-to-code comparison exercises, was initially treated
rather sceptically. In addition, a validation activity may
have been performed at the request of a particular customer,
and the results may have been restricted or may not (yet)
have been published. More recently, as their customer
base became more aware of the common goal of quality
and trust in CFD, the companies have become more
open and have often actively participated in international
benchmarking activities. The best source of information
on specific validation databases is through the respective
websites. Here, one finds documentation, access to the
workshops organised by each company, and to the
conferences and journals where customers and/or staff
have published validation material. The list of validation
cases is clear evidence that commercial CFD is a well-
founded technology. It should also be noted that even
codes explicitly written for the nuclear community also
include basic (often academic) validation cases, just like
those codes from the general industrial (commercial) area.

5.2 ERCOFTAC

The European Research Community on Flow,
Turbulence and Combustion (ERCOFTAC) is an
association of research, educational, and industrial groups
whose main objectives are to promote joint efforts through
centres and industrial application of research, and to create
Special Interest Groups (SIGSs) in certain areas [57]. One
such special interest group is the ERCOFTAC Database
Interest Group (Dbig). The database was started in 1995
and is actively maintained by the University of Manchester,
UK. It contains experimental as well as high-quality
numerical data relevant to both academic and applied CFD
applications. ERCOFTAC holds regular workshops on
refined turbulence modelling around Europe, information
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from which is used to update and refine the database. The
Classic Data Base is open to the public (though a simple
registration procedure has to be followed before data may
be downloaded). There are more than 80 documented
cases, containing either experimental data or with highly
accurate DNS (Direct Numerical Simulation) data
available. Each case contains at least a brief description,
some data to download, and references to published work.
Some of the cases could be used also in NRS applications,
such as flow in curved channels, mixing layers, separated
flows, impinging jets, and flows through tube bundles.

Cases have been categorised by flow type, for
convenience:

Free Turbulent Flows: homogeneous flows; free shear
flows; interacting shear flows;
Flows Around Bodies: two-dimensional and three-
dimensional configurations;
Semi-Confined Flows: 2-D boundary layers; 3-D boundary
layers; wall jets; flows around
bodies interacting with boundaries;
free-surface flows;
flows with/without separation;
cavity flows; unsteady flows.

As illustration, a classic example is flow over a
backward-facing step (Fig. 6), which examines several
important aspects of turbulent flows: separation of a
turbulent boundary layer, re-attachment of the boundary
layer, recirculation, and the occurrence of secondary
separation regions. Many such flow situations also occur
in the nuclear thermal-hydraulics area. There is a wealth
of experimental data for increasing Reynolds number, and
simulations include Direct Numerical Simulation (DNS),
Large Eddy Simulation (LES), and different Reynolds-
Averaged Navier-Stokes (RANS) models. Care was taken
that upstream conditions were fully developed, and the
velocity profile measured, since such information is needed

Confined Flows:
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to specify the input boundary conditions for the actual
CFD simulation. Velocity profiles downstream of the step
were also measured, capturing the recirculation region
and beyond. Typical measured-versus-calculated data are
shown in Fig. 6.

5.3 QNET-CFD KB

QNET-CFD KB developed from the QNET-CFD
web-based thematic network, which was a part-funded
European project to promote the quality of CFD and trust
in the industrial application of CFD [58]. Several years
were spent in assembling and collating knowledge and
know-how across a range of hierarchically structured
application areas: aerodynamics, combustion and heat
transfer, chemical and process engineering, thermal
hydraulics and nuclear safety, civil construction and
HVAC (heating, ventilation and air conditioning), and
environmental flows and turbomachinery. Specific NRS
items include: buoyancy-opposed wall jet, induced flow
in a T-junction, buoyant gas-air mixing, mixed convection
in a reactor (containment gas mixing), spray evaporation
in turbulent flow, combining/dividing flow in a Y-junction,
and downward flow in a heated annulus. For each
Application Challenge, its description, test data, CFD
simulations, evaluation, best practice advice, and
information on related underlying flow regimes are all
available.

Between 2000 and 2004, a Knowledge Base containing
43 Application Challenges was established, later expanded,
and finally brought online by means of a Wiki-based
website, which had been developed from the prototype
pioneered by the QNET-CFD network. The Wiki pages
now come under the administration of the ERCOFTAC
organisation [57].

5.4 NPARC Alliance Data Base

Chiefly orientated towards the aerodynamics
community, the CFD Verification & Validation section
provides a tutorial [59] as well as measurements and data
for CFD cases. There is a link to the data archive of NASA,
which is particularly useful. High quality data are available
in the following areas: incompressible, turbulent flow over
a flat plate, RAE 2822 transonic airfoil, S-Duct, subsonic
conical diffuser, 2D diffuser; supersonic axisymmetric jet
flow, incompressible backward-facing step, ejector nozzle,
transonic diffuser, hydrogen-air combustion in a channel,
two-stream mixing, and laminar flow over a circular
cylinder. Many of the basic flow configurations are relevant
to NRS analyses at a fundamental level.

5.5 AIAA (American Institute of Aeronautics and
Astronautics)
The society participates in the definition of standards
for CFD in its Verification and Validation Guide and has
important links to websites containing lists of references
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(papers, books, author coordinates) related to CFD
verification and validation. Also, there are various links
to other websites, containing information of (principally)
aeronautical interest. Some of these links may be useful
for CFD validation, but would need sifting for relevance
to NRS.

In summary, extensive validation data for CFD
simulations are available in terms of basic generic flow
configurations. The data form the building blocks of the
models that ultimately find their way into both the
general-purpose and nuclear-specific CFD simulation
software currently being used to perform NRS simulations.
Because the fluid flow and heat transfer situations
encountered in NRS studies are, for the most part, mirrored
in other industrial applications, the nuclear community
can benefit from the quality and trust in CFD established
in such non-nuclear areas. Of course, situation-specific
data are also needed for nuclear safety analyses, and such
data bases were also catalogued by the WG2 group. An
overview is given in the next section.

6. EXISTING ASSESSMENT BASES (NUCLEAR)

6.1 Boron Dilution

Experiments focussing on the boron dilution event
(described is Section 3.1) generally try to reproduce the
mixing in the reactor downcomer and lower plenum
upstream of the reactor core inlets. The databases are
well-established and have been used previously for
benchmarking exercises, as Table 2 illustrates.

Under the terms of an OECD benchmark exercise,
International Standard Problem ISP-43, two sets of
experiments performed at the University of Maryland
facility UM2x4 Loop were made available for numerical
analysis. Originally, these were for “blind” analyses,
meaning that the test data were not available for comparison
at the time the numerical simulations were carried out,
but several post-test simulations have also been published.

Table 2. Boron Dilution Database

Test Reactor Type | Scale Ben::?igflzig\r::?:vity
T S| |
(ggrfngx) Konvoi PWR | 1/5 | FLOWMIX-R
OK?RCZZEZ;”GSS VVER-1000 | 1/5 | FLOWMIX-R
il g |y o
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The UM2x4 Loop is a scaled-down model of the Three
Mile Island Unit 2, Babcock & Wilcox PWR. Sixteen
redundant Test A (front mixing test, with an infinite slug
of cold water entering the RPV) and six redundant Test B
(slug mixing test, with a finite-volume slug of cold water
entering the RPV) experiments were performed. Detailed
boundary conditions were provided for the analysts, and
time histories of temperatures at nearly 300 positions at
11 elevations within the downcomer and lower plenum
were ultimately made available to the participants. The
model of the RPV, with positions of thermocouples marked,
is shown in Fig. 7a. Ten participants from eight countries
submitted numerical results to the blind-calculation phase
of the benchmark. The CFD codes featured were CFX-4,
CFX-TASCflow, FLUENT and TRIO-U.

The ROCOM [60] facility (Fig. 7b) consists of four
loops, with fully controllable coolant pumps. In contrast
to the Maryland tests, demineralised water was used in
these tests, supplemented by the injection of slugs of a
tracer solution (diluted salt) into one loop. The salt
concentration was measured by means of wire-mesh
sensors [61]. Of these, one was installed in the cold-leg
inlet nozzle of the disturbed loop (232 measuring points),
two were placed in the downcomer just below the inlet
nozzles and before the entrance to the lower plenum
(2x232 measuring points), while the fourth sensor was
integrated into the lower core support plate, with one
measuring position at each fuel element location. Further,
all four outlet nozzles were also equipped with sensors
(4x232 measuring points). Laser Doppler Anemometry
(LDA) was applied for the velocity measurements. Data

(a) Maryland (ISP-43 Benchmark)
Fig. 7. Two Boron Dilution Experiments for Which Measured Data were Released
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from selected tests were made available for CFD analysis
within the EU Framework Programme FLOWMIX-R [23].
Further test data from scaled facilities were also made
available to participants in the FLOWMIX-R project.
These originated from the OKB Gidropress facility in
Russia and the Vattenfall experiment in Sweden.

All the boron-dilution test facilities model the
corresponding original reactor at a scale of 1:5. Of the
various CFD analyses carried out, the blind calculations
performed in the context of the ISP-43 produced large
discrepancies between numerical and measured data, even
for participants using the same CFD tool [19]. Consequently,
the question of whether CFD is capable of being used
reliably for this particular NRS problem is not yet resolved.

6.2 Pressurised Thermal Shock (PTS)

During a Small-Break Loss of Cooling Accident (SB-
LOCA) scenario in a PWR, Emergency Core Cooling
(ECC) water is injected into the cold-leg pipe and mixes
with any water remaining in the pipe. The combined
streams flow towards the downcomer, where further
mixing takes place. In the case of incomplete mixing of
the streams, the cold water from the ECC line will come
into direct contact with the RPV wall and may lead to
large temperature gradients inside the vessel material,
generating high thermal stresses. Knowledge of such
thermal loads is important for plant-life extension
assessment, since during its service life the RPV will
have become subject to radiation-embrittlement.

Most attention has been paid to the two-phase PTS

(b) ROCOM (FLOWMIX-R Project)
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event (Fig. 8), with high pressure injection from the top
into a partially filled cold-leg pipe (a scenario of relevance
to French PWR designs) though there remain thermal
shock issues associated with the single-phase event too,
in which either the pipe is full, or the injection is below
the water surface (as in the German Konvoi and Russian
VVER designs). An extensive experimental database for
single-phase fluid mixing relevant to the PTS issue was
compiled by Theofanous and Yan [62]. The information
is summarised in Table 3, building on data supplied by
Wolf [63]. Since this time, the major PTS test facilities
have concentrated on the two-phase PTS issue.
According to information compiled during the ECORA
project [64], experimental data for validation of a CFD
code should be complete in regard to geometry, boundary
and initial conditions, well analysed with respect to the
physical phenomena involved, be of high quality (i.e.
accurate within specified error bounds, repeatable and
consistent), and, most importantly, be publicly available.
The WG2 Writing Group has not yet undertaken scrutiny
of the existing PTS database in terms of these criteria.
Though yet to be performed, the TOPFLOW-PTS
[65] experiments being undertaken at FZD, Rossendorf
in Germany are worth mentioning in advance. Currently,
air/water experiments are being conducted in preparation

ECC cold water

— H
Saturated -

water

Turbulent
mixing

(Thermal
stresses at
RPV wall)

Cold leg

Two-Phase PTS
Fig. 8. Schematic of the Two-phase PTS Event

Table 3. Pressurised Thermal Shock Database

for the steam/water tests to be carried out in the near
future. The facility has a unique feature in comparison to
other test facilities for which PTS studies have been
performed (e.g. FORTUM, ROCOM). The scale is 1:2.5,
with the test section located inside a pressure vessel of
length 7m and 2.5m inner diameter (Fig. 9). Experiments
can be carried out at up to 5 MPa pressure, but parts of
the test section can be constructed of glass due to pressure
equalisation, thus enabling full visualisation access. The
facility is highly instrumented with thermocouples, heat-
flux probes, wire-mesh sensors, local void-fraction
probes, high-speed cameras, infrared cameras, and local
conductivity probes. The geometry for the first tests to be
undertaken is based on the French CPY 900 MWe
reference plant. It is planned to operate the test mock-up
in steady-state conditions, with and without mass transfer
due to condensation, as well as in transient operational
mode. Access to the data from the tests will be restricted
initially to the partners in the consortium who have
financed the series, though some will be released on a
broader platform in the context of the EU 7" Framework
Program NURISP [66]. A wider distribution of data may
become possible in due course.

6.3 Thermal Fatigue

Flow-induced failures of parts of structural components
of NPPs caused by high-cycle thermal fatigue include
Genkai Unit 1 (Japan), Tihange Unit 1 (Belgium), Farley
Unit 2 (USA), PFR (UK), Tsuruga Unit 2 (Japan), and
Loviisa (Finland). As a result of these incidents,
considerable research effort has been devoted to the
phenomenon, and both experimental and numerical
information has been gathered to aid understanding.
Thermal fatigue (or thermal striping) is studied mainly
for two geometric configurations: T-junctions and for
two or more parallel jets in contact with a neighbouring
structure. Under this latter category is included the thermal
striping threat to the RPV caused by PTS (See Section
6.2). For both types, the problem is complex, involving

Creare Purdue Creare VO HDR
1:5 1:2 1:2 2:5 1:2,1:4
Scaling Froude 1:5 Froude 1:2 Froude; 1:2 Froude; 1:2.56 Froude; 1:2, 1:4
Downcomer geometry planar planar planar semi-annular annula;;\o/mplete
Downcomer gap (mm) 46 127 137.2 61c 150
Downcomer width (mm) 670 1180 1616 1840
HPI-nozzle (mm) t?)t) 12;? 2,[25 bof';m 2 nozi?es top
1 nozzle side
No of cold legs 1 1 1 3 1

352

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.42 NO.4 AUGUST 2010



BRIAN L. SMITH Assessment of CFD Codes Used in Nuclear Reactor Safety Simulations

several scientific disciplines (and consequently several
types of computer codes): calculation of the velocity and
temperature fields in the fluid, the temperature fields in
the solid materials, estimation of the associated mechanical
stresses, and the behaviour of cracks in the solid. Any
experimental database should reflect and comprehensively
cover all of these disciplines. Moreover, coupling between
the temperature fields is two-way, which means fluid-
dynamic and structure-dynamic computations have to be
carried out simultaneously, the data from each being
appropriately interfaced.

For T-junctions, the EU 5" FWP project THERFAT
[67] provided transient, measured data from experiments
conducted by the German company Siempelkamp SPG.
The tests covered visualisation measurements in glass
models, electrical conductivity measurements in glass

models using salt water to represent density differences,
and localised near-wall temperature measurements in
steel models. Similar experiments have been carried out
elsewhere. At the Paul Scherrer Institute (PSl), test data
are available from experiments performed in glass tubes
using ionised and de-ionised water to identify the main
and branch streams in the mixing zone downstream of
the junction and conductivity measurements using wire-
mesh sensors to measure the degree and character of the
mixing taking place [68]. The experimental set-up is shown
in Fig. 10a. In this configuration, both pipe branches are
oriented horizontally. Contours of the normalised
conductivity differences in the plane of the wire-mesh
sensor, compiled from data from the 216 measuring
positions of the sensor, is shown in Fig. 10b, clearly
depicting the mixing zone between the two streams.
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Fig. 10. PSI T-junction Experiment
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Very careful T-junction tests have been performed at
the Vattenfall Alkarleby Laboratory in Sweden. The test
section is made of Plexiglas, the main pipe being horizontal
and the branch pipe vertical (Fig. 11). The tests were
performed with a temperature difference between the
inlets of about 15K. Temperatures near pipe walls were
measured using thermocouples, and velocity profiles in
both inlet pipes and downstream of the junction were
measured using Laser Doppler Anemometry (LDA). Data
from a test performed in November 2008 have been used
to launch a major blind benchmarking activity under the
sponsorship of the OECD Nuclear Energy Agency [69].
Participants who supplied CFD simulation results to the
organisers before a specified deadline (April 30, 2010)
were given access to the measured data (see also Section
8.2).

7. GAPS IN TECHNOLOGY AND ASSESSMENT
DATABASES

An assessment matrix for a given application should
comprise three groups of items: (i) a verification programme
in which CFD predictions are compared against analytical,
manufactured, or highly-accurate solutions, (ii) validation
experiments and accompanying CFD simulations, and (iii)
demonstration simulations, possibly together with data
from mock-up experiments. More than 20 NRS-specific
cases, which the WG2 Writing Group considered good
candidates to substantially benefit from CFD, are listed
in Table 1. In the context of these, a number of gaps in
the knowledge base were also identified. Some topical
examples are described here.

7.1 Isolating the CFD Problem

Traditional 1-D system codes need to be “manipulated”
to take into account 3-D effects, when this aspect needs
to be taken into account during a particular safety analysis.
For example, flows in the upper and lower plena and
downcomer of the RPV, and to some extent the core
region, are all 3-D in character, particularly if driven by a
non-symmetric loop operation. Natural circulation and
mixing in compartments of a containment volume are
also 3-D phenomena. In all such cases, it is expected that
detailed 3-D CFD computations would produce more
trustworthy results than are possible using traditional 1-D
system codes. However, there are often strong feedback
effects from the system parameters, and it is presently
inconceivable that CFD will be able to be applied to the
entire system. Rather, a “stand-alone” CFD calculation,
performed as part of a broader system simulation is all
that can be attempted. However, this approach requires
specification of the initial conditions for the velocity and
temperature fields for the CFD part of the simulation.

The most cost-effective way of doing this is to use
the system code to provide input data to the CFD simulation
in terms of (transient) inlet boundary conditions, and then
run the CFD program in isolation. However, the problem
remains of specifying the initial conditions (of velocities
and field variables) for the CFD computation within the
3-D domain. To complete the link, the procedure has to be
extended by feeding averaged exit boundary conditions
from the CFD computation to the system code, and then
the system analysis has to be continued. This means
interfacing a CFD module to an existing system code in
order to perform a localised 3-D computation within the
framework of an overall 1-D description of the circuit.
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Fig. 11. Set-up of the Vattenfall T-junction Experiment
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The best way forward appears to be to directly couple a
CFD code to the system code. A summary of current
efforts in this direction is described in the next sub-section.

7.2 Coupling CFD with System Codes

Accepting the fact that performing complete nuclear
reactor simulations are beyond the capabilities of present
hardware devices if a CFD code is used alone, use of a
less detailed and less demanding system analysis code to
produce boundary conditions for the CFD code is now
widely accepted as the only practical alternative.
Consequently, links have been established between major
system and CFD (or CFD-like) codes. Examples are:
RELAPS5 to COBRA/TF [70], ATHLET to FLUBOX
[71], ATHLET to CFX-4 [72], RELAP5 to CFX-4 [73],
RELAPS to FLUENT [74], and TRACE to CFX-11 [75].
The coupling may be performed via an Executive Program,
which monitors the progress in each code, determines
when the codes have converged, governs the information
interchanges between the codes, and issues instructions
to allow each code to progress to the next time step. An
alternative is to allocate a master/slave status to the two
codes, and control the data exchanges via the master
program.

A first validation matrix has been set up for the
RELAP5-3D/FLUENT coupled code (which was originally
intended for application to pebble-bed modular reactors
and other high-temperature gas reactor systems). The
matrix involves the simulation of basic flows, such as
turbulent flow in a pipe section, flow over a backward-
facing step with heat transfer, flow through a pebble-bed
core (porous medium approach), and neutronic-fluid
interaction within the core. Generally, good progress is

being made in this area, though it should be recognised
that it is not sufficient to validate the system and CFD
codes separately: the coupled code also has to be validated,
and the validation process may have to involve integral-
type data from system-code benchmark exercises.

7.3 Aerosol Transport in Containments

In a recent PIRT-type exercise [17], aerosol deposition
in containments was ranked ahead of thermal fatigue in
terms of generic interest, but ironically there are virtually
no data from the nuclear area useful for CFD validation.
Possible experimental databases could include OECD/NEA
activities in the field of aerosol behaviour, such as ISP-37
(VANAM M3 Aerosol Behavior in the Battelle Model
Containment [76]), the AHMED Code Comparison
Exercise [77], and ISP-44 (KAEVER test facility, VTT,
Finland [78]). However, the most cited reference remains
the Phebus FP Severe Accident Experimental Program at
CEA Cadarache [43], which reproduces (at scale) a core
meltdown accident in a French-design 900 MW PWR.
Aerosols were released under severe-accident conditions
into a mock-up containment. Figure 12 shows a schematic
of the facility. Though CFD codes were used within the
PHEBEN2 EU-supported project based on the PHEBUS
FPTO and FPT1 experiments, no local measurements of
aerosol deposition are available against which to validate
the CFD aerosol deposition models.

Results from the PHEBUS tests indicate that the
coupling between the thermal-hydraulics and the aerosol
physics was rather weak; whereas, in a real plant, where
there is more opportunity for stratification, the coupling
could play a stronger role in determining local aerosol
concentrations. The CFD codes CFX 4.3, CFX 5.7 (FPT1
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Fig. 12. Schematic of the Phebus Test Facility
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only) and TRIO VF have been used for the analysis, but
there were problems with the comparison of measured
values against numerical predictions, since only a few
internal temperature measurements and no velocity
measurements were available from the PHEBUS tests.
Overall, the case for CFD playing an essential analysis
role appears not to be proven, which may explain the
clear lack of drive towards producing quality validation
data for CFD models in this context.

7.4 Stratification and Buoyancy Effects

Buoyancy forces develop due to heterogeneous density
distributions in the fluid domain. Most of the events
concern thermally stratified flows, which result from
differential heating (e.g. in heat exchangers) or from
incomplete mixing of flows of different temperatures. For
single-phase flows, stratified flow conditions develop in
the case of PTS (see Section 6.2), hot-leg heterogeneities
(Section 3.3), and thermal shock (Section 3.2). For two-
phase flow problems, the reader is referred to the WG3
document [16]. Stratification may be one of the significant
phenomena in the case of thermal shock under some SB-
LOCA conditions and for condensation-induced
waterhammer [79]. Stratification and buoyancy effects may
lead to thermal fatigue, to modification of condensation
rates, and to difficulties in predicting the associated mixing
processes.

Stratified flows and buoyancy-induced effects take
place in many parts of a NPP flow circuit: the RPV lower
and upper plena, hot and cold legs, and secondary circuit
pipework. In most instances, these phenomena are
associated with unsteady 3-D flow situations. It is therefore
necessary to derive a modelling strategy able to handle
all the situations of relevance to nuclear reactor thermal
hydraulics. In general, the phenomena are difficult to
represent using a 1-D system-code approach, due to the
geometric complexity. CFD is better suited in this regard,
though it should be recognised that stable stratification
may limit the action of turbulence mixing, while buoyancy
may promote mixing, and the turbulent model in the CFD
code must be able to reproduce these effects. For two-
phase flows, the behaviour of the different phases of the
flow, and the associated condensation rate, also need to
be taken into account.

For the case of single-phase flows, there remain
difficulties and uncertainties concerning the modelling of
turbulence for such situations. The standard k-e¢ model
[80] is known to poorly represent mixing in strongly
buoyant situations, and more complex closures, for
example, the Reynolds Stress Model [80], may need to
be employed to more accurately reproduce the anisotropy
of the turbulent fluctuations. Unfortunately, the RSM
model is much less robust, and it may be difficult, or even
impossible, to obtain converged solutions in complex
geometries. Two further problems are that the transitional
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state of such flows is often difficult to predict, and the
use of wall functions [80] may not be appropriate if they
are not specifically designed for buoyant situations.

7.5 Fluid-Structure Interaction (CFD-FEM)

Flows in the primary circuit components of reactors
are often strong enough to induce vibrations in, or damage
to, confining or nearby structures, which may then have
consequences regarding plant safety. In the case of thermal-
hydraulics issues relating to the containment, there are
instances of chugging and flow-induced condensation,
producing jets in suppression pools in BWRs and
associated mechanical loads on submerged structures. If
the coupling is one-way (i.e. the structural motion does
not have a feedback on the flow field), the computation is
fairly straightforward, even under transient conditions.
The velocity and temperature fields are first determined
by the CFD module, and the thermal and mechanical loads
are transferred via a data interface to the FEM (Finite
Element Method) solver, from which the stresses in the
solid structures are then evaluated.

However, in the case of two-way coupling, in which
the structural deformation significantly alters the fluid
parameters, such as in vibrational analysis, the CFD and
FEM computations need to be performed simultaneously.
This is expensive in terms of CPU time and often involves
mesh reconstruction, which is also time consuming. There
may also be problems in directly matching the CFD and
FEM numerical algorithms. However, good progress is
being made in this area, and in the commercial CFD world
there are now strong corporate links between the CFD and
FEM code vendors [37,44,45], so the technicalities of the
coupling should soon become more automatic. Nonetheless,
the assessment bases for fluid-structure interaction
capability remain very problem-specific and need to be
generalised in terms of generic examples, such as the
oscillating cantilever, as described in the ERCOFTAC
database [57].

7.6 Coupling of CFD Codes with Neutronics Codes

Precise predictions of the thermal loads to fuel rods
and of core behaviour result from a balance between the
thermal hydraulics and neutronics. The thermal hydraulics
is coupled with the neutronics through the heat release
due to neutronic activity (nuclear power generation), and
the neutronics is coupled with the thermal hydraulics
through the temperature (fuel and moderator), density
(moderator), and the possible concentration of neutron
absorber material (e.g. the boron concentration of the
moderator). Only the nuclear community has an interest
in these phenomena.

The current state-of-the-art is a coupling between a
sub-channel description of the thermal hydraulics and
neutron diffusion at the assembly level. However, some
progress is being made in the direct coupling of CFD codes
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with existing neutronics packages: TRIO-U coupled to
the Monte-Carlo neutronics code MCNP [81], FLICA4-
3D and CAST3M coupled to CRONOS?2 [82], and more
recently a link between STAR-CD and CRONOS2 [83].
Possible improvements would be: (i) coupling of CFD
codes with more advanced (i.e. deterministic or stochastic
transport) neutronics models, (ii) development of a multi-
scale approach to optimise the level of description with
the conditions, since in many 3-D cases the power is very
peaked (rod ejection, boron dilution, MSLB, etc.), and
fine-scale models could be used only in a limited region,
and (iii) development of time-step management
procedures for complex transients in which the thermal
hydraulics and neutronics time-scales are not the same.

Several benchmark exercises have been set up in the
framework of OECD/NEA activities, including a PWR
Main Steam Line Break, a BWR turbine trip, and for the
VVER-1000 coolant transient (for which fine-mesh CFD
models were used). However, a concerted effort is needed
to bring together all appropriate data to place the assessment
process on a sound basis.

7.7 Computing Power Limitations

The original version of Parkinson’s Law [84]: “Work
expands to fill the time available”; was first articulated by
Prof. C. Northcote Parkinson in his book of the same name,
and is based on an extensive study of the British Civil
Service. The scientific observations, which contributed to
the development of the law, included noting that as Britain’s
overseas Empire declined in importance, the number of
employees at the Colonial Office correspondingly increased.
The law was formulated in strict mathematical terms, but
the work was so far ahead of its time that it was only 40
years later that the equations were finally vindicated. From
this have arisen a number of variants. Two pertinent ones
from the sphere of information technology are: Parkinson’s
Law of Data: “Data expands to fill the space available for
storage”, and Parkinson’s Law of Bandwidth Absorption:
“Network traffic expands to fill the available bandwidth”.
The application of CFD methodology also deserves a
mention. Perhaps Parkinson’s Law of Computational Fluid
Dynamics could read: “The number of meshes expands to
fill the available machine capacity”. In reality, despite the
overwhelming number of possibilities and advantages
offered by present CFD codes, their role in nuclear reactor
safety analyses remains limited. The development of codes
able to compute LOCA phenomena with some realism
began in the 1970s, which, by modern standards, was a
period of very limited computing power. Typically, good
turn-round could only be achieved using supercomputers.
Today, a large part of the system calculations are carried
out using workstations or PCs, and despite extended
modelling capacity, the continuing upgrades in computer
performance should ensure that system-code NRS analyses
will never again require supercomputing power.
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However, even with these advances in computer
technology, it is difficult to see CFD codes being capable
of simulating the entire primary or secondary loop of a
nuclear plant for some time to come, so system and
component codes will remain the main tools for computing
system (and containment) behaviour in the near future.
But, for those circumstances in which CFD is needed —
and many examples of this have been alluded to in this
paper — CFD computations will continue to stretch to the
limit of available computing resources.

CFD simulations using 50 million nodes are now
common in many industrial applications. However, in NRS
applications, many of the situations requiring analysis are
of a transient nature, they may be two-phase, and some of
the transients are quite long. All CFD codes are, by nature,
computationally demanding, both in terms of memory
usage and in the number of operations. For a 3-D CFD
simulation with N meshes in each coordinate direction, the
total number of grid points is N3 The time-step, though
usually not CFL [85] restricted, remains for purely practical
reasons roughly proportional to 1/N, so the number of time
steps is also proportional to N. Thus, the run-time for the
CFD code should scale according to N*, where the constant
of proportionality, among other things, depends linearly on
the total simulation time and, as remarked above, simulation
times in NRS applications can be very long.

Speed-up can be achieved by partitioning the program
to run on a number of processors in parallel. Since 1990,
the use of parallel computation has shifted from being a
marginal research activity to the mainstream of numerical
computing. A recent study [86] has shown that the scaling
up of performance with number of processors is strongly
dependent on the size of the system arrays (for CFD, this
translates directly into the number of meshes), as well as
on the details of the particular computer architecture and
memory hierarchy. The speed of a program also depends
on the programming language (generally, Fortran is faster
than C) and the compiler (levels of optimisation), but there
are machine-dependent factors too. Generally speaking,
modern workstations give good performance for small
array sizes that fit into the processor’s cache. If this is not
possible, performance can drop dramatically.

Even for an ideal linear speedup, the N* dependence of
runtime on number of meshes in one coordinate direction
means that doubling the number of processors, and keeping
total runtime the same, the number of meshes in each
direction can only be increased by about 19%, say from
200 to 238. Conversely, doubling the mesh density, say
from 200 to 400 in each coordinate direction, again keeping
total runtime constant, means that the number of processors
has to be increased by a factor of 16. Given these statistics,
it is evident that the pursuit of quality and trust in the
application of CFD to transient NRS problems, adhering
strictly to the dictates of a Best Practice Guidelines
philosophy of multi-mesh simulations [87], will stretch
available computing power to the limit for some years to
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come. In the mid-term, compromises will have to be made:
for example, examining mesh sensitivity for a restricted
part of the computational domain or to a specific period
in the full transient.

7.8 Scaling

A traditional scaling analysis for a validation test
would consist of first normalising the conservation
equations at the sub-system or component level for the
test section, repeating this sub-system level scaling for all
the components in the system, and then collecting the local
scaling criteria into a set of overall system scaling criteria.
The claim is then made that the dynamic component
interaction and the global system response should be scaled
successfully within the set of criteria for local component
scaling, since the system is the sum of its components.
This principle applies only if all the local criteria are met
simultaneously. Except in the simplest (i.e. generic) cases,
this ideal is physically impossible to achieve because the
surface areas and volumes — and by inference, the area-
dependent transfer rates and volume-dependent capacities
— scale with different powers of the length parameter,
thereby produce conflicting scaling requirements.

According to Wulff [88], two necessary conditions
for successful scaling are: (i) the governing equations
must be normalised such that the normalised variables
(and their derivatives with respect to the normalised time
and space coordinates) are of order unity, so that the
magnitude of the normalised conservation equation can
be measured by its normalising (constant) coefficient; and
(ii) the governing equations must be scaled by dividing
through by the coefficient of the driving term. This
procedure brings the driving term to order unity and yields
fewer non-dimensional scaling groups (which measure
the magnitudes of their respective terms), since the
importance of the associated transfer processes relative to
the driving term, may be then judged in a hierarchical sense.

A categorisation of scaling approaches has been
formulated by Yadigaroglu and Zeller [11]. The simplest
scaling technique is linear scaling, in which all length
ratios are preserved. According to this scaling strategy,
the mass, momentum and energy equations of a system,
along with the equation of state, are non-dimensionalised,
and scaling criteria are then derived from the resulting
parameters. The problem is then that linear length scaling
inevitably leads to time distortion. As an alternative,
volumetric or time-preserving scaling may be used instead.
Such an approach is also based on scaling parameters
derived from the non-dimensionalised conservation
equations. Models scaled by these techniques preserve the
flow lengths, while areas, volumes, flow rates, and power
are reduced proportionally. Time-distorted scaling criteria,
as described for example by Ishii and Kataoka [90], include
both linear and volumetric scaling as special cases.

A “structured” scaling methodology, referred to as
hierarchical two-tiered scaling (H2TS), as proposed by
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Zuber [91], addresses the scaling issues from two fronts:
a top-down (inductive) system approach, followed by a
bottom-up (process-and-phenomena) approach. This
strategy is proposed because the traditional local and
component-level scaling strategies cannot reproduce the
scaling criteria for component interaction. Altogether, the
subject of scaling remains very unsure. For CFD
applications to NRS, though the computational model can
be performed at 1-1 scale, it is vital to ensure that the fluid-
dynamic phenomena of relevance, validated against scaled
experiments, have been preserved. If the fluid behaviour
is categorised by flow-regime maps, it is essential that both
the scaled validation test and the full-scale application lie
in the same region of the map. This may be impossible to
ensure for all phenomena simultaneously, whatever scaling
strategy is followed. Thus, extrapolation to full size, whether
it is a scale-up of a model facility or a CFD simulation,
needs to be treated with great care to ensure the same
physical phenomena are relevant at both scales.

8. NEW INITIATIVES

The WG2 Writing Group provided evidence to show
that CFD is a tried-and-tested technology and that the
main industrial-level CFD vendors were themselves taking
active steps to quality-assure their software products by
testing their codes against standard test data through active
participation in international benchmark exercises. However,
in a situation of low growth in the nuclear power industry,
the primary driving forces for the development of CFD
technology remain in non-nuclear areas, such as in the
aerospace, automotive, marine, turbo-machinery, chemical,
process industries, and to a lesser extent the environmental
and biomedical industries. In the power-generation arena,
the principal applications are again non-nuclear: combustion
dynamics for fossil-fuel burning, gas turbines, vanes for
wind turbines, etc.

Accepting the mandate to not only report on the existing
assessment databases for the application of CFD to nuclear
reactor safety issues but to also take steps to broaden and
extend the databases, three new initiatives were instigated
by the WG2 group:

e To organise a new series of international workshops
to provide a forum for experimenters and numerical
analysts to exchange information;

¢ To encourage nuclear departments at universities and
research organisations to release test data by initiating
international numerical benchmark exercises, and

¢ To establish a Wiki-type web portal that gives online
access to the information collated by the group and
documented in its final report; it also provides a means
for updating and extending the information contained
therein by inviting reader input.

The first of these activities was organised directly by
the WG2 group, while the remaining two were accomplished
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by a smaller Special CFD Group that was formed later
and consists of the chairmen of the three Writing Groups
together with the NEA secretariat.

8.1 The CFD4NRS Workshop

The Workshop, entitled CFD4NRS Benchmarking of
CFD Codes for Application to Nuclear Reactor Safety,
was sponsored jointly by the OECD/NEA and IAEA and
took place at Garching, Munich, Germany in September
2006. The Workshop provided a forum for both numerical
analysts and experimenters to exchange information in the
field of NRS-related activities relevant to CFD validation.
Papers describing CFD simulations were accepted only if
there was a strong validation component. Most related to
NRS issues highlighted in this paper, such as pressurised
thermal shock, boron dilution, hydrogen distribution,
induced breaks, and thermal striping.

The use of Best Practice Guidelines [87] for the CFD
simulations and the stipulation of error bounds and
uncertainties on experimental measurements were both
encouraged. Papers describing experiments that provided
data suitable for CFD validation were strongly supported,
a proviso being that CFD-grade data were available: for
example, using LDA, hot-film/wire anemometry and
Particle Image Velocimetry (PIV) for velocities and
turbulence quantities, and Laser Induced Fluorescence
(LIF) for species concentration. Papers describing
experiments which only provided data in terms of integral
measurements, i.e. area-averaged quantities, were not
accepted. Though emphasis was placed on single-phase
phenomena and separated flows, there was some scope
for papers dealing with high-quality multi-phase flow
experiments which featured local measurements of volume
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CFD4NRS Workshop
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fractions and for multi-phase CFD validation exercises
which followed BPGs. Figure 13 shows the frontispiece
for the workshop flyer, showing the title and location of
the workshop.

The case for future workshops in the series was
discussed openly during the final panel session. It was
noted that 2/3" of the papers accepted for CFDANRS were
concerned with single-phase applications while 1/3" were
dedicated to multi-phase issues. The ratio, which probably
reflects the degree of maturity of CFD in the respective
areas, suggests a growing acknowledgement of the role
of multi-phase CFD in nuclear safety issues. Selected
papers from the workshop, including three from invited
speakers, were subsequently included in a special issue
of the journal Nuclear Engineering and Design [92].

Clear recommendations to emerge from the workshop
for the continuing use of CFD methods in NRS issues are
listed below.

* BPGs should be followed as far as practicable to ensure
that CFD simulation results are free of numerical
errors and that the physical models employed are
well validated against data appropriate to the flow
regimes and physical phenomena being investigated.

e Experimental data for CFD code validation should
include estimates of measurement uncertainties and
should include detailed information concerning initial
and boundary conditions.

« Experimenters should collaborate actively with CFD
practitioners in advance of setting up their instrumentation.
Such communication is vital in ensuring that the
information needed to set up the CFD simulation will
actually be available, the selection of target variables
(i.e. the most significant parameters against which to
compare code predictions) is optimal, and the frequency
of data acquisition is appropriate to the time-scale(s)
of the most significant fluid-dynamic/heat-transfer/
phase-exchange events.

The second workshop in the series, XCFD4NRS, took
place in Grenaoble, France in September 2008. Here, the
emphasis was more on multi-phase aspects (see Table 1)
and was centred around and organised by the WG3 Writing
Group. Again, selected papers have been collected in a
special issue of the journal Nuclear Engineering and Design,
to appear shortly. The third workshop, CFD4NRS-3, will
take place in Washington DC in September 2010, and
plans are in place for a fourth workshop to take place in
Daejeon, Korea in 2012.

8.2 Benchmark Exercise on Thermal Fatigue

During a meeting of the three Writing Group chairmen
convened in Grenoble in September 2008 at the conclusion
of the 2" of the workshops, XCFD4NRS [93], discussions
were held concerning candidate experiments around which
to organise an international benchmark exercise; both
single-phase and two-phase options were considered. It
was generally acknowledged that it would be desirable to
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have the opportunity of performing a blind numerical
simulation, and this would entail finding a completed
experiment for which the data had not yet been released or
encouraging a new experiment (most likely in an existing
facility) to be undertaken especially for this exercise. The
group took on the responsibility of finding a suitable
experiment, for providing the organisational basis for
launching the benchmark exercise (though not on the scale
of an International Standard Problem, ISP), and for the
synthesis of the results.

An early opportunity came in the area of thermal
fatigue near a T-junction. As discussed in Sections 3.2 and
6.3 of this paper, failures of structures due to high-cycle
thermal fatigue have occurred in several nuclear plants
around the world in different reactor types, usually
associated with mixing zones where hot and cold streams
meet, particularly downstream of T-junctions. In addition,
in a recent PIRT-type study [17], the issue of thermal
fatigue came moderately high on the list of priority single-
phase NRS issues from Table 1, and there appeared to be
a good degree of conformity of interest internationally.
Figure 14 is a schematic of the geometric situation in a
typical T-junction configuration, showing the turbulent
mixing zone downstream of the junction and typical pipe
locations where cracks may be expected to appear due to
thermal fatigue.

Tests on thermal mixing in a T-junction were being
performed in 2007 at the Alvkarleby Laboratory of
Vattenfall Research and Development, with the primary
aim of providing high-quality validation data for CFD
calculations [94]. The test section (Fig. 11) is constructed
from Plexiglas and the junction itself from one solid block
into which the main and branch pipes fit. The temperatures
of the water in the main and branch pipes are maintained
at about 15°C and 30°C, respectively, with minimal heat
loss from exposed surfaces. Special care was taken to
provide simple and well-defined inlet boundary conditions
to remove ambiguities in defining the accompanying CFD
input data.

In these experiments, temperature fluctuations near

Fig. 14. Typical T-junction Configuration Showing Zone of
Turbulent Mixing and Possible Fatigue Crack Locations
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pipe walls were measured using thermocouples. These
were placed around the inner wall perimeter of the main
pipe, at seven stations downstream of the junction, and at
one station upstream. Velocity profiles upstream and
downstream of the junction were measured using a two-
component LDA system. Data are available in the form of
mean and root-mean-square values. Following negotiations
with representatives from Vattenfall, it was agreed to
perform a special mixing test in the series and keep the
data secret to provide a basis for a blind benchmark exercise.

The benchmark was launched at a kick-off meeting in
May 2009; at which time the official, detailed benchmark
specifications were released, and groups were invited to
submit CFD simulation results about one year later. The
leader of the Vattenfall experimental team was invited to
join the benchmark organising committee. Interest in the
activity was expressed by 65 groups around the world, and
of these 29 submitted blind simulation data for synthesis.
Results are to be presented at the CFD4NRS-3 Workshop
in Washington DC in September 2010.

8.3 Construction of the CFD for NRS Wiki Page

The activities of the three OECD/NEA Writing
Groups on CFD were concluded at the end of 2007 with
the completion of their respective CSNI reports. Like any
state-of-the-art report, these documents are only up-to-date
at the time of writing, and, given the rapidly expanding use
of CFD as a refined analysis tool in nuclear technology,
the information they contain will soon become outdated.
To preserve their topicality, improvements and extensions
to the documents are foreseen. It was decided that the
most efficient vehicle for regular updating would be to
create a Wiki-type web portal. Consequently, in a pilot
study, a dedicated webpage has been created on the NEA
website using Wikimedia software [95]. In a first step,

[& Assossmont of CFD for Nucloar Reactor Safoty Problerms - CFD - 168 (51 =}
<@ - Pscvemiters - CZ - 7

B0 e e s e @ 7

ECC Injection

»

= ]
(Coeamn)

= -
R BT s | i | iz | s i, | Soones-.. | Sroiners | Susiz i QY 5

Fig. 15. Current Layout of the WG2 Main Wiki Page
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the WG2 document in the form it appears in the archival
document [15] has been uploaded, to provide on-line
access. (The WG1 document [87] has since also been
uploaded, and the webpages for the WG3 document [16]
are under construction.)

Figure 15 shows the current version of the main page.
Listed are the main chapter headings of the WG2 document,
each being an active internal link to the actual detailed
information. For example, clicking on the item Executive
Summary (circled) opens up the pages containing the
Executive Summary in its entirety, just as it exists in the
original archival document. There is also an active scroll
bar, and a multi-level search facility. Navigation can be
via the Navigation Bar or by use of the Internet Browser
function, as indicated.

The larger chapters are subdivided; clicking on the
chapter heading leads to a page containing the sub-division
headings. These are themselves active links, and clicking
here leads directly to the documented material. Active
links are also being installed at this level, to enable the
user to navigate quickly to other parts of the document.
The web-page addresses, for example to the commercial
CFD sites, are also active, and it is planned to install a
similar facility for the journal references, which will be
useful for registered subscribers with electronic access to
the material.

However, the most useful feature of the web portal
will be the opportunity to modify, correct, update and
extend the information contained therein. The Wiki
concept is the vehicle for this. The aim is to have a static
site, with unrestricted access. Readers will not be able to
directly edit or change the information there but can
communicate their suggestions to the website editors. In
parallel, a beta version of the webpage will be
maintained for installing updates prior to transfer to the
static site. At present, access to the beta version is restricted
to the three former chairmen of the OECD/NEA Writing
Groups, who have editing responsibility for the website
versions of their respective documents, together with the
NEA webmaster. It will be the editor’s responsibility to
review all new submissions and implement them into the
open-access version of the site, following approval from
the CSNI. This responsibility is now being extended to a
full OECD/NEA scientific committee, since the burden of
work is expected to become excessive.

9. CONCLUSIONS

The use of computational methods for performing
safety analyses of reactor systems has been established
for more than 30 years. Very reliable codes have been
developed for analysing the pipework and components of
the primary system, and results from these analyses are
often used in the safety assessment of nuclear power
systems undertaken by the regulatory authorities. Such
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codes are based on networks of 1-D or even 0-D cells.
However, the flow in many reactor primary components
is essentially 3-D in nature, as is natural circulation,
mixing and stratification in containments. CFD has the
potential to numerically simulate flows of this type and
to handle geometries of almost arbitrary complexity.
Already, CFD is being applied to these and similar flow
situations to better quantify safety margins, and it is
expected to feature more prominently in reactor safety
analyses in the future.

The traditional approaches to nuclear reactor safety
(NRS) analysis, using system codes for example, take
advantage of the very large database of mass, momentum,
and energy exchange correlations that have been built
into them. The correlations have been formulated from
essentially 1-D special-effects experiments, and their
ranges of validity are well known and controlled internally
within the numerical models. Notwithstanding the scaling
issues which still need to be resolved, herein lies the
trustworthiness of the numerical predictions of the system
codes. Analogous databases for 3-D flows are very sparse
by comparison, and the issue of the trust and reliability of
CFD codes for use in nuclear reactor safety applications
has to be addressed before the use of CFD can be considered
at a similar level. This issue represented the primary focus
of the work carried out by the WGAMA CFD Writing
Group WG2. A summary of its findings has been embodied
in this article.

A list of NRS problems for which CFD analysis is
considered to result in positive benefits has been compiled.
The list contains safety issues of relevance to fluid flows
in the core, the primary circuit, and containment, under
normal or abnormal operating conditions and during
accident sequences. The list contains single-phase and two-
phase flow examples, though in the latter case reference
is made to the document dealing with the Extension of
CFD Codes to Two-Phase Flow Nuclear Reactor Safety
Problems, which accompanies this paper.

Recognising that CFD is already an established
technology outside the nuclear domain, a list of the existing
assessment bases from other application areas has been
drawn up by the WG2 group; some highlights are given
here. It is shown that these databases are principally of
two types: those concerned with general aspects of CFD
validation, such as ERCOFTAC, and those focussed on
specialised topics; for example, NPARC and AIAA. In
addition, most CFD codes currently being used for NRS
analysis have their own, custom-built assessment bases;
the data is provided from both within and externally to the
nuclear community. It was concluded that application of
CFD to NRS problems can benefit indirectly from these
databases, since many of the thermal hydraulic situations
are of a similar character.

Certainly more focussed on NRS issues are the
validation experiments carried out specifically to address
safety issues within the nuclear technology field; these
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have also been listed with evaluations of their usefulness.
Typical examples are experiments devoted to the boron
dilution and in-vessel mixing issues, pressurised thermal
shock, and thermal fatigue in pipes, all of which have
already been the subject of previous benchmarking
activities.

The technology gaps which need to be closed to make
CFD a more qualified numerical tool have also been
identified. These include lack of appropriate validation
data (aerosol deposition in containments), limitations in
the range of application of turbulence models (for example
in stratified and buoyant flows), coupling of CFD with
neutronics, system and structural mechanics codes, and
the need to keep simulations at a manageable size due to
computer power limitations in simulating long transients.
It was noted that good progress is being made in closing
most of these gaps.

Important new information has been provided by the
material presented at the CFD4NRS Workshop, during
which CFD-grade data from experiments and numerical
simulations with a strong emphasis on validation were
presented. The workshop forum also engendered ideas on
new benchmarking activities, and an international
benchmarking activity in the area of high-cycle thermal
fatigue was subsequently launched. In total, 29 groups
submitted “blind” CFD simulations of a mixing tee
experiment performed by Vattenfall, Sweden. A synthesis
will be presented at the 3rd workshop in the series (Sept.
2010).

CFD is a very dynamic technology, and with its
increasing use within the nuclear domain there will be
ever greater demands to document current capabilities
and demonstrate quality and trust by means of validation
exercises. It is expected therefore that any catalogue of
the assessment databases relevant to NRS will expand to
keep pace with the software development. To prevent the
important information assembled by the Writing Groups
from becoming obsolete, a web-based centre to consolidate,
update, and extend the information, based on Wiki software,
has been set up on the NEA website. This portal will
ensure that existing and future NRS benchmarking
activities will be as up to date as possible and readily
accessible to those who need them.
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