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Abstract

Two-phase Computational Fluid Dynamics (CFD) is nmereasingly applied to some Nuclear
Reactor thermalhydraulic investigations. A Writigroup of the OECD-CSNI-GAMA on the
“Extension of CFD to two-phase safety issues” ligsntified a list of Nuclear Reactor Safety (NRS)
issues for which the use of 2-phase CFD can bringahbenefit and proposed a general multi-step
methodology. Various modelling options were ideéatifand classified and some first Best Practice
Guidelines (BPG) were proposed in the final repdrthe WG3. The purpose of this paper is to
specify the methodology in more detail for the sbten of model options, to discuss the conditions
and limits of applicability of the various optiorf3our main modelling approaches are considered, the
porous body approach, the RANS approach for opetdiumg the filtered methods, and the pseudo-
DNS.

A classification of the modelling approaches isga®ged with a nomenclature. The conditions of the
consistency between the various choices and steffseanethodology are specified, including the
coherence between turbulence and interface fifjerretween averaging and formulation of the
closure laws, and adequacy of the validation makikst of frequent errors is given. A checklistr f
application of two-phase CFD to reactor thermalbwtic issues is proposed.
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1 INTRODUCTION

Two-phase Computational Fluid Dynamics (CFD) or @atational Multi-Fluid Dynamics (CMFD)

is now increasingly applied to some Nuclear Reathermalhydraulic investigations. A Writing
Group (WG3) of the OECD-CSNI-GAMA on the “extensiohCFD to two-phase safety issues” has
identified a list of Nuclear Reactor Safety isstmswhich the use of 2-phase CFD can bring a real
benefit and proposed a general multi-step methggolthe various modeling options were identified
and classified and some first Best Practice GuidsliBPG) were proposed in the final report of the
WG3. A progress of this activity was presentechatXCFD4ANRS meeting in 2008.

The purpose of this paper is to go farther in thalysis on several points. First the methodology is
specified in more detail for the selection of modletions. This allows to proposing a classificatain
modelling approaches with a possible nomenclatdreen, the applicability of the general
methodology and of the various model options théam-phase flow regime is discussed. Four main
modeling options are considered, the porous bogyomeh with a homogenization technique, the
RANS (Reynolds Averaged Navier Stokes) approachofien medium, the Large Scale Simulation
methods (extension of the Large Eddy Simulationceph to two-phase flow simulation), and the
pseudo-DNS approaches. Some limitations of eachoapp are identified and some important non-
dimensional numbers are listed which may allowléssify the various situations.

Some pseudo-DNS approaches with Interface Tradietpods are applied to some basic two-phase
flow but CPU cost makes it prohibitive for induatriapplication. Therefore many attempts to use
under-resolved DNS are made in some specific camgit It is shown that the Large Scale Simulation
methods are able to simulate some dispersed flgimes as well as separate-phase flows, but they
encounter many difficulties when trying to appleh to the full range of flow regimes, in particular
when there is not a unique interfacial structuré &hen the associated scales cover a wide range. Th
RANS like methods can in principle be applied tdflalv regimes but have also severe limitations for
the most complex flow regimes. A hybrid LES meth®dlso identified which could be applied to all
flow regimes with some filtering of the larger irfeces. The porous body approach with a
homogenization technique is used in component céale8D Core thermalhydraulic simulations.
They combine difficulties of the CFD for open mediwith the difficulties of the 1D models; they are
still used with many simplifications which were raitvays even identified and listed. For each of
these four modeling approaches, attention is di@wsome conditions and limits of applicability.

Some reference to the ERCOFTAC (European ReseaochmDnity on Flow Turbulence And
Combustion) Best Practice Guidelines on Dispersetbdlent Multi-Phase Flow are made which
provide some BPGs. The conditions of the consigtétween the various choices and various steps
of the methodology are specified, including thearehce between turbulence filtering and interface
filtering, between averaging procedure and formaitatof the closure laws, and adequacy of the
validation matrix with the selected model optio@Bice non-consistencies in the modeling options are
not so rare, a list of frequent errors is given.

A checklist of Best Practice Advice for applicatioh two-phase CFD to reactor thermalhydraulic
issues is proposed.

2 METHODOLOGY FOR APPLICATION OF TWO-PHASE-CFD TO NUCLEAER
REACTOR SAFETY

21 Themethodology

The general method of work illustrated in Figurevds proposed (Bestion et al., 2006, Bestion et al.,
2009a) for using two-phase CFD for safety issudl siiccessive steps:
1. Identification of all important flow processes

2. Main modelling choices
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2.1 Selecting a basic model
2.2 Filtering turbulent scales and two-phase initéemcy scales
2.3 Treatment of interfaces
3. Selecting closure laws
3.1 Modeling interfacial transfers
3.2 Modeling turbulent transfers
3.3 Modeling wall transfers
4. Verification
5. Validation
If the CFD tool is used in the context of a nuclesactor safety demonstration using a Best-Estimate
approach, one may add a last step:
6. Uncertainty evaluation

Identification of all important flow processes

Verification PIRT analysis.

Application with BP& s

Uncertainty evaluation §§ s
consistency S

(\C‘{
W then oy Exp. Data + DNS
C
MODEL OPTIONS / Exhaustive
Basic model 1-fluid model, 2-fluid model, Validation

multi-field models...

Filtering turbulent & 2-phase scales:
RANS, URANS, LES, LTS, VLES.. : CL07CSI{I2/E LA M;S
Treatment of Interfaces : ntertfacial franster
statistical or deterministic? ITM? ~—————1 Turbulent transters
ILIS: local flow configuration map consistency |\, 1l transters
Characterization: (a,Ai, [0 &)?

Polydispersion?

Figure 1: General methodology for two-phase CFDiegion to nuclear reactor safety

2.2 ldentification of all important flow processes

The reasons of this first step are explained byré¢pert of the OECD-CSNI WGAMA WG3 (Bestion

et al, 2010). However one must be more specifithencontent of this step. The various basic flow
processes to be identified may be part of the folig non exhaustive list: wall heat transfer,
mechanical load on structure, turbulent mixing afmentum, of heat or of another scalar, interfacial
friction (or more generally interfacial momentunansfer), interfacial heat and mass transfer by
condensation or vaporization, interfacial massdf@mby dissolving or degassing of a honcondensable
gas, flow instability, etc. One of the identifiedopesses may be the actual issue of interest but al
other processes which may influence the issue alseeto be listed.

Then, based on the analysis of some experimentalastel on some reflections made in a preliminary
brainstorming or during a PIRT exercise, one shayldo answer the following questions:
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What kind of two-phase flow regime(s) is (are) ko be present? In particular, how
many separate fields are expected? One may considephase flow regimes as
various combinations of continuous liquid field,ntauous gas field, and dispersed
fields such as bubbles and droplets.

Is it a steady or transient situation? Since atbalent flows and two-phase flows have
inherent flow parameter variations with time asatead to eddies and interface movements,
all are somewhat transient but one should idenhi&/time scales of interest. Are there time
scales of flow parameter variations which play la o the process of interest? (For example
large scale eddies may play a role in thermal isgigand thermal fatigue investigations
whereas in many other problems the simple averagmgneffect of turbulence has to be
considered)

What is the minimum space scale of interest inpttegess? This defines the space resolution
of the simulation which is required for solving tissue.

What is the basic phenomenon or physical procesgerest?

What are all the other physical processes whicltaopled with or which influence the basic
process of interest?

What are the main non-dimensional numbers whichracherize the important flow
processes?

3 CLASSIFICATION OF THE TWO-PHASE-CFD MODEL OPTIONS

31

Need of a better classfication

Some attempts to classify the various model appemevere already proposed in the OECD-CSNI
WGAMA WG3 reports (2006, 2010). Classification waade on the following aspects:

Phase averaging or field averaging:

- Homogeneous for a two-phase mixture

- Two-fluid model

- Multi-field models

Filtering turbulent scales and two-phase intermdyescales:

— Al turbulent scales are filtered (RANS models)

- Only some scales are filtered (two-phase LES)

— All turbulent scales are predicted (DNS)

Treatment of Interfaces

— Use of Interface Tracking/Capturing Technique

— Use of a pure statistical treatment of interfaces

— Use of an Identification of the Local Interfaceusture (ILIS)
— Characterization of the interfaces through Intadlaarea density or other quantities

However one would prefer a classification whichweldhe successive choices with the arborescence
of all possible resulting approaches. One maydrgite a more detailed classification by considgrin
(see Table 1) all treatments of the basic locahimaneous equations for mass (continuity equation)
momentum (Navier-Stokes equation), and energy, whie used in the various Eulerian modelling
approaches. The selection of the respective aplpesacan be made by considering 5 successive
choices:

1.

Open medium approach or homogenizing techniquedoous body? Is there a multiplication
of basic equations by a fluid characteristic fuoict

How many fields are distinguished? Is there a milité@tion of basic equations by a phase
characteristic function or field characteristic ¢tion?
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3. Time averaging or ensemble averaging?
4. Space averaging or filtering
5. Deterministic interface, filtered interface or &ttal interface?

3.2 Open medium approach and porous body approach

One may distinguish the open medium and porous unedipproaches. A simple way to introduce
these differences is to consider that local instabus equations are first multiplied by fluid/doli
characteristic function before any averaging aefihg.

Let X (x,t) be the fluid/solid characteristic function

Xs (X,t) = 1 when point x is in the fluid at time t

X (X,t) = 0 when point x is in the solid at time t
In case of a flow bounded by non deformable sdlidcsuresyr is not function of time.
A Volume average of A is defined as:

<A>(x1) Dm [ Aly,Dav (y)

V (x)

A Volume average af; is the so-called porosity factor:

O< >—Vf
@L< X, Y,

In the classical porous body approach, after nmliddfion byx; equations are averaged over a
fluid volume as follows:

<X A>_
<X, > V (X)v

Then every local fluid parameter A may be considerg an average plus a space deviation:

<A> (x,t)O [Ax.dv

ALC<A>, +0A

3.3 Thenumber of fluidsor fields

One can separate the two-phase flow in severaksfiel
- 1-fluid for a model which considers a mixture o tlwo-phases together
- 2-fluid for a model which considers the two-phasegarately
— n-field for a model which splits one or both phaiseseveral fields.

Multi-fields model are commonly on the type 2+nb-+mith two continuous fields (continuous gas
and continuous liquid) + one or nb bubble fieldd &ror nd droplet fields.

The way to introduce these differences is to cardidat local instantaneous equations are multiplie
by fluid/field characteristic function before anyesaging or filtering.

Let X« (X,t) be the fluid characteristic function for glesk or field k (k=1,n)
Xk (X,t) = 1 when point x is in the phase k or fikldt time t
Xk (X,t) = 0 when point x is not in the phase k etdik at time t
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One can multiply also by the produgt . x; for a multi-field model in a porous body
approach.

After averaging of the basic equations multipligdyp , or X« . xs for k = 1, n, the three balance
equations (mass, momentum and energy) are writtenas one for each phase or field.

3.4 Timeaveraging and space averaging

Time or ensemble averaging is a common way to dequations for the so-called RANS (Reynolds
Average Navier-Stokes) approach.

Although time averaging and ensemble averagingldferent, they can be reasonably considered as
equivalent (ergodicity) in steady or quasi-steddw$ where the RANS approach is applied.

Time averaging filters all turbulent scales anddpts only a mean velocity field. Time averaging
does not allow for the prediction of the space timeé position of the interfaces of dispersed drtsple
and dispersed bubbles. It has also a smearingfluside effect on the large interfaces between
continuous liquid and continuous gas such as asfueface or the surface of a liquid film along dlwa

It is possible to reconstruct a steep large interfay numerical techniques (see Lucas et al., 26009)
waves have disappeared as shown in Figure 2.

Figure 2: Effect of a time averaging on a two-phifse: on top the real flow; in the center
the averaged flow; at bottom the filtered flow wétlieconstructed free surface

Space averaging is necessary in the porous bodpagp after having multiplied equations by the
fluid/solid characteristic function and possiblg@aby the fluid (or field) characteristic function.

Space averaging or filtering is also used in theated Large Eddy Simulation (LES) of turbulent
flows in an open medium context. This techniqueob®es now increasingly applied in single phase
CFD to be able to simulate some transient flowogpredict large scale coherent structures. Therfilt
scale defined the part of the turbulence spectrurtiwis simulated and the part which must be
modelled.

Space averaging in two-phase flow filters not otllg small eddies but also the interfaces and the
density discontinuity is smeared or diffused anplaeed by a surface local density gradient. It is
possible to reconstruct a steep interface by nualetechniques but small scale deformations of the
interface may have disappeared as shown in Figure 3
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Figure 3: Effect of a space filter on a two-phdew/f on left the real flow, in the center the
filtered flow; on right the filtered flow with a censtructed interface

35 Deterministicinterface, filtered interfaceor statistical interface

An interface will be saiddeterministically treated” when its space and time position is simulated or
actually predicted without any simplification. & ¢learly the case of a DNS or pseudo-DNS modelling
where neither space nor time averaging is used.flolein the left on Figure 3 is predicted will all
eddies and all small deformations of the interface.

An interface can also be considered as “deternmalbf treated” after a space filtering if the
reconstructed interface (see figure 3) is not digtacompared to the real interface. A “determiaisti
interface” requires that all phenomena having &lnémce on space and time position of the interface
are also simulated. The conditions for this areciéiged below in the section on LES with
Deterministic Interfaces.

An interface will be said Statistically treated” when an averaging or filtering procedure does not
allow to predict its space and time position. Ostgtistical or averaged information on several
interfaces may be predicted through quantities ssch void fraction, or an Interfacial area density
Such a statistical treatment may result from timeraging or from space averaging.

An interface will be considered abiftered Interface” when its space and time position is predicted
with some filtering of the smaller scale deformatioCases illustrated in Figures 2 and 3 are ditter
interfaces. This filtering may result either fropase filter or from time averaging.

3.6 A possibleterminology for Eulerian Two-phase CFD approaches
Following the 5 choices above one may propose minetogy for Eulerian two-phase CFD
approaches.
The nomenclature is a series of 4 groups of chenrsictMM-nF-TT-I|
MM can be:
> OM for Open medium approach

- PM for 3D porous medium approach

— 1D for area-averaged 1D models in ducts, channeisclannels

— 2D for 2D models using a space averaging in the Betiibn

The latter case does not apply to 2D models whggh some symmetry in a 3D flow to reduce the
dimension to 2. It applies for example to a 2D nilaulg of an annular dowcomer of a reactor vessel
when equations are averaged over the radial diredtieeping a 2D problem in vertical and azimuthal
directions (Z9).

> nFis the number of fluids or fields
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2F for the classical two-fluid approach
nF for a n-field model

nG/pL for n gas fields and p liquid fields (if one wants)be more precise on the number
of fields in each phase

» TT tocharacterize thefiltering of turbulent scale:

DN for Direct simulation of the whole turbulence spem
RA for Reynolds Average approach
FT for filtered turbulence like LES, DES, ...

> |l tocharacterizethetreatment of interfaces:

DI for Deterministic Interface using an Interfacecdkiag Technique
Sl for Statistical treatment of Interfaces

FI for filtered Interfaces: an Interface Trackingreconstruction Technique is used but it
does not predict smaller scale deformations ofitliesface

FI/SI for hybrid methods where the larger scale intedaaee known by an Interface
Tracking or reconstruction Technique and the smabiale interfaces are only statistically
treated
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OM: Open medium approach PM: Porous medium approaehone-fluid
FI: Filtered Interface DI: Deterministic Inteca Sl: Statistical Interface

Table 1: Classification of Eulerian Fluid DynanSicnulation approaches for Two-Phase Flow

2F: two-fluid DS: DirectrBulation
RA: Reynolds faged

FT: Filtered turbulence

Treatment of local equations Pseudo Filtered approaches RANS Component codes
DNS 2-fluid System codes
Open medium/ Multiplied by fluid/solid No No No No No Yes No No
. characteristic functions
Porous medium
Nb of fields Multiplication by field No No Yes Yes Yes Yes Yes Yes
characteristic functions . . . . . .
2-fluid 2-fluid 2-fluid 2-fluid 2-fluid 2-fluid
n-field n-field n-field n-field n-field n-field
RANS? Time or ensemble averaging No No No No Yes Yes Yes Yes
LES? Space averaging No Yes Yes Yes No Yes Yes Yes
Volume Space 1D averaging
averaging averaging
LIS? ITM or Yes Yes Yes No No No No No
Statistical/ Interface Recognition IT™™ IR
deterministic/
filtered
Interfaces
Type of CFD Possible terminology OM-1F-DS-DI OM-1F-FT-DI OM-2F-FT-FI/SI OM-2F-FT-SI OM-2F-RA PM-2F 1D-2F PM-2D-2F
with Acronyms OM-nF-FT-FI/SI | OM-nF-FT-SI OM-nF-RA PM-nF 1D-nF PM-2D-nF
. Hybrid LES _
Pseudo LES with With filtered LES with RANS Porous 1D 2D
deterministic & statistical statistical medium
DNS interfaces interfaces interfaces approach
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4 THE PSEUDO-DNSAPPROACH OM-1F-DS-DI

The DNS or pseudo-DNS does not apply any spadenerdveraging of the equations. However some
additional equation or numerical treatment is regglito track the interface and to add the physics o
the liquid-solid interface or of a triple line (lig-solid-gas). There is no need to solve equatfons
several fields and a 1-fluid approach is genenadlgd with some additional equation or technique to
track the interface position. Additional models afeen required for example for implementing a film
splitting criterion when two bubbles coalesce artfe contact angles at a triple line solid-liqgias.
Such additional models are the reason why in twasphflow the word DNS must be replaced by
pseudo-DNS since some very small scale physiostisaived but only modelled.

Since no averaging or filtering is used, pseudo-BN8uld be able to predict the smaller scale eddies
(up to the Kolmogorov dissipative scale), the seradicale interface deformations and smaller scale
distance between interfaces. This would be extremidficult for liquid films between two bubbles
when they collide before coalescence since it woedgiire mesh sizes in the order of the micrometer.
Therefore such very thin films are often not presticto allow larger mesh sizes. It may affect the
prediction of some phenomena such as coalescertmeak up phenomena but we will still consider
that such extension still belongs to the pseudo-BpiS3oach.

Pure DNS solving only exact equations without arydelling does not exist in two-phase flow and
pseudo-DNS techniques also have to be validatedsigaxperimental data to see how the models and
the simplifications affect the predictions.

Since even pseudo-DNS require extremely expensii#) @Cost, its use is restricted to the
investigation of very small scale flow processea asmplement to experimental investigations and as
a support for the modelling and validation of moracroscopic approaches.

5 THE RANSAPPROACH

This is the most simple, the cheapest (in term£PBU), the most advanced and the most used
available two-phase CFD method. The RANS approachwo-phase flow consists in applying an

ensemble averaging or a time averaging which $iltall turbulent scales and all two-phase

intermittency scales. The method is applied todstémws or quasi-steady flows when the time scales
of variation of mean variables are larger than ltlrgest time scales of turbulence and two-phase
intermittency.

The Figure 4 below illustrates how a two-phase fiswimplified by a RANS like approach.

Xv=0or1
/\ O<ac<«1

RANS

<|

Figure 4: lllustration how a RANS like approacinplifies a two-phase flow
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No velocity fluctuation is predicted and only tirageraged velocities are solved. The presence of
interfaces is treated statistically by averagedup&ters such as the void fraction or the interfaciea
density.

Compatibility of RANS with flow regimes

RANS is in principle compatible with all two-phaflew regimes provided that they are steady or
guasi-steady. The condition is that the time soélmean flow variations is significantly larger tha
the time scales of turbulence and two-phase intendy (time between passage of two interfaces at a
given point).

For dispersed bubbly flow (see Bestion, Anglaralet2009b) or dispersed droplet flow, the conditio

is easy to satisfy.

For separate-phase flows (stratified flow, anntilew), the averaging filters interfacial waves in a
way which is not fully clear: although the modejjiaf turbulent diffusion prevents simulation ofdar
eddies it does not prevent irrotational waves to ppedicted resulting from Kelvin-Helmholtz
instability.

For slug and churn flow regimes with large bublflEther Taylor bubbles in slug flows or distorted
large bubbles) the intermittency due to the passédbese bubbles corresponds to rather large time
scales. Since the RANS filters even these largesdas not able to predict this intermittency.

Compatibility of RANS with the number of fields

RANS is compatible with all the possible choicestfee number of fields, including single-fluid, two
fluid and all kinds of multi-field models.

Compatibility of RANS with interface treatments

Due to the time (or ensemble) averaging, RANS iscomnpatible with a deterministic treatment of

interfaces since interface movements and deformmt@re influenced by eddies which are not
simulated by the RANS approach.

RANS is fully compatible with the statistical tre@nt of interfaces.

RANS is also compatible with some “Filtered Inted&for some large interfaces as shown in Figure
2 with a free surface which is parallel to the méaw velocity (Coste et al. 2008).

6 THELESWITH DETERMINISTIC INTERFACES

The LES with Deterministic interface (OM-1F-FT-Ddpmbines a filtering of turbulent fluctuations
with an Interface Tracking method used for all ifdees. This method was developed and used by
Bois et al (2010), Toutant et al. (2009a, 2009baghteleine (2010), Lakehal (2008a, 2008b), in both
dispersed flow and free surface flows.

A “deterministic interface” requires that all pluemena having an influence on space and time
position of the interface are also simulated. Thealker scale deformations of the interfaces are
influenced by the turbulent fluctuations and theaste tension.

A limiting value of a Weber number should define thmits of applicability of LES together with a
Deterministic Interface.

2
We = M Squm
g

v(l) is the velocity scale of turbulent fluctuations éatdies of size equal to I.
For a given turbulence spectrum it may give a maxrmvalue of the filter scale [fliter:
2
O V(e )
P

For a given filter scalg;k, the maximum value of the turbulent fluctuatingogity V(l)at scale ger
is:

I s WQim

filter
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g
v(l.. . )< /W ,
( fllter) Q|m p | e

Another limit, which is often less restrictive ridated to the Laplace scale:

1| o0
S _ —_—

n\glip
This Laplace scale is related to the smallest vesgth of free surface waves (capillary waves) lor fi
waves when there is no high turbulence intensibe fiequired value of n ( probably in the range 5 to
10) should be determined.
Finally, if there are very small bubbles much serathan the Laplace scale, e;g. in boiling flove th
filter scale should allow a good description of ihterfaces of these smallest bubbles of diametgr d
which results in a severe limitation:

filter

o<ty
m

filter < min

According to Magdeleine (2010), m can be taken ash&st without degrading the results.

All these limitations make this “LES with Deternstic Interface” method less CPU consuming that
pseudo-DNS (up to 1 or 2 orders of magnitude) bllitrather expensive. It is still used as a reskar
tool as a support for the modelling and validatwbmore macroscopic approaches and cannot address

a real industrial problem.

7 THELESWITH STATISTICAL INTERFACES

When the largest two-phase intermittency scalatiser short and significantly shorter that the datg
turbulent eddies (see Figure 5), a LES method pdicgble with a filters scale smaller than the &rg
eddies but larger than the two-phase scale to amtatistical treatment (OM-nF-FT-SI). This was
already applied with some success to some turbulspersed flow by Dhotre et al. (2007) and
Niceno et al. (2009).

These authors have applied the so-called Milletedon about the smalles$ie scale,dnin
being the smallest bubble or droplet size.

lie >15d,,

filter

O (@]
/ o O
(@) ® o] L
e o |l P v Lfiter
o \Uj
o (@) (@

Figurer 5: A dispersed flow treated by a LES wittistical Interfaces

O

Such a method is clearly much less CPU consumiag tihe pseudo-DNS and the LES with
deterministic interface but it is restricted to soflow situations, typically the dispersed bubbie o
dispersed drops where the large eddies are mugérldnan the largest bubbles or eddies. In slug or
churn flow where the largest bubbles and the largeslies are of the size of the geometrical
dimensions of the flow (such as a Hydraulic diametds method is clearly not applicable.

This method is compatible with the two-fluid modmid multi-field models where the dispersed
bubbles or droplets may be treated by size groups.
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8 THE HYBRID LES METHOD WITH BOTH FILTERED AND STATISTICAL
INTERFACES

Looking for a method which may address all flowinegs with a more reasonable CPU cost than the
pseudo-DNS and the LES methods above, one mayrimaghybrid method which filters the smaller
eddies and treats statistically the small droptetdbubbles while the other interfaces are simply
filtered (OM-nF-FT-FI-SI). This is illustrated inigure 6. the space filter eliminates the smaller
bubbles which are treated statistically, and itkbns and filters the interface of the large bubble
which may be reconstructed with a simplificatiorttod shape as on the right side view.

Figure 6: Treatment of a two phase flow with a iylwES method

Although this method has not been clearly defined applied, some analyses with a two-
fluid model without any turbulence model may be sarhat similar to it (Bartosiewicz et al.,
2007, 2008).

It may be a promising way of modelling the most pter two-phase flow (such as churn or
slug flow) at a reasonable CPU cost without filtgrithe two-phase structures like RANS
does. However the closure issue is rather compleixtiae present state of the art is not very
well advanced.

This method is compatible with the two-fluid apprbaand with multi-field models. A 4-field
model with a continuous gas field, a continuousiitigfield, a dispersed bubble field and
dispersed droplet field may be help to reconstituetarge filtered interfaces.

9 THE CFD IN POROUSMEDIUM APPROACH

The CFD in porous medium approach uses a spacagngror filtering of time averaged
basic equations multiplied by or by the producg . x; as defined in section 3.2 above. It is
adapted to the macroscopic 3D description of twasphflow in reactor components such as
the Core or the Steam Generator. The minimum fileale in such components is the
subchannel scale. This approach is used with sam@ifying assumptions in the component
codes for Core and SGs.

Due to the time averaging, additional terms suctRagnolds stressea’,u’; or turbulent

diffusion of heatlTH' appear in balance equations. Due to space filteringerdigm terms of
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momentum and energy (related tdukoéuj> and <$ui 66>) appear in the equations which
would require some modelling.

In the present state of the art, no modelling of dispersons exists and only very simple
turbulent diffusion models are used.

This method is compatible with the single-fluid model, the tluafmodel, and any kind of

multi-field model. In the nuclear community, the most c@rpnodels are using the 3-field
model with a gas field a continuous liquid and a drofsgd, which is adequate for annular
mist flows.

10 THE CLOSURE ISSUE AND THE SELECTION OF THE VALIDATION
MATRIX

10.1 Thewall transfers

Momentum and energy transfers at the wall have to beeleadfor all CFD approaches
except for the pseudo-DNS. The number of models isiplietl by the number of fields.

The so-called wall function approach is generally useavtiid the use of too fine nodes in
the boundary layer close to the wall. Such wall functioxistdor single phase and some
progress was made to extend to two-phase situatioaK(secar et al., 2008).

10.2 Theinterfacial transfers

A two-fluid model requires a modelling of mass, nestum and energy interfacial transfers.
A multi-field model requires a modelling of masspmmentum and energy interfacial transfers for all
types of interfaces. In a 2+nb+nd model there arenb + nd interfaces:

- 1 interface between continuous liquid and continuous gas

- nb bubble interfaces (1 interface between each biietdeand the continuous liquid)

- nd droplet interfaces (1 interface between each dréipldtand the continuous gas)
For interfaces of dispersed fields (bubbles and dtsplsome models exist which have a
reasonable degree of reliability (see some informaticdBRCOFTAC 2007 document). For

large interfaces like a free surface some models wesre developed (Coste et al, 2008,
Lakehal et al. 2008).

10.3 Theinter-field masstransfers

In case of a multi-field model mass transfers betwberfields belonging to the same phase
are needed.

In a 4-field model with a continuous gas field, a cordimuliquid field, a dispersed bubble
field and dispersed droplet fiefdere are only two possible transfers:

- between continuous liquid and droplet field by amment and deposition

— between continuous gas and bubble field by bulkdgdtuce and bubble bust at a free surface

In a 2+nb+nd model there are nb! + nd! possiblssrieansfers. This includes the same transfers as
above for each dispersed field plus the mass eemdfetween each couple of droplet field and
between each couple of bubble fields by coalescandéreak up.

There is some experience in modelling of such ntemssfers in the MUSIG method applied to
polydispersed bubbly flow (see Krepper et al., 2006rel et al., 2009) with a rather large number of
bubble fields.
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There is also some experience in the modellingnbfaegment and deposition of droplets in annular-
mist flow described with a 3-field model.

10.4 Theturbulent transfers

Both time (or ensemble) averaging in the RANS approachspace averaging in the LES
approaches require a modelling of second order monwnfisictuations such asi';u’; or

u ie. All the existing types of turbulence modellingvd®ped for single phase flow ¢-
Rij- €, LES,...) haven been extended to two-phase flow aitbwer maturity and a lower
degree of reliability. Some information is avalilior dispersed flow in the ERCOFTAC
(2007) document.

10.5 Additional modelsfor filtered interfaces

In the filtered interface approach such as used RANS modelling of stratified flow (see
Figure 2), or in the hybrid LES method illustrated Figure 6, a large interface can be
reconstructed from the available information (véidction, void fraction gradient, ...) but
many possible processes related to the interfaeenat predicted which require some
modelling:

— Wauves at the interface created by filtered presandevelocity fluctuation
— Capture of bubbles by some phenomena like the brgakaves
- Entrainment of droplets by splitting of the largéefed interface

For example the presence of waves at a free suridmeh are not seen by the filtered
interface must be taken into account for their@fen the momentum transfers and heat and
mass transfers. The waviness acts as a roughndsh wigreases interfacial friction and
enhances also heat and mass transfers (see Cat@@t0).

10.6 Identification of theLocal Interfacial Structure (IL1S)

The formulation of interfacial transfers dependstbe local structure of interfaces. If we
consider the point M at location x at time t, tbhedl interfacial structure in the vicinity of M
may be:

Dispersed bubbles

Dispersed droplets

Presence of a large interface between continuquglland continuous gas

4 Same as 3 + droplets in continuous gas and or balblcontinuous liquid

In case of a 4 field or 2+nb+nd multi-field modele knowledge of the local volume fraction
of each field is sufficient to know the local stwe at M(x,t) and there is no ambiguity to
select the adequate interfacial transfer models.

In the case of a two-fluid approach or even a siilglid approach, the local structure has to
be determined from the more limited available loicdibrmation, void fraction, interfacial
area, void fraction gradient. An ILIS is requiredhioh is the equivalent of the flow regime
map for 1D models. No reliable published ILIS exigor the two-fluid model with an
automatic recognition of all possible local inteftd structures and this may be a difficulty
for some specific cases such as a plunging jet§sbenidtke & Lucas, 2008).

W N P

10.7 Selection of the validation matrix

Both Separate Effect Tests (SET) and Mixed Effeest$ (MET) are required for the
validation of a CFD model applied to a safety issue

15/20



CFDANRS-3

The SET and MET validation matrix should cover iatportant flow processes identified
during the first step of the methodology.

The SET validation matrix should ideally be ablevédidate each important closure law in a
separate effect way. The number of measured floarpaters in SET should be sufficient to
allow a validation of each important closure law.

The SET and MET validation experiments should cowkrally the range of the non-
dimensional numbers which are expected to playrgoitant role.

The instrumentation in the validation tests shquidvide enough information to get initial
conditions and boundary conditions for the simolati

11 CONSISTENCY IN APPLICATION OF THE METHODOLOGY

11.1 Consistency checks

During the successive steps of the general metbggplseveral choices are made which
require some consistency. One can list a few requipnsistency checks:

— This basic choice of the number of fields must tdepted to the physical situation or
to an acceptable degree of simplification of thaation. In particular, if the specific
behavior of two fields plays an important role acdog to the PIRT, they must be
treated separately.

— The experimental SET validation matrix should béaaistive with respect to all
identified flow processes.

- The experimental SET validation matrix should b&edab validate all the interfacial
turbulent and wall transfers.

- In the ideal case the number of measured flow petars in the validation
experiments should be consistent with the complexit the selected model to
validate. A model defined by a set of n equaticangiig a set of principal variables Xi
(i = 1, n) can be said “validable” when one can suea n parameters giving the n
principal variables.

- The averaging procedure must be specified to giekear definition of the principal
variables and of the closure terms in the equatidhs filtering of the turbulent scales
and of two-phase intermittency must be fully cotesis

— The averaging of measured variables must be censistith the averaging of the
equations.

- A Deterministic Interface using an Interface TraxkiMethod requires that all
phenomena having an influence on the interface afteo simulated or
deterministically treated.

— The choice of an adequate interfacial transfer tdaton must be consistent with the
interface treatment (deterministic, filtered, satial), and with the ILIS.

11.2 Somefrequent errorsor defaults

Due to the availability of many modelling options ¢ommercial CFD codes such as FLUENT,
STAR-CD, CFX, or in CFD codes specific to the nacleommunity such as NEPTUNE_CFD
(Bestion & Guelfi, 2005, Guelfi & Bestion, 2007),may happen that some non-consistent choices are
made. Most errors are relative to non consisteoicels of space and/or time resolution for integhci
wall, and turbulent transfer modelling. A few exdegpof frequent errors are given here:

1. Useof a 1D mode for modelling interfacial transfer in CFD approaches
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The interfacial transfer formulation in a 3D mdiatg relates a local flux Jof a quantity X to a
difference between local phase variablerXltiplied by a local transfer coefficient ; C

in =C>i<30[x| - Xv]

The interfacial transfer formulation in a 1D moduwll relates an area averaged flyoFa quantity X
to a difference between area averaged phase vadgibhultiplied by a global transfer coefficieni:.C

(F)=Caol (X)) =(x,)]
Even if the flow remains unidirectional, e.g. inpipe, there is no reason thaC,,, =C,,,
and the difference between them can of severar®afemagnitude. It would be exact only in case of

uniform fields of X and X, which cannot be the case in a 1D model since areeaging contains
boundary layers along walls in which all varialiese generally strong gradients.

2. Useof interfacial transfers of porous medium model in a open medium approach

This is the same type of errors as for the prevaase. In the porous medium approach, the traissfer
volume averaged in a space domain which containadsry layers along solid structures in which all
variables have generally strong gradients.

3. Useof wall transfersof porous medium model in a open medium approach

This is a similar error to the previous one. In pleeous medium approach, the wall transfer terras ar
homogenized due to the volume averaging in a sgdao®in which contains solid structures. In an
open medium approach transfers with walls genetaltythe wall function approach.

The wall transfer formulation in an open mediumrapph relates a wall flux Fwx of a quantity X to a
difference between local variable Xk and the vadtiethe wall Xk multiplied by a local transfer
coefficient: Cx

Fr=c¥x -x,]

The wall transfer formulation in a porous mediunpraach relates a volume averaged flux Fx of a
guantity X to a difference between volume averagedse variable <Xk> and the value at the wall
multiplied by a global transfer coefficient Cx:

(Fr)=cr[(x)-x,]

Here again the difference between the two trarsdefficients can be of several orders of magnitude
both wall friction and wall heat transfers.

4. Usea 3D two-fluid model without any turbulence modelling

The two-fluid model includes a time averaging oeelong period of time covering all two-phase
intermittency scales. Therefore all or part of thebulence spectrum is filtered by this averaging
process and this results in additional terms in emmm and energy equations for turbulent stresses
(Reynolds stresses) and for turbulent diffusionclvhiequire adequate modelling.

In the case of a heated pipe with a two-phase flawly the fluid meshes along the wall could be
heated correctly by the wall but the transfer te tiore flow can only be correctly described by a
turbulent transfer model in energy equations.

5. Useof averaged interfacial transfer coefficientsin a DNSor LES approach

This is the same inconsistency as the previoushahén a different context. The intention is heve t
have a fine resolution simulation with an Interfacacking Technique for a deterministic treatment o
interfaces. In absence of adequate modelling effatial friction of interfacial heat transfer,
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12 CHECKLIST FOR APPLICATION OF TWO-PHASE CFD TO REACTOR
THERMALHYDRAULIC ISSUES

The following checkilist is proposed for applicatiohtwo-phase-CFD to a nuclear reactor issue. They
correspond to the successive steps of the methgylpl@sented in section 2 and they can be grouped
in the following way.

A: ldentification of important flow processes

1. What is the basic process of interest in my reastue that | would like to predict by
CFD (e.g. fluid temperature field in a componerigdctemperature, a local heat
transfer, a mechanical load on some structure, lacie field in a component, a
system peak pressure...)?

2. What are all the other important basic processashnére coupled to the process of
interest?

3. What are the main non-dimensional numbers whichraci@rize the important flow
processes?

4. What is the space and time domain of interestifercoupled processes?

5. What kind of two-phase flow regime(s) is (are) likéo be present in the domain of
interest? In particular, how many separate fielgsexpected?

6. Is it a steady or transient situation? In case tasient what is the minimum time
scale of interest?

7. What is the minimum space scale of interest inpttoeess?
B: Selecting basic model options
8. Specify the time and space resolution of the sitiarlaaccording to answers to
questions 5 and 6
9. Choice of a number of fields according to answeguestion 4
10. List of wall transfers (mass, momentum and enevgyith may play a significant role
in the whole process
11.List of interfacial transfers (mass, momentum amtergy) which may play a
significant role in the whole process
12.List of turbulent transfers (mass, momentum andgneavhich may play a significant
role in the whole process
C: Review of experimental data for validation
13.Check that the available experimental data covdvaaic flow processes identified in
2. If required, plan and design new experimentsoteer all processes.

14.Check that the available experimental data covériraportant wall transfers,
interfacial transfers and turbulent transfers ideat in 9, 10, and 11. Check that they
can be used to validate all important transfer nede a separate effect way. If
required, plan and design new experimental progiarsder to be more exhaustive.

15.Check that the instrumentation and the experimeas$ provide enough information
to get initial conditions and boundary conditions the simulation.

16.Check that the instrumentation and the experimetaists provide sufficient local
information on flow parameters of interest to vatel closure laws for wall,
interfacial, and turbulent transfers identifiedinl0, and 11.
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NOMENCLATURE

BPG Best Practice Guidelines

CFD Computational Fluid Dynamics
CMFD Computational Multi-Fluid Dynamics
DNS Direct Numerical Simulation
ERCOFTAC European Research Community on Flow Tlartme And Combustion
IT™M Interface Tracking Method

LES Large Eddy Simulation

LIS Large Interface Simulation

RANS Reynolds Averaged Navier Stokes
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