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SYNTHÈSE :

Les écoulements turbulents rencontrés dans les études de thermohydraulique
des réacteurs nucléaires ou de thermoaerodynamique des chaudières à combustible
fossile présentent des caractéristiques très variées: les transferts de chaleur, les
écoulements diphasiques sont fréquemment rencontrés et le couplage entre plusieurs
disciplines apparaît de plus en plus sur le chemin critique de la modélisation.

J>,Le£, geometries étudiées sont souvent multi-échelles, avec des parois de formes
complexes, comme le- soulignent les exemples d'une cuve de réacteur à eau
pressurisée, d'une roue de pompe primaire ou d'une chambre de combustion à lit
fluidisé circulant.

Dans la validation de la modélisation de la physique de ces écoulements, la
démarche analytique met en évidence les paramètres principaux descriptifs de l'état
local de l'écoulement : tenseur descriptif de l'anisotropie de la turbulence, échelles de
temps caractéristiques de la dynamique d'une particule dans un écoulement turbulent.
Des démarches coopératives, au sein de groupes de travail nationaux et internationaux,
permettent de progresser plus vite dans cette validation, en partageant et échangeant les
résultats obtenus par différents organismes.

Cette base acquise, il reste à valider les produits eux-mêmes, c'est-à-dire les
logiciels qui sont utilisés dans les études.

Les logiciels ESTET, ASTRID, N3S sont ainsi soumis à des batteries de cas
tests représentatifs de leurs domaines d'application respectifs. Ces cas tests sont
repassés pour chaque nouvelle version, et les jeux de cas tests sont enrichis au fur et à
mesure de l'enrichissement des fonctionnalités de ces logiciels.
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EXECUTIVE SUMMARY :

The turbulent flows encountered in nuclear reactor thermal hydraulic studies or
fossil-fired plant thermo-aerodynamic analyses feature widely varying characteristics,
frequently entailing heat transfers and two-phase flows so that modelling these
phenomena tends more and more to involve coupling between several branches of
engineering.

Multi-scale geometries are often encountered, with complex wall shapes, such
as a PWR vessel, a reactor coolant pump impeller or a circulating fluidized bed
combustion chamber.

When it comes to validating physical models of these flows, the analytical
process highlights the main descriptive parameters of local flow conditions : tensor
characterizing the turbulence anisotropy, characteristic time scales for turbulent flow
particle dynamics. Cooperative procedures implemented between national or
international working parties can accelerate validation by sharing and exchanging
results obtained by the various organizations involved.

With this principle accepted, we still have to validate the products themselves,
i.e. the software used for the studies. In this context, the ESTET, ASTRID and N3S
codes have been subjected to a battery of test cases covering their respective fields of
application. These test cases are re-run for each new version, so that the sets of test
cases systematically benefit from the gradually upgraded functionalities of the codes.
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MODELLING TURBULENT FLUID FLOWS IN NUCLEAR AND
FOSSIL-FIRED POWER PLANTS.

Pierre-Louis Viollet
Electricité de France,

Research and Development Division.
6 Quai Watier, 78400 Chatou, France.

INTRODUCTION.
The papers addresses some of the achievements and problems in modelling fluid
mechanics and hydraulics phenomena in fossil fuel-fired plants and nuclear reactors.

Following a short presentation on the flow patterns encountered in nuclear reactors and
fossil fuel-fired combustion chambers, the paper addresses progress in modelling
turbulent single phase and two-phase flows, and software validation.

MODELLING TURBULENT FLOWS IN NUCLEAR REACTORS.
Many kinds of turbulent flows, involving recirculating flows, heat transfer, stratified
flows, are encountered in nuclear reactor thermal-hydraulic studies. Table 1 shows
some of the flow patterns of importance for thermal-hydralic studies of pressurized
water reactors (PWR).

Table 1. Turbulent flow patterns encountered in thermal-hydraulic studies of PWR.
PWR component

Core.

Vessel.

Pipes of primary
circuit.

Pumps.

Steam generators.

Steam turbines.

Confinment
building (post
accidental studies)

Flow pattern

Turbulent, two-phase
(boiling).
Turbulent mixing,
recirculating flows in
lower and upper plena.

Turbulent flow with
strong buoyancy effects.

Turbulent flows with
rotation, cavitation.
Multiphase flow
(boiling in steam
generator).
Compressible
transsonic two-phase
flows with rotation.
Turbulent multiphase
flows (drops).

Heat transfer

Coupling flow and
fuel elements.
Heat transfer in upper
plenum thermal-
hydraulics.

Transfer with pipe
walls.
Stratified flows.

Between primary and
secondary flows
through tubes.

Inside gas and with
solid walls.
Hydrogen combustion.

Coupling with other
phenomena

Neutronics /
Hydroelasticity.
Hydroelasticity and
vibrations of
instrumentation tubes in
lower plenum.
Coupling with stress
analysis and thermal
striping in solid walls.
Hydroelasticity and
vibrations.
Hydroelasticity and
vibrations.

Hydroelasticity and
vibrations.

Coupling with simplified
models (MAAP).

In most cases, the solid walls geometries are very complicated, and sometimes small-
scale details are to be taken into account in the geometry. Figure 1 shows for instance
the computation of the flow in the downcomer and lower plenum of the vessel of a 3-
loops PWR, undertaken for the purpose of boron mixing studies. Figure 2 shows, as
another example, the computation of the flow in the primary pump of the French N4
1400 MW PWR reactors.



The modelling of single phase recirculating flows in complicated geometries is now
possible, thanks to the progress in the development of CFD software for turbulent
complex flows, and to validation studies, as discussed farther. The use of non-
structured grids, allowing to take into account a number of details in the geometry, is
now possible with grids up to 500000 nodes. In the N3S finite element code,
developped by EDF, tetrahedron are used and are felt as the most convenient way to
map these complex geometries.

Coupling with other phenomena appears as a new challenge : especially coupling with
heat transfer inside the solid walls, with stress analysis (hydroelasticity) for the
purpose of vibration.

The turbulence modelling remains a challenge in a number of applications, to be
discussed further, where the k-e model fails to reproduce the real flow patterns with
sufficient accuracy. The use of second moment Reynolds stress closure (SMC), now
becoming available for 3D computations, is expected to improve significantly the
accuracy of the simulations in a number of cases.

MODELLING THE COMBUSTION CHAMBERS OF FOSSIL-FUEL
POWER PLANTS.

In natural gas or liquid fuel-fired gas turbines, the geometries are often very
complicated, and turbulent combustion must be taken into account. The multiphase
phenomena are usually not too important in liquid fuel combustion because fuel-oil
vaporization udertakes generally very quickly.

In pulverized coal combustion, two-phase flow phenomena are to be taken into
account, together with chemical reactions as coal devolatilization (i.e. emission of
volatile matters from coal heated particles), turbulent combustion of volatile matters,
and heterogeneous combustion inside the coal particles. The aerodynamic flow pattern
are typically low Mach number disperse turbulent two-phase flows.

In fluidized bed coal combustors, a flow of gas carrying a dense bed of solid coal
particles is encountered in the vertical fluidization column, while a dispersed turbulent
two-phase flow is encountered in the cyclone separator, allowing separation of the hot
gas from heavy unbumed particles and ashes.

Figure 3 shows, as an example, the 2D computation of the fluidized bed column of the
Carling 125 MWe coal-fired fluidized bed power plant in France, and a 3D
computation of the flow in a cyclone separator.

In addition to the difficulties already reported on the modelling of single-phase
turbulent flows, the modelling of flows including dispersed or dense particles or drops
adds a number of new challenges:
- modelling the influence of the particles (or drops) upon the turbulence of the
continuous phase, and the influence of the turbulence upon the dispersion of the
particles ;
- modelling the particle / particle interactions and the particle / wall collisions, which is
very important in dense flows (fluidized beds).

Computer codes using finite volume or finite difference methods are simpler with
respect to mathematical formulation and have been used up to now, rather than finite
element methods, in order to implement the very complicated physics of multiphase
flows and combustion. EDF has developped the ESTET software system, including
the recently developed ASTRID code for the Eulerian modelling of multiphase flow.



MODELLING TURBULENCE IN SINGLE PHASE AND DISPERSED
TWO-PHASE FLOWS.

VALIDATION OF TURBULENCE MODELS FOR SINGLE-PHASE FLOWS.
Since 1980, a series of 15 workshops, organised by the IAHR working group on
Refined Flow Modelling have allowed to progress in the collaborative testing of
turbulence models. It has become apparent that the k-£ model (Launder, Spalding,
1974) allows to reach reasonable accuracy in a large number of situations, including
many recirculating and stably stratified flows.

Situations where strong failures of the k-£ model have appeared might be identified as
situations with rapid change of directions of the mean strain or of the mean gradient of
temperature (or important scalar quantities), for instance :
- the unstably stratified channel flow where counter-gradient heat flux is observed and
where the k-£ model strongly underestimates the increase of the turbulent mixing
caused by the buoyancy effects (Kanniche, Baron, Viollet, 1989) ;
- the impinging regions as encountered in the case of a jet impinging a flat plate, or
upstream of obstacles where the k-£ model leads to severe over-prediction (100%) of
the turbulent kinetic energy ; the flow pattern leads to a rapid variation of the directions
of the eigenvectors of the strain rate tensor Sjj, whereas the deviator of the Reynolds
stress tensor, ajj, exhibits more inertia, leading to regions of negative production, an

impossible feature for any k-E model (Laurence, 1992) ;
- strongly swirling flows with recirculations as are frequently observed in burners,
where the k-E model greatly underestimates the length of the recirculation region (this is
also the case, to a lesser extent, in the simple backward-facing step flow).

These problems are not cured in a satisfactory way by the "standard" form (Launder,
Reece, Rodi, 1975) of the second moment closure (SMC). In the last years, a sort of
consensus for a methodology along which SMC should be extended has emerged
(Shih and Lumley, 1985 ; Launder, 1989), greatly reducing the field of possible model
forms by noting that the information contained in the 6 components of the Reynolds
stresses must reduce to 3 parameters, the energy k, and 2 invariants, A2 and A3 of the
deviator ajj :

aij = (u'iu'j / k - 2. Sij ) ,

A2 = a* aid ; A3 = ant aicm ami

There is growing evidence that this kind of model, for instance the one from Launder
& Craft (1991), could give rise to a new "standard" formulation of SMC, to be used in
practical applications in the coming years.

MODELLING DISPERSED TURBULENT MULTIPHASE FLOWS.
Basically, two aproaches have been used to model multiphase flows : Lagrangian and
Eulerian. In the Lagrangian formulation a large number of particles trajectories are
calculated using a previously computed flow field of the continuous phase, and several
iterations can be necessary to get a solution which accounts for the mutual interaction
of the two phases (Gosman and Ioannides, 1981 ; Desjonqueres et al., 1987). In the
Eulerian approach, the two phases are treated as separate interpenetrating continua, and
mean equations with interaction terms are solved for each phase (Elghobashi and Abou
Arab, 1983 ; Pourahmadi and Humphrey, 1983 ; Chen and Wood, 1986 ; Krylov and
Solonenko, 1987 ; Simonin and Viollet, 1987).



In practice, even in the Eulerian formulation, the closure assumptions, which have
beer* used and validated, are based on the Lagrangian analysis of the particles
behaviour. However, for some industrial devices using pulverised coal injections or
fluidized beds, the solid phase loading is locally of order ten or more and the
interaction phenomena between phases take prominent part. In this kind of flows, the
Eulerian approach which leads to an implicit coupling between phases may become
inevitable.

Figures 3.a and 3.b show examples of Eulerian and Lagrangian computations,
respectively.

Lagrangian modelling of turbulent multiphase flows.
Considering a dilute dispersion of small rigid spheres in translation, the components of
the resulting force of volume induced by the surrounding fluid flow on the dispersed
phase may be written (Gatignol, 1983) :

f2, = - p , fDVrJ - P l C A l ^ l - p . c j ^ i - ^ + [ p > ^ - - P l g i
dt Jtn dx Vt-7 L dt

U2,i is the velocity of the particle, u j j is the instantaneous velocity of the surrounding
turbulent flow, and vfij = U2,i - ui,j is the local instantaneous relative velocity.

fD is the local drag coefficient (Wallis, 1969), given by :

fD= 1ÇB.|V,| with: CD= 2 1 [ i +0.15 Re™7] (Re = B l B ^ < 1000 )
4 dp Re uf

CA is the added-mass coefficient ; CH is also a constant coefficient. dp is the
particle/bubble diameter.

The first three terms on the right-hand side of this equation correspond to the drag
force, the added mass force and the Basset history force respectively. The last two
terms are due to the stress applied on the particle by the undisturbed surrounding fluid
flow. The derivative d/dt is used there to denote a time derivative following the moving
particle.

In Lagrangian modelling applied to turbulent flows, a large number of particles is to be
taken into account in order to get rid of statistical bias. For each of these particles, the
equation of motion using the above-written expression of the force is to be solved,
with an appropriate treatment of turbulent dispersion, through the simulation of
turbulent fluctuations of the velocity uj, i. The most natural way would be to do it
through large-eddy simulation, however, today, in industrial applications the usual
practice is to generate random walk velocity fluctuations from pre-defined statistics.
Other difficulties are the treatment of interaction of particles with boundaries (solid
walls), and transient phenomena.

Eulerian modelling of dispersed two-phase flows.
The governing equations for turbulent two-phase flows have been derived directly
from the local instant conservation equations in a single-phase flow by density-
weighted averaging with in addition local balances of mass, momentum and energy at
the interface (Delhaye, 1974 ; Ishii, 1975).

Mass balance.

- a k p k + — akpkUk.i = Tk
3i 9x



where, U^j is respectively the mean velocity for the continuous (k = 1) and dispersed
phases (k = 2),
ock is the volumetric fraction, pk the mean density, Tk, the rate of interfacial mass

transfer between phases, due to vaporization or devolatilization process (T\ + I"2 = 0)

Momentum balance.

a k pk | - Ukj + a* pk Uk.j ~- Uk.i = - ax J L Pi + Ok pk gi - ~ ak < p u"i u"j >k + I y - Uk,i r k
at dXj oxi oXj

where u"i is the fluctuating part of the local instantaneous velocity, and < . >k the
averaging operator associated to phase k, Pi is the mean pressure of the continuous
phase, Ikj is the interfacial momentum transfer between phases (Ii,i +124 = 0).

Energy balance.
In terms of specific enthalpy for the continuous mixture (k = 1), assumed here to be a
gaz mixture :

ockpk — Hie +otkpkUk,j — Hk = ak — Pi +akUk,j — P I
dl dxj dl 9xj

- — a k < p h " u"j>k + S k +llk - H k r k
OXj

where Hk is the mean enthalpy of the phase k and h" the corresponding fluctuation, Hi
the enthalpy per unit of mass of the gaseous mixture can be defined from the mass
fraction Xi j m and the enthalpy Hi,m of each species m of the gazeous mixture by :

Hi= X I jn H|,m(T|)

In terms of the temperature for the dispersed phase (k = 2) :

a k pk Cp.k — T k + Ok pk Cp.k Uk.j — T k = - i L a k Cp,k < p 9" u"j > k + Sk + n k - H k Tk
at dXj oxj

Tk is the mean temperature of phase k and 6" the corresponding fluctuation, Sk is the

radiative source term, and Ilk is the rate of interfacial heat transfer between phases (111

+ ri2 = 0).

Modelling interfacial transfer.
The analysis of local balance of forces acting on an isolated particle submitted to
devolatilization process leads to the following expression (neglecting the difference
between local and averaged velocity in phase k close to the interface) :

Ik,i= Uki Fk + I'k.i

The last term, for heavy particles with respect to gas density (p2 » pi), reduces to the
drag force contribution and may be written as :

I ' i j = - I'w = cx2 pi F D Vr,i with : FD = 2- £ & < | vr | >
4 dp

In bubbly flows, the added-mass effect must be added here.

When inter-particle collisions may be neglected, CD may be obtained as in the
expression written eallier of the force induced by the flow upon a particle, used in
Lagrangian modelling.



In order to take into account the inter-particle collisions, Balzer and Simonin (1993)
have proposed to use for 0C2> 0.2 a model resulting in the following expression of Co

Co = i (Si m+1.75)
3 ai Re

Vr,i, the averaged value of the local relative velocity between each particle and the

surrounding fluid flow, can be written in terms of the total relative mean velocity : AUj
= U2,i - Ui,j and a drifting velocity Vd,i due to the correlation between the
instantaneous distribution of particles and the turbulent fluid motion at large scales
with respect to the particle diameter (Simonin and Viollet, 1990) :

Vr.i = [ U2.i - Ui,i ] - Vd,i with : Vd,i = < HIj >2 - UIJ

The drifting velocity V^j takes into account the dispersion mechanism due to
particle transport by fluid turbulent motion. It reduces to the correlation between the
concentration fluctuations and the continuous phase velocity fluctuations in the limit
case where the particle relaxation time scale becomes very small with respect to the
turbulence time scale. In order to be consistent with the gradient-based modelling of
turbulent diffusion in this limit case (Viollet and Simonin, 1994), the velocity Vd,i is
approximated as follows :

Vd,i = - 1 . . .
L«2p2 3xi

In the case of heavy particles (p2 » pi), and under some approximations and
assumptions (local equilibrium), the turbulent fluid-particle interaction dispersion
coefficient Di2 l may be expressed as a simple function of the time scales of
importance (see table 2) :

D", 2 = 2-
3_'~ 3 • ' " x W + x f j

where qi^ and q2z are the turbulent kinetic energy of the continuous and dispersed
phase, respectively.

Turbulence modelling.
The simplest approach of turbulence modelling uses the eddy viscosity concept for
both phases, introducing Vkt and Dfct the eddy viscosity and eddy diffusivity of phase
k.

A k-£ model may be used for the continuous phase turbulence. The transport equations

allowing to compute qi and ei are written as in the usual k - e model, with additional
source terms, taking into account the influence of the particles fluctuating motion.

The theoretical study of particle motion in homogeneous and steady turbulent two-
phase flow, in the Eulerian frame, lead to write (Simonin, 1990), after some
simplifications and assumptions, the eddy diffusivity and viscosity of the dispersed
phase as functions of the different time scales (see table 2) which are important for the
analysis of turbulent dispesed flows, in the same way as Dj2l have been expressed

before (this expression is valid for heavy particles where P2 » Pi) :

D2 = D'I 2 + =• <$ xf 2 ; V2 = D'I 2 , F
TJ2 +TV2



Table 2. Time scales in dispersed phase turbulence, after Hinze (1959), Gouesbet et
al.( 1984). Ti2r from Csanady (1963). T2C from Balzer and Simonin (1993).

2

Time scale of the energetic turbulent eddies of continuous phase ' _ 3 p ^l

Time scale of particle entrainment by the continuous fluid
motion, relating inertial effects acting on a particle :

(= ± E£
3 P

pi AJ

if p2»pi)

Transit time required for a particle to cross the large eddies T _ , f̂  2
(typical size Lit) of the continuous phase turbulent motion : 2 V 3~
describes the loss of correlation due to the mean relative -l! / V
movement of the particles (crossing-trajectory effect) : - i r
Time scale of the fluid turbulent motion as seen from the
particles, or eddy-particle interaction time. x

(CB =0-45 from the experimental results of Wells & Stokes, 1988).

2 - i l ^ 1 + Cp (

Inter-particle collision time :
o^-^-

In bubbly flows, these expressions must be written in a slightly more complicated
way, taking into account the added mass and présure effects (Bel Fdhila and Simonin,
1992).

In dense flows, the influence of particle-particle interaction is also to be taken into
account. Balzer and Simonin (1993) have developped for that purpose a closure based
upon similitude with the kinetic theory of dense gases : if if is small with respect to
the other time scales, the random behaviour of particles is controlled by the collisions.

In order to have a better treatment of the high anisotropy which is observed on
dispersed phase turbulence in particle-laden jets, and to take into account non-
homogeneous effects in the kinetic energy of the dispersed phase, and particle-particle
interaction (collision), Reynolds stress transport equations for the dispersed phase may
be derived and solved (Simonin, 1991). These equations and the corresponding
closure assumptions are not detailed here.

A series of validation studies of the proposed turbulence models and closure
assumptions was achieved by comparison between numerical predictions and laser
Doppler velocimeter measurements in two-phase turbulent jets, in particular from
benchmarks from the IAHR-ERCOFTAC Erlangen workshops on two-phase flow
predictions (Sommerfeld, 1990, 1992), with different particle diameters and densities.

Validation studies from results of large-eddy simulations of dispersed flows in
homogeneous or sheared turbulence have also been performed (Deutsch and Simonin,
1991 ; Simonin, Deutsch, Boivin, 1993).

SOFTWARE VALIDATION FOR COMPUTATIONAL FLUID
DYNAMICS (CFD).

THE NEED FOR CFD SOFTWARE VALIDATION.
Considerable effort has been undertaken during the last decade in order to deliver
software for computing turbulent flows to engineers in charge of practical studies.
Today, this software, either home-made or available from commercial sources, is



coupled with efficient and easy-to-use pre-processing and graphic interface delivering
the results with nice colors. There may be a temptation to believe in results from a
software, provided they are beautifull and that the code ran easily.

This software is in fact the final result of three different approaches, namely :
- modelling the physics of the flow considered, i.e. writting the equations of the
turbulence model or other models (closure relationships in multiphase flows, turbulent
combustion,...) ;
- defining the numerical methods and algorithms allowing to numerically solve these
equations ;
- coding, i.e. writting as a fortran program (or other langage) the result of the two
previous steps.

Each of these three steps is the cause of errors and approximations. It is well known
that approximations are needed for the closure of the statistical equations for the
computation of averaged quantities in turbulent flows, as discussed in the last section
of this paper. But it may be sometimes forgotten that the solution algorithm and the
numerical discretization cause errors in the solution. Especially, the non linear
advective terms are, whatever method they are approximated with, the source of
numerical diffusion which causes the results to be grid-dependant when the
discretization is too inaccurate and the grid is too coarse. There is a dilemna between
accuracy and numerical stability, and in many end-user oriented software packages, the
accuracy has been sacrified to robustness : for instance, many software still today use
the upstream linear discretization of advection (the "upwind" scheme) causing a
numerical diffusion equilalent to a viscosity or diffusion coefficient equal (in a one-
dimensional case) to u ox 12, where u is the advecting velocity and 8x is the grid size.
More accurate, higher order methods have less numerical diffusion : for instance the
so-called QUICK scheme (upstream parabolic approximation) or characteristic methods
with third order approximation.

The limitations of the k-E turbulence model have been discussed ealier in this paper,
and second moment closure is searched as a cure to these limitations. The coupling
between the averaged Navier Stokes equations (the Reynolds equations) and the full
transport equations for the Reynolds stresses may be numerically quite unstable if not
carefully discretized. As numerical diffusion stabilizes any computation, one should be
careful! not to cancel out the interest of the use of an accurate turbulence model using a
poor numerical scheme and a coarse grid.

Resulting from this discussion, the validation process prior to delivering a computing
tool to users may be separated into two steps.

The first step is to validate the closure for turbulence or other physical phenomena
requiring approximations, on simple experiments, making sure that this validation
process is free of influence of the numerical approximations or coding errors. It is
extremely fruitfull to have collaborative testing of models at that step, allowing to
compare results with same or similar turbulence models but different numerical
methods and computing codes. The benchmark exercises undertaken under working
groups of international associations (IAHR, ERCOFTAC), already mentioned in the
last section, have a strong contribution to that collaborative testing.

In that step, the traditional data used for validation purposes are experimental results.
New possibilities are also offered from Direct Simulations of Turbulence and Large-
Eddy Simulations, allowing to provide data for turbulence model evaluation.



The second step is aimed at providing the user with a data base on the results of the
same computer code he is planning to use, compared to experiments, on a number of
validation test cases. This data base should correspond to the same release of the
software that the user is applying, and should contain full information on the physical
models used for each test case, together with numerical parameters and description of
the grid. From an economic point of view, the cost of software validation procedures is
high. Though today industrial applications use grids up to 500000 nodes, it is desirable
that validation test cases correspond to simplified situations with number of nodes one
order of magnitude lower.

From the knowledge of the state-of the art in turbulence modelling (first step), and
from the results of the validation test-cases (second step), the user may appreciate the
kind of accuracy which is to be expected from his results, and the degree of confidence
(and decide for instance whether additional validation work is necessary or not). This
is essential in many industrial situations, because of the impact of the results upon risk
evaluation studies involving safety of the persons (especially in nuclear reactor thermal-
hydraulic analysis), or upon industrial or environmental projects (Quality Assurance).

Needless to say, CFD software users must be skilled, and the know-how in the correct
use of software for computing turbulent flows is now a new specialty for engineers.

VALIDATION OF SINGLE-PHASE AND TWO-PHASE SOFTWARE USING
STRUCTURED GRIDS.
The 3D software ESTET has been developed for single-phase fluid dynamics. It has
been under development for more than 10 years, and its release 3.2 issuing in 1995
includes compressible flows, Lagrangian modelling of multiphase flows, and coupling
with heat transfer inside solid walls. A satellite version allows the treatment of
combustion, using different turbulent combustion models, and a Reynolds-stress
transport equation model for turbulence is under validation.

Table 3. Validation test cases of ESTET 3.2 (single phase + Lagrangian multiphase)
1 Flow behind a sudden pipe expansion (expansion ratio 1,945). 47x90 grid.
2 Fully developped channel flow, Re = 2.28 105
3 Fully developped pipe flow,, Re = 5 105.
4 Laminar flow in the square lid-driven cavity ; 3 grids 26x26 ; 61x61 ;101xl01.
5 Laminar natural convection in a square cavity, Ra = 103 and 105. Grids 26x26 and 30x30.
6 Turbulent natural convection inside a rectangular cavity, aspect ratio 2,5,

Ra= 1011.61x61 grid.
7 Flow around a surface vehicle (schematic car) ; 50x16x39 grid
8 Mixing of a slightly heated discharge inside a pipe crossflow. 39x15x28 grid.
9 Mixing of a helium jet in CO2 pipe flow, 45° downstream incidence ; 50x25x31 grid.
10 Buoyant vertical jets in an unconfined crossflow ; 55x25x40 grid.
11 Steady thermal stratification up to a curve in a long pipe ; 131x9x25 grid.
12 Constant-density flow inside a 180° pipe curve ; 60x17x33 grid.
13 Transient density currents in a U-shaped pipe ; 82x19x19 grid.
14 Shock tube with pressure ratio = 10.
15 Compressible subsonic flow through a fence, with Coanda effect ; 73x21 x22 grid.
16 Compressible perfectly expanding free jet (Mach =2) ; 124x200 grid.
17 4 cases of mixed convection inside a square box ; hot and cold jets ; cold jet + heated

bottom wall ; cold jet + heated upper wall ; cold jet + isothermal walls. 98x103 grid.
18 2 cases with head losses due to grids inside the computing domain.
19 Mixing of hot and cold water jets with coupling with heat transfer inside solid walls.

A 3D sotware called ASTRID (Viollet, Simonin, Olive, Minier ; 1992) solving the
Eulerian multiphase equations as described before has been developped in the last years
inside the Research Division of EDF. ASTRID uses the general structure from ESTET,



with a number of improvements on the numerical accuracy made necessary for the
needs of computing multiphase flows.

Table 4. Validation test cases of ASTRID 1.0 (Eulerian two-phase flow).
1 Jet loaded with particles in a co-flow . 35x35x22 cartesian grid.
2 Flow with particles in a cyclone separator, 28x27x34 grid.
3 Stratification resulting from a bubbly flow in a horizontal pipe,
4 Bubbly flow inside a 180° pipe curve (see ESTET case n° 12 ; 60x17x33 grid.
5 Single-phase flow in fully developped pipe (see ESTET case n° 3).
6 Steady nucleate boiling in a vertical tube.
7 Bubbly flow downstream a sudden vertical pipe expansion (exp ratio = 2) ;

35x35x51 cartesian grid.
8 Bubbly flow through a staggered tube bundle, 3 rows) ; 49x143
9 Single phase helium jet in CO2 pipe flow, see ESTET case n°9 ; 50x25x31 grid.
10 Air jet loaded with propanol droplets undergoing vaporization ; 40x40x27 grid.
11 Transonic air flow with drops in a venturi ; 176x69 grid.

ESTET and ASTRID use structured grids (rectilinear or boddy-fitted) with collocated
arrangement of the velocity components, and pressure as well as volumetric phase
fraction cck defined at the center of each cell. Accurate treatment of advective terms
(high-order characteristics, QUICK method) are implemented.

Tables 3 and 4 show the list of the validation test-cases of this system, corresponding
respectively to releases 3.2 and 1.0 of ESTET and ASTRID. These tests have been run
prior to delivering the codes to users outside the development teams (but a number of
skilled users participated in this validation process). As only k-E models are sill
available as standard options in this software, all test cases are presented with
"standard" variants of this turbulence model (including low Reynolds number version,
or modification for compressible flow).

The ESTET test cases 4 (lid-driven cavity), 5 (natural convection) and 14 (shock tube)
are designed as to test the numerics and correspond to laminar flows. Other test cases
are designed as to cover the application range of ESTET to turbulent flows, including
natural convection (6), "basic" turbulent flows (1, 2, 3, 8, 12), buoyancy effects and
stratified flows (10, 11, 13), flows with large density variations or compressible (9,
15, 16), mixed convection (17), and coulig with heat transfer inside solid walls (19).
Test cases on shocks in turbulent flows are at the present not included, as adaptive
grids allowing mesh refinement around the shock are necessary for accurate shock
capturing. Combustion in ESTET is a satellite version, and is not addressed here.

Among the 11 ASTRID 1.0 test cases, some are only qualitative regarding the extreme
complexity of the considered phase separation phenomena (n°2, 3, 4, 11). Some are
designed for the purpose of comparison with the single-phase code ESTET (n°5, 9).
Other test cases show comparisons of turbulent dispersed phase flows with
experiments (n°l, 7, 8, 10), many of these test situations being taken from cases
studied at the Erlangen workshops (Sommerfeld & al, 1990, 1992).
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VALIDATION OF FINITE ELEMENT SOFTWARE.

Table 5. Validation test cases of N3S 3.0, 3.1 and 3.2 : 2D cases.
1 Laminar natural convection in a square cavity, Ra = 103 and 105. Two grids 1849 and

2601 nodes (same as ESTET case n°5).
2 Laminar flow around a cylinder.
3 to 11 Other laminar 2D cases (Poiseuille flow, analytical solutions, heat transfer,...).
12 Turbulent flow inside aligned tube bundle..
13 to 17 Same as ESTET cases n°l, 2,3, + backward-facing step & turbulent lid-driven cavity.
18 Stably stratified channel flow.
19 Unsteady stratification in a U-shaped pipe
20 Decay of grid-generated turbulence
21 Flow over periodic dunes ; 2938 nodes.
22 Stably stratified channel flow, salt/soft wat.
23 Turbulent flow behind a cylinder
24 to 26 Row in complex geometries (turbomachines)
27 Axisymmetric jet impinging a wall, 3492 nodes.
28 Wall-mounted rectangular obstacle in a boundary layer.
29 Mixed convection in a vertical channel.
30 Flow behind a vibrating square-section cylinder, with grid deformation.
31 Low-Reynolds number turbulent flow behind 1 or 2 cylinders.
32 Modifications to the k-e (RNG, 2 length scales...) model in simple geometries.
33 Same as ESTET case n°18 (channel with head losses due to grids).

The finite element software N3S, using triangles in 2D and tetrahedron in 3D,
undergoes the same validation procedure as described in the previous section. N3S
having both a 2D and a 3D version, a part of the validation has to be duplicated for
both. This is made possible through automatic test-case running procedures.

Among the 33 referenced cases in table 5 for the 2D version, 18 were available at the
time when release 3.0 was proposed for use (1990) ; the other ones were added during
the last two years.

Table 6. Validation test cases of N3S 3.0, 3.1 and 3.2 : 3D cases.
LAI Analytical 3D solution of Navier-stokes eq.
TU1 Flow through a curved non circular pipe (Stanitz) ; 12325 nodes.
TU2 Mixing of a slightly heated discharge in pipe crossflow (same as ESTET n°8) ; 8942

nodes.
TU3 Fully developped flow in a conduit with rectangular cross-section
TU4 Transient density current in a U-shaped pipe (same as ESTET n°13) ; 16321 nodes.
TU6 Sudden pipe expansion (same as ESTET n ° 1 ) ; 61060 nodes.
TU7 Mixing of a helium jet in a CO2 pipe flow (same as ESTET n°9) ; 17598 nodes.
TU8 Constant density pipe flow through a 180" curve (same as ESTET n° 12) ; 64775 nodes.
TU9 Flow in a fumace with obstacles, and head losses due to grids.

Among the 9 referenced 3D test-cases as appearing in table 6, 8 concern turbulent
flows, most being common validation cases both for ESTET and N3S. Case TU7 is
run with dilute helium-CO2 mixture for release 3.0 which does not allow to compute
flows with too large density variations, while for release 3.1 issued in 1993, quasi-
pure helium jet (as in the ESTET case) is considered. N3S 3.2, issued at the end of
1994, allows in addition grid deformation and moving boundaries, especially for
hydroelastic coupling (see case 30). In addition to these "simple" validation test cases,
a number of industrial applications is referenced, allowing also to test quickly new
released upon more complicated tests.

N3S being used for turbomachine applications, a number of corresponding validation
cases are included (n° 24 to 26 in 2D ; TU1 in 3D). Compressible and reacting flows
are satellite versions of release 3.1 (and 3.2), and have their own validation test cases,
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not described here. Adaptive meshes are available also in a satellite version of N3S 3.2
and have been tested over 10 test cases (not described here).

Though SMC is under implementation, all turbulent test cases here were run using the
k-e model for turbulence.

CONCLUSION.
In nuclear reactors or in fossil-fired plants, a number of types of flows are typically
encountered :
- turbulent recirculating flows with mixing, heat transfer, and sometimes stratified
flows in plena, combustion chambers, and pipes ;
- flows in turbines ;
- dispersed multiphase flows (fuel drops, coal particles, vapor bubbles, water drops).

In fossil-fired plants, combustion is of course also to be considered.

Provided validation of the closure assumptions needed for modelling turbulence,
multiphase flows, and turbulent combustion is clearly done, showing the application
range of the different assumptions, and provided the software to be used for practical
applications is properly validated and documented, CFD is now a powerfull tool
allowing to investigate the thermal-hydraulics and heat transfer in nuclear reactors and
fossil-fired power plants.

In the future, adaptative meshes, on the one hand, and generalization of second
moment closure for turbulence, on the other hand, will significantly improve the
accuracy of CFD. Multiphase flow modelling as well as turbulent combustion
modelling will remain a field where closure will still need to be improved and
validated.
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Figure 1. Computation of the flow in the downcomer and the lower plenum of a 3
loops PWR reactor. N3S code, 350006 nodes and 229736 elements (tetrahedron).
After Alvarez, Martin, Schneider (1994).



Figure 2. N3S computation of the flow in a primary pump of a PWR. The four blades
of the wheel can be seen ; velocity vectors and pressure field are shown on a
visualization conical surface. After Dueymes and al (1995).
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Figure 3. Schematic view of the loop of the solid matters in a fluidized bed coal
combustor.
(a) : 2D computation of the solid particles velocity field in the fluidization column
(Balzer, 1995).
(b) : 3D computation of the gas flow and particles trajectories in a cyclone separator
(Minier, Gabillard, Simonin, 1991).


