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SYNTHESE

Un bon nombre d'applications de la modélisation numérique en mécanique des
fluides auxquelles l'EDF est confrontée ont trait aux écoulements à hautes
températures et/ou à densité variable : ces applications sont par exemple liées à la
conception de nouveaux processus industriels faisant appel à l'électricité (injection de
plasma, arcs électriques, chauffage par effet Joule) ou à la production d'électricité
(brûleurs à charbon pulvérisé, chambres de combustion de turbines à gaz).

Afin d'être à même d'étudier ces problèmes, des progrès sont nécessaires tant
en termes de modélisation de phénomènes physiques complexes que de leur interaction
avec la turbulence. La modélisation de la turbulence est basée sur des fermetures en un
point.

Des applications industrielles sont présentées pour les différents domaines
d'intérêt d'EDF. Un premier exemple, en liaison avec les applications de l'électricité,
traite de la modélisation d'arcs électriques transférés et du couplage thermique et
électrique entre l'arc et le bain de métal. Le second concerne la modélisation de la
combustion dans les brûleurs des centrales thermiques utilisant des combustibles
fossiles. Le dernier exemple provient des centrales nucléaires et concerne la formation
d'écoulements stratifiés dans l'enceinte de confinement d'un réacteur nucléaire.

(HE-40/96/009/A)



EXECUTIVE SUMMARY:

Amongst the applications of CFD that EDF has to deal with^Xlarge number are
related to high temperature and/or variable density flows: these/applications are for
example related to the design of new industrial processes using electricity (plasma
flows, electric arcs, heating using Joule effect) or to electricjty production (pulverised
coal burners, gas turbine combustion chambers).

To be able to study these problems, developments were necessary both on the
modelization of complex physical phenomena and on their interaction with turbulence.
The. nw(te1i7atinn nf tnrhnVnrf ic hnnori nn m

Industrial applications are presented in the various fields of interest for EDF. A
first example deals with transferred electric arcs couplings flow and thermal transfer in
the arc and in the bath of metal and is related with applications of electricity. The
second one is the combustion modelling in burners of fossil power plants. The last one
comes from the nuclear power plants and concerns the stratified flows in a nuclear
reactor building.

(HE-40/96/009/A)



STUDYING AND MODELLING VARIABLE DENSITY TURBULENT
FLOWS FOR INDUSTRIAL APPLICATIONS

J.P. CHABARD, O. SIMONIN, A. CARUSO, C. DELALONDRE,
5. DALSECCO, N. MECHTTOUA
EDF- DER. Departement Laboratoire National d'Hydraulique
6, Quai Watier. 78400. Chatou. France.

1. Introduction.

Amongst the applications of CFD that EDF has to deal with, a large number are related
to high temperature and/or variable density flows : these applications are for example
related to the design of new industrial processes using electricity (plasma flows, electric
arcs, heating using Joule effect) or to electricity production (pulverised coal burners, gas
turbine combustion chambers).

To be able to study these problems, developments were necessary both on the
modelization of complex physical phenomena and on their interaction with turbulence.
The modelization of turbulence is based on one point closures.

Industrial applications are presented in the various fields of interest for EDF. A first
example deals with transferred electric arcs coupling flow and thermal transfer in the arc
and in the bath of metal and is related with applications of electricity. The second one is
the combustion modelling in burners of fossil power plants. The last one comes from
the nuclear power plants and concerns the stratified flows in a nuclear reactor building.

2. Transferred Plasma Arc for Metallic Bath Heating.

Electric arcs are widely used in the metallurgical industry and, for a few years, numerous
transferred arc plasma torches have been installed for tundish or ladle heating. Although
the global behaviour of these processes is correctly controlled, the knowledge and the
understanding of the heat transfer between the electric arc and the steel bath are rather
limited, that makes their optimisation difficult. Because of the complex nature of the
plasma, experimental work is difficult and only gives global information instead of
localised information which may be important to determine the optimum operating
conditions in the plasma reactor. But, recent works in modelling [8, 16] demonstrate the
interest of using a modelling approach in order to improve a plasma processing.

In the present paper, study is focused on molten metal heating with a transferred arc
plasma torch. The interaction between the arc and the metal bath is studied by



considering the flow, temperature and electromagnetic fields both in the arc and in the
bath which are computed separately using the Melodie code, a 2D axisymmetrical finite
differences code developed at LNH. Moreover, a specific modelling of the anodic layer,
corresponding to the boundary layer occurring on the bath surface, is performed by
means of a one-dimensional subgrid model.

Numerical model

The computing geometry is approximately a 200 kW pilot furnace supplied by
Tetronics to EDFs plasma laboratory (figure 1). It consists of an argon transferred arc
between a cathode tip plasma torch and an iron anodic bath under atmospheric pressure.
The arc length is 150 mm. A 125 mm radius steel anode is located at the bottom of the
furnace. The walls of the furnace are made of high-grade alumina refractory.

Basic assumptions and Modelling in both plasma and bath domains

Steady, two-dimensional axisymmetrical, plasma and molten metal flows are considered.
Local thermodynamic equilibrium (LTE) and global electric neutrality are assumed to
prevail in the plasma. In consequence, the plasma modelling used the classical fluids
mechanics equations coupled with the electromagnetic ones (with Laplace forces
contribution in the momentum equation, Joule and radiative source terms in the energy
equation). Due to the axisymmetrical geometry, the magnetic field is calculated directly
from the current density distribution with the help of the Ampere's theorem [5].

For the bath flow computation, identical equations are solved without, of course, the
radiative losses. But, the enthalpy conservation equation is solved using a finite volume
method in order to improve the thermal balance. The bath surface (interface) is assumed
to remain flat. The Marangoni effect is neglected compared to the surface shear stress and
electromagnetic forces. The bottom electrode of the furnace made of iron is also
computed. Depending on the furnace working conditions, this electrode, solid at the
bottom, can melt close to the bath. The same equations are used both in the solid and
liquid part of the metal but, when the temperature decreases under the melting
temperature of iron (1809 °K) the velocities are imposed to zero.

In the plasma domain, the iron evaporation is taken into account. In addition to the
governing equations of conservation of mass, momentum and enthalpy, a conservation
equation of the iron mass fraction is solved. The iron vapour condensation on the walls
and in the plasma chamber is taken into account by assuming that the phase transition
happens at a constant temperature but its contribution in the energy balance is neglected.

The radiation loss of the plasma is modelled by means of a net emission coefficient
function of the local temperature and the iron molar fraction proposed by [7]. For the
moment the radiative heat flux to walls (bath surface and refractory) are not taken into
account. The complex radiative transfer in the plasma chamber that needs a three
dimensional modelling are in progress of development by using a discrete transfer
method [14].



In such industrial electric arcs, turbulence must be taken into account. This is performed
in the present study by means of a two-equations k-epsilon turbulence model. But for
instance, due to the large variations of the molecular viscosity, both laminar and
turbulent regimes may be present in the same flow. To account for that, a low-Reynolds
k-epsilon turbulence model is used [11, 6]. But the possible effect of the turbulence on
the electrical conductivity is neglected. The same turbulence model is used in the anodic
metal bath in order to treat laminar as well as turbulent cases.

The thermophysical properties of the plasma are function of the local temperature of the
local iron mass fraction. Electrical conductivity is given by simplified formula [9] and
thermal conductivity by [1]. The effective binary diffusion coefficient of iron in argon is
estimated from the molecular viscosity assuming that the Schmidt number is almost
constant and equal to 0.7 [8]. For the liquid iron bath, transport and thermodynamical
properties are taken from literature [2].

Coupling and boundary conditions

As shown in figure 2, the coupling between the two domains is achieved with the help
of the condition of transfer of current, heat and momentum at the Arc-Bath interface,
according to an iterative scheme. A special treatment of the anodic boundary layer by
using a one-dimensional model taking the iron evaporation into account ensures the
electrical and thermal coupling between the arc column and the anodic surface.

Boundary conditions for plasma domain

On the walls, global heat transfer coefficients and external temperatures are considered
[2, 17]. Those coefficients integrate the wall conductance and the internal convective
coefficient. This last one is obtained from the flow computation with the help of the
wall-functions [12].

At the gas inlet, a temperature of 300 °K and a parabolic velocity profile are imposed.
The gas outlet is considered as an open boundary. There is of course no electrical current
flowing through those boundaries as well as for the refractory walls. On the cathode tip,
a zero normal derivative of the temperature and a zero electric potential are specified.

The radial velocity distribution on the bath surface is imposed and taken equal to the one
obtained from the metal bath computation. A uniform electric potential, result of the arc
computation through the adjustment of the current intensity is imposed at the plasma-
metal interface.

Anodic layer treatment of the arc-plasma interface

In the anodic layer, because of the metallic vapour, the LTE is assumed. Furthermore,
the partial pressure of the iron vapour at the interface is supposed to be a function of the
local temperature according to liquid-vapour transition curve. The radial gradients are
negligible compared to the gradients along the axis of the arc. This means that the
thickness of the anodic layer is smaller than the radius of the arc. Under these
assumptions, the problem is simply one-dimensional in the normal direction to the



anode surface and the equations of temperature, mass fraction, continuity and current
conservation are solved in order to give the temperature and iron mass fraction profiles
in the anodic layer and to ensure electrical and thermal coupling between the arc column
and the bath surface [10].

At the upper edge of the ID anodic layer, the temperature, the iron mass fraction and the
current density resulting from the 2D calculation are imposed. At the anodic wall, the
metal bath surface temperature is imposed. The iron mass fraction is imposed and
calculated as a function of the temperature and the iron vapour pressure.

This anodic model gives also the heat flux transmitted to the bath. According to [10], it
can be evaluated from the enthalpy balance in the negative space charge zone near the
bath surface and accounts for metal evaporation.

Boundary conditions for iron bath computation

At the bath surface, the heat flux density and the normal current density given by the
one-dimensional model are imposed as well as the surface shear stress distribution
calculated in the plasma domain. At the bottom of electrode (iron billet), the temperature
is set to 773 °K and a zero constant potential is imposed. On the vertical surface of the
bottom electrode a zero normal derivative of the temperature and current density are
specified. The refractory walls are cooled by high speed forced air [17].

Results and discussion

The computations were carried out for an arc of 2000 A, 150 mm, 50 Nl Ar/min. The
convergence was obtained after four plasma-bath iterations. The computed arc voltage is
90 V (not including electrodes falls), that seems rather realistic. The plasma and metal
temperature fields are presented on figure 3. For the plasma domain, the computed
temperature field is in accordance with those usually found in such argon arcs. The
temperature in the bath seems to be probably higher and less homogeneous than the
expected one. These results seem to be quite reasonable if one remember that radiative
transfer are not included in our model: it would probably modify the plasma temperature
field and consequently the bath temperature by changing heat exchange at the interface.
On figure 4 we plot the iron vapour mass fraction in the plasma. Due to the very high
velocity of the plasma, reaching 1400 m/s near the cathode and flowing from the cathode
to the bath surface, the vapour emitted at the interface is transported to the wall and
cannot diffuse in the high temperature region of the arc.

There are two main recirculation zones in the metal bath (see figure 5): a Laplace forces
dominated zone where the metal flows towards the bath centre in the vicinity of the arc
impinging zone and a surface shear force dominated zone where the metal flows towards
the wall in the vicinity of the arc impinging zone. This feature of the metal flow is in
accordance with the results obtained by [8] in a transferred arc heated silicon bath. The
characteristic velocity of some cm/s seems to be reasonable. The potential drop in the
bath is very small due to the high electrical conductivity of the liquid metal.



The present study can be considered as a preliminary step in the modelling of transferred
arc on a metal bath. In order to improve the heat transfer from the arc to the bath and
also the furnace walls, our simulation has to be completed with a 3D radiative transfer
modelling. Measurements will be soon achieved on the pilot furnace of EDF plasma
laboratory in order to validate (or not) our computations.

3. Combustion of pulverised coal.

The recent increase in performance of computer hardware makes now possible the 3D
simulation of coal combustion in a full-scale power plant Numerical simulation can
be a very efficient tool to study the effects of modifications in boilers (fuels, burner
position and orientation, boiler geometry,...) on the general efficiency of the furnace
and on the formation of pollutants. A specialised version of the 3D ESTET code [3]
has been developed to model pulverised coal flames. In the case of industrial boilers we
can assume a no-slip condition between gas and coal particles which is the case for the
most part of the furnace, except possibly in the near field of the burners. With such an
assumption, the equations for a particle-gas mixture with a mean density can be
written. Even with this simplification, the conservation equations constitute a
particularly complex system with a strong coupling between non-linear physical
phenomena such as two-phase combustion, turbulence and radiation. One of the most
difficult and challenging topic remains the turbulence-chemistry interaction for which
we have to deal with a large number of species and reactions especially in the field of
coal combustion. Furthermore, in an industrial power plant the flow presents some
complex features due to burner geometry (swirling air) or injection configuration.
Therefore if one wants to reproduce the complex 3D aerodynamics inside the chamber it
is necessary to use a sufficiently refined mesh.

The combustion model developed for this specialised version of ESTET takes into
account the pyrolysis of the particle and the heterogeneous combustion of the resulting
char. A set of two parallel and competitive reactions are used to model the release of
volatile matter. It is assumed that heterogeneous combustion cannot occur before
pyrolysis is complete because volatiles when released are supposed to prevent the
diffusion of gases at the surface of the particle. Char burnout is modelled using a global
reaction rate that takes into account the kinetics of the heterogeneous reaction and the
diffusion rate of oxygen at the surface of the coal particle. The gaseous combustion of
the pyrolysed fuel and of the fuel produced by char bumout is modelled using a fast
chemistry assumption [18]. Therefore the composition and the temperature of the gas
phase are computed using a transport equation on the mixing rate and on the variance of
its fluctuations. Turbulence is modelled assuming a given shape fort the Probability
Density Function (a statistical beta function).

Radiation in industrial boiler is the dominant mechanism for thermal exchange. Gases
are assumed to be grey and diffusion of radiation is supposed to be negligible. An n-
flux model is used for radiation [13], acting on the gas phase and on the coal particles.
The absorption coefficient of the gas phase is obtained after Modak [15] in terms of
CO2 and H2O concentrations given by the gaseous combustion model. The absorption
coefficient of the particles is given in terms of the void fraction of the particles and



their mean diameter. In industrial applications it is necessary to use a sufficient number
of rays along which the radiation transfer equation is integrated. We typically use 32
directions injected from each computational cell with an equal division of the solid
angle (the same mesh is used for the flow computation) but sensibility tests have been
performed with 128 directions.

Since the flow is very complex and a strict conservation of enthalpy and other scalar
variables is required, the balance equations for scalars used for combustion modelling
are solved in a strongly conservative form by a finite volume method [12]. The explicit
scalar advective term is treated by a Quick/Upwind scheme which allows low numerical
diffusion and preserves boundedness. The advection-diffusion source term equation for
scalar increment is solved implicitly by an iterative under-relaxed Gauss Seidel
algorithm. Large time step can be used as the scalar increment advective term is treated
with an upwind scheme.

The Le Havre boiler is a 600 MW tangentially fired utility boiler. Important
deformations due to temperature heterogeneity were observed locally on the cooling
tubes that cover the walls of the chamber. The distribution of heat fluxes to the walls
of the furnace is therefore an important parameter for an efficient running of the plant.
Grouping of burners are located at each corner and at three levels of the chamber. Each
grouping of burners has two pulverised coal burners with a primary air port for coal
dust and secondary air ports for air staging. Burners are directed some degrees off the
furnace diagonal in order to obtain a swirling movement intended to improve the gas
particle mixture. The computational grid consisted of 80 000 active cells. Because of
the small size of the burners, it was not possible to use Dirichlet conditions for inlet
velocities with such a grid. Therefore source terms have been prescribed for momentum
and also for scalar variables. However in this kind of complex 3D flow, it is important
to perform a good prediction of the aerodynamics of the flow and in particular of the jet
penetration inside the chamber, because the velocity distribution will actually condition
the position of the flame, the mixing efficiency and therefore the heat exchange
between the gas and the walls of the furnace. Therefore a mesh sensibility analysis has
been performed on a cold flow (only air was injected) using a refined grid with 1 800
000 active cells and this time Dirichlet conditions were used for inlet air velocities. The
cold flow has been computed using the two grids, and it was checked that using the
coarse grid with source terms would give the same jet penetration when using the dense
grid with Dirichlet conditions. Then a computation of the reacting flow in the whole
boiler chamber up to the first heat exchangers has been performed. Figure 6 displays
the velocity field and the temperature distribution in two horizontal sections of the
boiler at full load. The distribution of the net heat fluxes on the walls of the boiler
follow from the complex aerodynamic of the flow. From this computation it is
obvious that under certain running conditions fairly heterogeneous fluxes can be
obtained possibly leading to thermal damages on the cooling tubes.

Another example that shows the importance of a 3D tool is the study of the formation
of pollutants. The Vitry power plant is a 250 MW wall-fired plant equipped with Low-
NOx burners. Four raws of such burners designed to reduce the formation of NOx using
the so-called "air-staging" technique are installed on the front wall (Figure 7). The
equipment of primary NOx reduction is completed with two Over Fire Air injection



levels located on the front side (burners side) and the rear side. Only one half of the
boiler has been represented, the furnace being divided in two equal chambers by a
vertical separation. Heat exchangers located just after the arch are not modelled.

A model for predicting the formation of Fuel-NO has been implemented in the ESTET
pulverised coal version [4]. We have considered here only the fuel-NO mechanism
because it is the major source of NO emissions from pulverised coal flames. It is
assumed that HCN is the only intermediate in the formation of fuel-NO. NO is formed
by oxidation of HCN and reduced competitively by reaction of NO with HCN. The
reaction rates of these two competitive parallel reactions were determined by De Soete.
The total mesh uses 40 000 active cells. Each burner is discretized with 25 cells, and
each OFA uses 5 cells. The computed results have been compared to temperature, CO2
02 and NO concentration measurements at two levels in the furnace (Figure 7). The
measurements show that the actual flame length is somewhat longer than computed.
This may be due to the limited knowledge of certain boundary conditions such as the
swirling flow fields at inlets. The peak temperature levels are correctly predicted and a
good agreement is obtained as far as NO emissions are concerned. The under predicted
levels of NO may be attributed to the fact that thermal NO was not modelled, as this
mechanism might be not negligible with a low-NOx burners fitted boiler.

A satellite version of ESTET for the study of combustion, heat transfer and nitrogen
emissions in pulverised coal power plant has been developed, tested and applied to real
cases. The submodels used for combustion have been chosen such that the most
essential processes in the boiler can be simulated with reasonable accuracy. The last
optimised version of the ESTET software allows to obtain a stationary state for the
above computations with less than one hour CPU time on a Cray computer. However
a large number of improvements are still needed in the model, in particular the
possibility to use a finite number of size particle classes, and a better modelling of the
turbulence-combustion interaction in the source terms. A refined mesh could be also
useful for predicting the near-burner field, which is essential when dealing with NO
emissions.

4. Stratified flow in a nuclear reactor containment building.

Thermal hydraulic numerical predictions are very useful for the detailed analysis of
physical mechanisms which should appear in a containment building after a severe
accident. In particular, when an accident like loss-of-coolant has occurred, stratification
with high temperature gradient and high pressure may appear inducing severe stresses in
the structures and local accumulation of hydrogen may take place leading to explosion.
The aim of thermal hydraulic studies is to improve the understanding of physical
phenomena which can appear into the containment. These phenomena can be various
and complex, as flow compressibility, turbulence, two-phase flow aspect, combustion
(explosion), possibility to have several species, condensation on walls,....

One objective of the numerical prediction of such flows is the optimisation of the heat
exchangers by testing the influence of their position in the building to the global flow.
Initially, the two-dimensional research code Melodie have been applied to study such



influence. The geometric configuration used for computations is a schematic geometry
describing the upper part of a real building, supposed to be axisymmetric, and neglecting
all the equipment such as steam generators, bridges,.... The computational grid is about
5000 nodes. Heat exchangers into the containment building are numerically simulated
by sink mass and energy terms. The flow is supposed to be composed by air and
saturated steam. Inlet condition near the symmetry axis corresponds to a residual power
of 20 MW at 110°C and to 7.33 kg/s of steam.

Figure 8 shows the state flow after about 30 minutes. One can see that a thermal
stratification have been created at the top of the building. The flow is mainly generated
by the heat exchangers and not a lot by the inlet conditions. This stratification does not
disappear. All the vertical positions on the heat exchangers gave the same qualitative
result. One have to notify the importance of the behaviour law and the modelization
retained for mass and energy

Another objective is to test alternative safety methods to decrease the temperature and
homogenise the atmosphere such as spraying water injection. To remove stratified
zones, cold water is sprayed from the top of the building, therefore creating a two-phase
recirculating flow. The two-phase flow satellite version of Melodie, named Melodif,
have been applied to such studies. Melodif solves separate Eulerian conservation
equations which are formulated for both phases including interphase transfer terms
(mass, momentum and enthalpy). Turbulence fields in the continuous phase are predicted
by means of k-epsilon eddy viscosity model. Modelling of the dispersed phase
turbulence is achieved by an extension of results obtained in the framework of the
Tchen's theory for dispersion of discrete particles transported by homogeneous turbulent
fluid flow.

The previous schematic configuration have been used for computations. The initial
state corresponds to the stratified state previously obtained. Three annular injections of
cold water are performed at the top of the building. The total rate is 280 kg/s. The mean
diameter of water droplets is 100 microns and their temperature is 20°C. Walls are
supposed to be adiabatic. The total computation represents 70 real seconds. Steam
condenses upon the drops as they fall trough gaseous mixture. As shown in figure 9, the
stratification is quickly destroyed and the mixture becomes more and more homogenised.
This is due mainly by the gravitational effects generated by the temperature gradients.
The condensation does not contribute very much to the destruction of the stratification.

More recently, the three-dimensional industrial code ESTET-ASTRID have been applied
to compute transient flow configurations in the containment building. A satellite
version, named ESTET-IC, is dedicated to such computations. The application presented
below mainly concerns the behaviour of hydrogen and the possibility to create local
concentration. The flow is single phase and composed by six species which are saturated
steam and non condensable gases such as H2i CO, COj, N2 and O2- Each specie is
numerically treated by solving a transport-diffusion equation. The mixture is supposed
to be a perfect gas. The flow is weakly compressible (there are no outlet) and non
reactive. Inlet boundary conditions are given by applying the global code MAAP to the
lower part of the building. It gives flow rates, concentration of each specie, temperature
and pressure. Two main inlets are represented : the annular inlet (70 m2) and the inlets



under the steam generators (about 100 m2). Due to the small size of the annular inlet,
source terms have been applied for momentum and species, instead of Dirichlet
conditions. The characteristic of such simulation is the slow transient phenomenon,
dominated by natural convection.

As shown in figure 10, the grid used always represents the upper part, but takes now
into account the main part of the equipment (bridge, steam generators, pool). This grid
consists of 196 000 nodes. The results presented on figures 11 and 12 represent the state
of the flow after about 100 minutes. They show the existence of a quasi centred jet
which is strong enough to go from the bottom to the top, and generate important
convection rolls which homogenise the atmosphere. Concerning hydrogen, the local
gradients are weak, but the concentration level increase slowly ; at the last time of the
simulation, its maximum level is 0.359 % and its minimum level is 0.355 %. This
computation does not take into account physical mechanisms such as steam
condensation, heat exchange with the structure, transport and deposition of aerosols,
destruction of stratification by spraying water. Further developments in the ESTET code
are planed to account these phenomena.

5. Conclusion.

In this paper three applications of variable density turbulent flow are presented. They
illustrate the kind of applications EDF has to deal with. The state of the art in the
development of physical modelling and numerical techniques enables to apply numerical
simulation to these complex and highly non linear situations. More over validation on
these complex configurations is a difficult process : even if each physical model
implemented in the code is validated individually on representative configurations where
detailed data are available, only global validation can be done on the real situation where
all the processes are coupled. Nevertheless, results of interest from an engineering point
of view are obtained, even if some improvements of physical models are still necessary.
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Figure 6 : Simulation of the 600 MW corner-fired Le Havre boiler
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Figure 7 : Simulation of the 250 MW wall-fired Vitry boiler
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