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SYNTHESE :

Le transfert thermique joue un rôle important dans de nombreux problèmes
industriels. Souvent, rayonnement et convection sont simultanément présents.

Cette note présente un outil numérique traitant simultanément ces phénomènes.
L'aspect fluide est traité par le code à éléments finis N3S, le rayonnement (limité à un
milieu non participant) et la conduction sont traités par SYRTHES, respectivement par
une méthode de fadiosité et par une méthode par éléments finis. La principale
originalité de ce produit réside dans le fait que les maillages utilisés pour résoudre
chaque phénomène sont complètement indépendants, ce qui permet aux utilisateurs de
choisir la discrétisation spatiale la plus appropriée pour chaque partie du phénomène.
Cette souplesse impose à l'évidence des procédures fiables et rapides d'échanges des
données (température, flux convectif, flux radiatif) entre les maillages indépendants.
Le code SYRTHES se charge automatiquement de cette opération.

Un problème simple, illustrant l'intérêt de ce développement, est présenté à la
fin de la note.
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EXECUTIVE SUMMARY :

In many industrial problems, heat transfer does play an important part. Quite
often, radiation, convection and radiation are present simultaneously.

This paper presents the numerical tool handling simultaneously these
phenomena. Fluid is tackled by the finite element code N3S, radiation (restricted to a
non participating medium) and conduction are handled with SYRTHES respectively by
a radiosity method and a finite element method. The main originality of the product is
that meshes used to solve each phenomenon are completly independent. This allows
users to choose the most appropriate spatial discretization for each part or
phenomenon. This flexibility requires of course robust and fast data exchange
procedures (temperature, convective flux, radiative flux) between the independent
grids. This operation is done automatically by the code SYRTHES.

One simple problem illustrating the interest of this development is presented at
the end of the paper.
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INTRODUCTION

In many applications, radiation, convection and conduction are present. Problems
of interest at EDF include thermal shocks, cooling systems, thermal response of
bodies in fire environnement, etc...

Experimental approaches have been extensively used in the past, but they may
become very costly when dealing with very hot (or very cold) temperature.
Moreover, it turns out that experimental studies often lack the flexibility needed
when a parametric study is required during the design phase of a product or
when one has no clue at which location thermal probes should be put.

Traditionnaly EDF-LNH has been more concerned with computationnal fluid
dynamics and has developed finite element code like N3S (see ref [1]) or finite
volume code like ESTET (see ref [2]). Good progress and confidence have been
gained in modelling turbulent flows in the past years. However it turned out that
boundary conditions (essential for a good simulation) were often very difficult
to guess when tackling real industrial problems. This led to think problems not
any more separately ( convection and then conduction) but globally. Initially
restricted to a thermal coupling between convection and conduction, the software
does now include radiation effects (restricted to a non participating medium).
Once again, the purpose was not to be able to compute radiation only, for
which numerical tools are readily available, but to propose a global approach



of problems coupling radiation, conduction and convection.

Considering the problems globally has many advantages. First, it pushes back
the thermal boundary conditions at a location where they are often better known
or easier to measure. Secondly, it gives automatic access to instantaneous solid
temperature with hopefully well calculated and updated boundary conditions.
Indeed, in many industrial cases, the simulation ofthe turbulent flow or the
radiative aspects is only performed to get the best possible estimation of the
thermal loading to apply at the surface of the solid, which is in fact the true
domain of interest.

To provide the best possible flexibility, the authors allow each phenomena to
be treated on independent grids. Fluid is solved by N3S on an unstructured
mesh (tetrahedra) using a finite element technique, radiation is handled on
an an unstructured surface grid (triangles) and conduction is handled on an
unstructured mesh (tetrahedra). These meshes do not necessarily need to have
coincident nodes at the interface, letting users refine locally meshes according the
physical phenomena they want to model. This allows capture of high gradients in
the solid, in the fluid or for radiation at a much lower cost. It makes the meshing
operation much easier, due to the reduced number of geometrical criteria to
satisfy. Moreover, this independence allows the number of independent radiation
patches to be kept at a reasonnable level. On the other hand, an interpolation
procedure has to be implemented to transfer data from one grid to an other
whenever needed.

MODELLING OF THE PHENOMENA

It is not the purpose of this paper to describe in detail the characteristics of each
module. More detail can be found on the fluid code N3S in reference [l]. The
solide conduction code SYRTHES is described in references [3] and [4], and the
radiosity method implemented to handle the radiation phenomenon is explained
in reference [5]

Problems left to be solved are related to the coupling taking place between the
different phenomena and geometrical domains. Severed numerical schemes can be
proposed (implicit, semi implicit or explicit). The easiest of them is the explicit
one. Therefore, in a first approach, an explicit scheme has been implemented,
and seems to behave well so far from a stability point of view. Basically, once all
boundary conditions are known at the solid interface, solving the heat conduction
equation can provide the new temperature distribution inside the solid and
therefore on the surface. Then, this temperature can be used to calculate the
new radiative exitance on each radiation patch. Solving the radiation system of
equations will provide the new radiative flux to apply to the solid. The solid
temperature at the interface is also used as the new thermal boundary condition
for the turbulent flow calculation. Solving the averaged Navier Stokes equation
yields a new fluid temperature field and therefore a new convective boundary
condition for the solid at the beginning of the next time step.

Description of the algorithm
Let T, be the temperature of an internal solid node, Tw the temperature at a
node which belongs to the interface, and Tj the temperature of a fluid point



(located generally in the log layer) and P, a radiation patch.

Surface grid
used for
radiation

Fluid

Figure 1 : Data transfer

At time tn, 7?, T£, Tf are known
• From the local fluid conditions and the wall temperature, the CFD code

N3S provide after calculation :
1 : the local heat exhange coefficient at time rn+1

^ : the local inside fluid temperature at time rn+1

From Tw it is possible after interpolation to calculate an average temper-
ature Ti for each radiation patch Pi. Then solving the radiation system of
equations yields the radiative flux to apply on the solid boundary.
r lUXray — nray \A w •'•ray )

with
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K$ = Û: ((T-)2 + (Trr)2) (23 + 27") >
In the formula above £j is the patch emissivity and Ri the radiosity of
patch i.
After interpolation on the solid grid the total flux to apply is

+1

The notation T£+1 is used to indicate that this flux will be treated
implicitely.

Using this flux (or the exchange conditions (h,T) ) the heat conduction
equation inside the solid giving updated value of T"+1 over all the solid
domain (and of course on the interface where it is will be noted + 1

Thus T,n+1, T^+1, T^1 are known at time in + 1

Details on the calculation of the turbulent heat exchange coefficient hf inside
N3S are given in [6]. Details on the radiation system solved can be found in [5]
APPLICATION

The problem presented in this section does not correspond to a real problem,
its main objective is to illustrate the new capability of the module SYRTHES,



coupled with the fluid code N3S.

In order to demonstrate how crucial it is not to overlook any phenomena, we
have chosen to present a problem where conduction, convection and radiation
should be accounted for simultaneously.

The geometry of the problem (see sketch of figure 2) is kept quite simple since
the only purpose of the application is to enlight the importance of the physical
phenomena involved. Due to the non-structured mesh approach followed when
solving equations, it is clear that extension to more complex geometries is
fairly straightforward. It consists in a sort of pipe (the cross section is almost
elliptically shaped) surrounded by a conductive wall (rectangular shape). Air
(non participating from the radiation point of view) is flowing inside the pipe.

2m

= 20°C
= 10W/(m2K)

0.31m

T=1000°C
= 500W/(m2K)

0.65 m

p = 7700 kg/m3
Cp = 460Mc*K
k = 25.1W/mK

p =7700kg/m3
Cp = 460J/kgK
k = 5. W/mK

Figure 2 : Geometry of the problem and boundary conditions

Initially temperature both solid and fluid temperature are at T = Tinn = To At
a certain time t = 0, the right outer side of the wall is subject to some thermal
loading (an exchange condition) which will induce a temperature rise. Inside, air
keeps flowing (when the flow is taken into account) at a temperature T = To
By conduction, the heat propagates inside the wall and reaches the inner wall.
Then, four scenarii have been investigated. The first one considers that only
conduction is taking place, the second one couples the fluid flow and the
conduction inside the wall, the third one includes conduction and radiation,
finally in the fourth scenario, conduction, radiation and convection are accounted
for simultaneously. This problem is of course a transient simulation, where one
tries to point out the difference in behaviour which can be observed between the
four cases.



Grids used
As explained earlier, three indépendant grids are required to simulate numerically
the problem. Figure 3 presents the grids used. The fluid mesh has 8281 nodes and
5184 tetrahedra. The solid grid contains ( 54756 nodes and 34884 tetrahedra).
Finally the surface grid used for the radiation calculation, when it is activated, has
656 independent triangles. One should notice that, these grids approach the same
geometry, but that their nodes do not have to be coincident at the interface. This
is particularly easy to see on the the radiation grid which is much coarser than
both fluid or solid grids. The data échange (flux, temperature, etc..) between
these meshes is taken care of automatically by the code SYRTHES.

Fluid Grid

Figure 3 : Meshes used for the calculations



Results

The iterative procedure behaves well during the transient and produces the
following temperature fields and profiles.
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Figure 4 : Temperature evolution at point A and B
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Figure 5 : Velocity and temperature contours in the fluid
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Figure 6 : Solid temperature contours in a cross section



Figure 7 : Solid temperature contours in an horizontal plane section
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Figure 8 : Fluid thermal contours in a cross section



Discussion
It is cleax from the profiles and the contour plots that the thermal behaviour
of the solid part is very different when taking into account or not some of
the physical phenomena. This is particularly visible on figure 4 plotting the
temperature evolution of two solid locations noted A and B (see figure 2) with
respect to time. Due to heat transfer within the solid, point A (x=0.125, 0,
1.05) sees its temperature increase. Conduction only, is leading to the highest
temperature. Conduction+convection reaches smaller values due to the cooling
effect of the flow, which takes away some of the energy. The curve representing
the temperature evolution when conduction and radiation are activated is even
smaller, which means that the cooling effect of radiation is greater than the
convective one. As expected the combination of both cooling effects yields the
smallest temperature.

At point B (x=-0.125, 0, 1.05), on the other side of the cavity, differences
observed between the four simulations are even more dramatic. Conduction for
the duration of the simulation doesn't allow heat to reach point B (due to
the small conductivity of the thin solid part). The same explanation is valid
for conduction+convection, since the hot boundary layer is too thin at this
location to reach point B. On the other hand, radiation tends to homogenize
the inner wall temperature. The radiative flux emitted by the very hot wall
produce a temperature rise at point B. When all these phenomena are present
simultaneously, the cooling effect of the cold flow tends to reduce the temperature
increase at location B.

Reagrding the fluid flow, figures 5 and 8 show how the fluid temperature
field is affected when radiation is activated or not. The temperature increase
of the wall due to radiation will heat the fluid on side B, leading to a very
different temperature distribution in the fluid as well. It should be noted that
the temperature scale used to plot the fluid temperature contours is different
from the one used for the solid.

This application proves, especially at location B, how radiation can dramatically
affect the thermal behaviour. Not taking the radiation effect whould lead to think
that temperature at location B whould stay cold, where in fact it reaches quite
high values. This is of real importance if a component at this location has to stay-
under a certain temperature threshold. To keep the temperature level under a
specified value at point B, one could increase the flow rate or propose a slightly
different design.

CONCLUSION

This paper is a first presentation of the new capabilities of the software S YRTHES
when coupled with the fluid code N3S. It is now possible to simulate problems
where conduction, convection and radiation have to be accounted for simultane-
ously. The main characteristics of the product are that it relies on an explicit
numerical scheme to exchange data (temperature, or flux) between three inde-
pendent grids. The delicate problems of handling the data exchange between non
coincident grids (one for each phenomenon) is taken care of by SYRTHES. Finally



a simple problem illustrates the interest of such a numerical tool. Progress and
optimisation are under way regarding complex aspects of radiation with shad-
owing. Industrial problems illustrating the full interest of such a global approach
for thermal problems will be presented during the conference.
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