
Il ri

fi' o

FR9800298

J

Production d'énergie
(hydraulique, thermique
et nucléaire)

COUPLAGE DE LA CONDUCTION ET DU RAYONNEMENT
THERMIQUES EN GEOMETRIES 2D ET 3D COMPLEXES

COUPLING HEAT CONDUCTION AND RADIATION IN
COMPLEX 2D AND 3D GEOMETRIES

97NBOÜJ36



DIRECTION DES ETUDES ET

RECHERCHES

SERVICE APPLICATIONS DE L'ELECTRICITE ET
ENVIRONNEMENT

DE>ARTEMENT LABORATOIRE NATIONAL
D'HYDRAULIQUE

D e c l i n a t i o n . 1,1 + D S D

1997

PENIGUEL C.

RUPP I.

COUPLAGE DE LA CONDUCTION ET DU
RAYONNEMENT THERMIQUES EN
GEOMETRffiS 2D ET 3D COMPLEXES

COUPLING HEAT CONDUCTION AND
RADIATION IN COMPLEX 2D AND 3D
GEOMETRIES

Pages: 16 97NB00136

Diffusion: J.-M. Lecceuvre
EDF-DER
Service IPN. Departement PROVAL
1, avenue du General-de-Gaulle
92141 Clamart Cedex

© EDF 1997

ISSN 1161-0611



SYNTHESE :

Le rayonnement est un mode de transfert thermique très important dans la
plupart des systèmes industriels réels.

La note présente une approche numérique couplant le rayonnement (limité au
milieu non participant) et la conduction.

Le code (SYRTHES) est capable de traiter les problèmes 2D et 3D (y compris
les cas présentant des symétries et une périodicité). Le rayonnement est résolu selon
une approche par radiosité, et la conduction par une méthode d'éléments finis. Des
algorithmes précis et efficaces reposant sur une combinaison d'intégration
analytique / numérique, et des techniques de suivi du rayonnement sont employés pour
le calcul des facteurs de vue. Une validation a été effectuée sur de nombreux cas de
test. Un algorithme résiduel conjugué résout le système de radiosité. Une procédure
numérique interactive explicite est ensuite employée pour coupler conduction et
rayonnement. Aucun problème de stabilité n'a été rencontré jusqu'à présent. Une
particularité de SYRTHES est que la conduction et le rayonnement sont résolus sur des
grilles indépendantes. Ce principe apporte une grande flexibilité et permet de maintenir
à un niveau raisonnable le nombre des motifs de rayonnement indépendants. Plusieurs
exemples industriels sont donnés à titre d'illustration.

97NB00136



EXECUTIVE SUMMARY:

Thermal radiation is a very important mode of heat transfer in most real
industrial systems.

A numerical approach coupling radiation (restricted to non participant medium)
and conduction is presented.

The code (SYRTHES) is able to handle 2D and 3D problems (including cases
with symetries and periodicity). Radiation is solved by a radiosity approach, and
conduction by a finite element method. Accurate and efficient algorithms based on a
mixing of analytical/numerical integration, and ray tracing techniques are used to
compute the view factors. Validation has been performed on numerous test cases. A
conjugate residual algorithm solves the radiosity system. An explicit interactive
numerical procedure is then used to couple conduction and radiation. No stability
problem has been encountered so far. One specificity of SYRTHES is that conduction
and radiation are solved on independent grids. This brings much flexibility and allows
to keep the number of independent radiation patches at a reasonnable level. Several
industrial examples are given as illustration.
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INTRODUCTION

Applications involving heat transfer are widely present in industrial prob-
lems. In many problems, heat conduction and thermal radiation are both
significant and must be considered simultaneously. Examples of applica-
tions include heat transfer in space systems, or high temperature applica-
tions such as the thermal response of bodies in fire environments or electrical
oven. Experimental approaches have been extensively used in the past, but
they may become very costly when dealing with very hot temperature and
pressure, and they often lack the flexibility needed when a parametric study
is desired during the design phase. On the other hand, heat transfer analy-
sis software's are becoming quite promising to accurately calculate thermal
phenomena and determine their consequences, especially since affordable
and powerful computer facilities are available on the market.



The code SYRTHES developped by the authors could handle the conduc-
tion phenomenon accurately at low cost, but it appeared that in numerous
cases, radiation couldn't be overlooked. Therefore a new development has
been carried out to implement radiation phenomena. It turned out that in
many applications interesting EDF, the approximation of a non participat-
ing medium could be done. It was then decided to implement a wall to wall
radiation algorithm. This allows to use cheaper and non diffusive methods
(like the radiosity approach) to handle the problem. However, many diffi-
culties (an accurate calculation of view factors, the solving of the radiosity
system, and the coupling with conduction) have still to be adressed.

The present paper is presenting the numerical technique used to tackle the
problems. A first part will briefly present the equation wich needs to be
solved then the paper will focus on the procedure used to calculate the
view factors in 2D (cartesian and axisymetrical cases) and in 3D. Several
test cases will underline the good accuracy obtained by the algorithm im-
plemented. Then the solver used to solve the radiosity system and the
iterative technique used to couple the conduction part and the radiation
will be presented. Finally several examples illustrating some features of the
code SYRTHES will be given.

EQUATIONS TO BE SOLVED
The conduction part
The only purpose of this paragraph is to indicate that SYRTHES is a gen-'
eral purpose conduction code which solves the conduction equation by a
finite element method on unstructured grids. All material characteritics
are allowed to vary with space and time. Anisotropy is handled as well as
periodicity in several direction. Classical boundary conditions (prescribed
temperature, flux, exchange conditions, contact resistance) are available.
Efficient numerical methods makes possible the use of large meshes even on
fairly small computers. Detailed informations on the conduction code can
be found in references [1] and [2].

The radiation part
All substances emit electromagnetic radiation. Unlike convection or conduc-
tion, radiative energy is transmitted without need of a medium. A fairly
complex radiation exchange occurs inside the enclosure as radiation leaves a
surface, travels to other surfaces and is partially reflected, rereflected many
times with partial absorption at each contact with a surface. The general
equation is very complex to handle. Fortunately, in many engineering sys-
tems calculation of radiant interaction among diffusely emitting and reflect-
ing surfaces can be performed under the assumption that surfaces are gray.
This implies that the emissivity e and the absorptivity are equal (Kirchoff
law) (here p = 1 — e). If one notes J(x) the rate at which radiant energy
streams away from a point x, E{x) the emission at point x, the following
continuous equation applies.



(1)

6\ and 92 are the angles between the normals at location x and y and the
line of sight joining these points, r is the distance between point x and
y. In order to solve numerically this equation, one has to break down the
surface S of the enclosure into a finite number of patches and solve a discrete
system of equation (1) for the radiosity of these patches. To further simplify
the problem, the assumption is made that values across the surface of each
patch are constant.

Let suppose that the surface of the enclosure is subdivided into a collection
of N disjoint patches having a surface noted A{. In the present develop-
ment all patches (noted P,) are constituted of planar triangle surfaces with
straight edges. Equation (1) becomes:

(2)

Ji is the uniforme radiosity of patch :, it can therefore be moved outside
the integral. Moreover, if one introduces :

Ji = 4 " / J(x)dx and Et = - j - / E{x)dx (3)
Ai Jx£Pi Ai JX£Pi

equation (2) becomes :

^JJ (4)
One purely geometrical quantity appears in equation (4): the view factor
(or form factor) Fij

I f f COS6\ COS02 , , ...
Fij = — / / 2 — dydx (5)

Fij can be interpreted physically like the proportion of the total power
leaving patch Pj that is received by patch Pi. It has numerous properties of
interest (reciprocity or additivity for example) when calculating and storing
the view factors.

CALCULATION OF THE VIEW FACTORS

Numerous techniques exist for the calculation of view factors (contour inte-
gration, projection methods like Nusselt sphere or hemicube, Monte-Carlo).
Choosing among them an appropriate one is important, indeed the compu-
tation of the N2 view factors (for an enclosure subdivided in N independent
patches) is often considered as a fairly costly process.

2D cartesian and 3D view factors
The 2D cartesian case degenerates to an elementary expression (Hottel's



crossed string method) when the couple of patches is fully visible. For 3D
cases, a method based on contour integrals (see reference [3]) has been used.
Using Stokes theorem, the order of integration can be reduced from four to
two, and the view factor expression becomes :

dr< dri= 5T7 / /

Figure 1: Contour integrals

A special treatment is required for cases where singularities appear in the
integrand. This is typically the case when two patches are in contact. The
distance r vanishes to 0, therefore the integrand goes to infinity. However, it
is also clear that the integral is bounded. After some fairly tedious manipu-
lation, it can be shown that all cases leading to non definite integrand have a
closed analytical integral solution. This analytical solution has been imple-
mented in SYRTHES. In other configurations, the integral can be reworked
and partially analytically integrated. This methodology has the advantage
that the integrand of remaining part to integrate behaves smoothly and can
be integrated numerically at low cost. This provides a very efficient method
both in term of accuracy and computing cost. Two examples will illustrate
the type of test cases performed to check the implementation (see [4] for
the analytical formula).

l m

d(m)
10
1
0.1
0.01
0.001
0.0001

analytical
0.00316205683
0.19982489569
0.82699452239
0.98041660292
0.99800563190
0.99980007097

SYRTHES

0.00316205683
0.19982489569
0.82699452297
0.98041660542
0.99800606681
0.99980026059

Figure 2: Rectangular patches facing each other



Angle 9

30
60
90
120
150
180

Analytical

0.6190283
0.3709053
0.2000438
0.0866150
0.0213453
0.

SYRTHES j

0.61902831
0.37090532
0.20004377
0.08661500
0.02134532
0.00000002

Figure 3: Rectangular patches forming a corner

Handling the oclusion cases
The shadowing aspects still need to be addressed. A ray-tracing method
has been used to overcome this particularly difficult problem. After using
low cost tests based on normals, coordinates, etc... to eliminate easy cases
and reduce as much as possible the number of costly tests, one draws rays
between each vertex of the couple of patches. SYRTHES checks if occluding
patches intersect the rays. If no intersection is found, the standard compu-
tation of form factor can be performed, otherwise it means that a partial
shadowing is taking place. An option is then available, to subdivide the two
initial patches in subpatches, and computations are carried out on each pair
of subpatches. Then additivity rules apply for each subpatches leading to
the global F,j. The depth of refinement is chosen by users and is basically
a tradeoff between accuracy and cost. In practice, the tests would tend to
suggest that the gain in accuracy is mainly interesting for the two first levels
of refinement.

Testing all patches likely to intersect would be very costly, therefore an
efficient algorithm has been implemented to handle this task. The principle
is exposed on a 2D case, but the same methodology applies in 3D. The first
step consists in building a quadtree. Space is partionned in boxes (4 in 2D,
and 8 in 3D), and patches are stored in the box they belong to. If the number
of patches in one specific box is above a certain level this particular box is
splitted recursively up to the point when each box contains a satisfactory
number of patches.

Figure 4: Building of a quadtree



Intersections between rays and occluding patches.
At this stage, we test if a ray between two points (here A and B) is stopped
by an intermediate patch.

The first step is to determine that
point A is located in box B\. Then,
one follows the ray to B. The ray
goes trough box By. Then the
patches belonging to box By are
tested. Since no intersection oc-
curs, the algorithm keeps on going
and find out that the ray is entering
into box B2. Again, the B-i patches
are tested but now an intersection is
found. The conclusion is that point
B cannot be seen by A.

Figure 5: Visibility test between A and B

Compared to the total number of patches, this elementary example shows
clearly that the number of patches tested has been dramatically reduced.

The 2D axisymetrical case
Some industrial problems exhibit an axisymetrical geometry. Since the con-
duction code is capable of handling such cases on a bidimensionnal grid, it
was tempting to introduce the possibility of calculating the radiation prob-
lem on a 2D grid as well. Indeed, it is much easier to generate a 2D mesh,
moreover the number of independent patches (segments in that case) is much
lower. The treatment used for the 2D cartesian case doesn't apply anymore.
Another approach has been followed. After some manipulation, an axisy-
metrical view factor is expressed as an analytical fonction with respect to
the angle of visibility. Thus the order of integration has been reduced from
4 to 2. The remaining two integrals (corresponding to the integration along
each segment i an j) can be integrated with classical numerical methods.
Two rings on a cone (always visible segments)

Figure 6: Segments defining a cone



1* III
?r/6
ir/6
?r/4
IT/A

0.
0.
0.
0.

z2

0.1
0.1
0.1
0.1

z3

0.5
0.2
0.5
0.2

z4

0.6
0.25
0.6
0.25

Analytical

0.0145100568276
0.0139078991326
0.0260748111926
0.0229771224013

SYRTHES

0.014510056830
0.013907899019
0.026074811215
0.022977122422

Very good agreement is found between analytical and calculated view fac-
tors, when the segments always see each other. However, in most cases, the
determination of the view factor is not trivial. Indeed some patches can see
each other at a certain angle and are occluded by intermediate patches at
other angles (see figure 7).

Figure 7: Definition of an angle of integration
When occlusion is occuring, a fairly delicate task still needs to be done.
It consists in finding out the proper angles of integration (or visibility).
The method implemented in SYRTHES , is to check if an intersection occurs
between the point i located in plane (6 = 0) and the point j located in a
vertical plane forming an angle 8. To achieve this at low cost, a projection
of the 3D ray in the polar system of coordinates is used. After elimination
of trivial patches (segments), all potential occluding candidates are tested.
The accuracy of the method is depending of the discretisation retained.
In pratice, an angular discretisation of 72 sections, or 144 (between [0, 7r])
seems adequate to provide accurate results.
The following example gives the validation performed on two concentric
cylinders, for which an analytical expression is known.

on

6

Surf x view factor
Analytical
SYRTHES

SIF12

0.21094110
0.21094158

Figure 8: Validation of an axisymetrical case with shadowing



and

rad - I ~ (9)

The difficulty originating from the non-linearity in temperature has been
removed by linearization of the boundary condition. Then this condition is
treated implicitly by the conduction code. No stability problem has been
observed so far.

To remove the big problem of memory required for the storage of view fac-
tors, the authors have decided to rely on an independent surface grid pro-
vided by users. This allows the number of triangular independent patches to
stay reasonable (less than 5000 for example) with a grid refinement located
exactly where users wish it to be. Of course, this implies at each step to
interpolate quantities between the conduction grid and the radiation grid.
This interpolation is performed automatically by SYRTHES.

APPLICATIONS
A 3D case
The 3D problem treated corresponds to the warming of metal plates of
arbitrary shape placed in an oven heated by the top. Only 1/6 th of the
geometry has been modelled (see figure 9), however by periodicity (6 times
here) the full domain forms a closed enclosure.

Figure 9: Conduction and radiation grids



It should be stressed that the method implemented is quite efficient be-
cause all the information stored, generated and even the computation are
all taking place in a 2D space, even if thermal radiation is treated exactly.

Handling symetries and periodicity
Quite often, when dealing with complex industrial cases, one want to take
opportunity of symetries or periodicity to reduce the calculation cost. With
radiation, one has to overcome the fact that it propagates in the whole
domain (even if only one part is modelled). The procedure retained is to
duplicate the initial grid up to the point when the radiation grid defines
a closed domain. Taking advantage of view factor properties, it is clear
that only one part of the view factors need to be calculated and stored.
Typically, for a collection of N independent patches, with one symetry,
the total number of patches will be 2N, but the number of view factor
to compute will be only N(N •+ 1) instead of N(2N + 1) and the storage
necessary will be N(N + l)/2 since the contributions of a patch j and its
image through the symetry j* to a patch i will be added and stored at the
same place.

Solving the system
The enclosure being composed of N similar patches, a system of N linear
equations with N unknowns (the radiosity of each patch that partition the
surface of the enclosure) can be written.

1-piFn -piFu
—P2F2I 1 — 02^*22 •

(6)

- PNFNN J \JN J V EN .
An iterative conjugate residual method is used to solve the system. It
converges in a few iterations due to the property of the matrix. Such a
system is written and solved for each wavelength band when the radiative
properties of the wall vary according the wavelenght. In that case the
exitance for each system Ei[X,X+ AA] corresponds to the integral of the
Planck spectrum over the specific band [A, A + AA] instead of eaT4 when
the material behaves as a gray body.

COUPLING CONDUCTION AND RADIATION
An iterative procedure has been retained to numerically couple conduction
and radiation. Temperature on each radiation patch is interpolated from
the solid boundary and averaged. This leads to a specific exitance for each
patch (for example e&T* for a gray body). Solving the radiation system
gives the radiosity of each patch from which it is possible to derive the
radiation flux to apply as boundary condition on the solid.

Flux A = hn+1 (T"*1 — Taux) (T)
r 1 uj,rad uray \ w ray ) \ /

with
(8)



The conduction grid contains 13 608 elements and 23 510 nodes, while
the radiation grid is composed by 2300 independent patches. As explained
earlier, the number of calculated view factors is not (6.2300)2/2 but only
6.(2300).(2301)/2,and the number of view factor stored is (2300).(2301)/2.
A time step of 100 secondes has been retained. By radiation the inner
plates are successively getting warmed up. No stability difficulties have
been encountered during the transient before reaching a stationnary state
(see figure 12). Figures 10 and 11 present the thermal transient observed.

1000 s

Figure 10: Temperature contours in a section

5000s state

Figure 11: Temperature contours in a section
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Figure 12: Thermal contours and temperature evolution

The CPU time, on a SGI workstation, required for the initialisation (in-
cluding the view factors calculation) is 2945 s. Each radiation system costs
around 3.7 s to solve, while a conduction step costs around 8.9 secondes.

A 2D axisymetrical case

The second example given is fairly similar to
the previous one but is treated with the axisy-
metrical option. Figure 13 presents the con-
duction and radiation grids. The grid size is
586 elements and 1393 nodes for the conduc-
tion grid and 96 independent segments for the
radiation grid. The initialisation takes 0.99s
(including the calculation of the view factors)
on a SGI workstation, and each time step of
100s is performed in less than 0.1s (0.042s for
the conduction, and 0.0038s for the radiation).

Figure 13: Grid used for the 2D axisymetrical example
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CONCLUSION
Coupling radiation and conduction is now possible with SYRTHES. Accu-
rate and efficient algorithms to calculate the view factors have been imple-
mented. Using independent grids for conduction and radiation provides an
attractive flexibility, moreover it makes sure that the number of patches
stays reasonnable and that refinement takes place where it is most needed.
The cost increase compared to a purely conductive study stays very rea-
sonnable. It is worth noting that SYRTHES has been coupled to several
CFD codes (see [5],[1],[6]) leading to an interesting numerical tool when
conduction, radiation and convection are simultaneously present.
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