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II. SIMULATION FOR DESIGN

Having gained a measure of initial understanding, the scientist can now leave it to the engineer to design or devise
objects. This is less a matter of extrapolating than of interpolating models, since there can be no going outside their
established domain of relevance without incurring risks.

This is particularly true for the civil nuclear sector. Experimental resources and numerical tools are extensively used
to test and optimize the concepts to be introduced in future reactors. For its part, the Simulation Program initia-
ted by CEA’s Military Applications Division has the goal of developing tools that will enable France to sustain, in the
long term, a reliable, safe deterrent capability without carrying out nuclear testing. In biology, the design of DNA chips,
new diagnosis and prognosis tools, relies on modeling these complex molecules. As for the advances in the simu-
lation of industrial processes, such as welding and heat exchanges, these enable the design of products that will
meet specifications ever more satisfactorily.

Computation, with the Cronos2 software program from CEA’s Saphyr system, of the fine structure of the thermal flux (detciled view in the top section) at
the interface of uranium and MOX fuel assemblies in a water-cooled reactor, close to a reflector.

CEA/DEN/SAC/DM2S/SERMA
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THE SIMULATION PROGRAM:
WEAPONS ASSURANCE WITHOUT
NUCLEAR TESTING

CEA’s Tera parallel computer,
installed by HP (Compaq) at the
DAM-Ile de France Center, has a
maximum total power of
5 teraflops, making it the most
powerful in Europe with its
2,560 1-GHz processors. It has
2.5 terabytes (TB) of RAM
memory and the capacity of its
storage disks is 50 TB.
In set: carried respectively by the
ASMP-A (left) and M51 missiles
(right), the airborne (TNA) and
ocean-borne (TNO) warheads will
be the first to be designed using
the results from CEA's Simulation
Program.

EADS/CEA

Context of the French
program

France has signed and ratified the Com-
prehensive Test Ban Treaty (CTBT), after
carrying out a final campaign of nuclear tests
between September 1995 and January 1996.
To certify, with no further testing, the air-
borne and submarine-launched weapons due
to replace those currently in service - such
is the purpose of the Simulation Program led
by CEA’s Military Applications Division
(DAM: Direction des applications militaires).
Achieving that goal entails an approach mark-
ing a complete break with the past. The new
approach was built up starting from the abso-
lute requisite that the means be acquired, to

underwrite weapons safety and operation. It
is based on three components:
• The design of robust devices, based on a
functioning mode insensitive to technologi-
cal variations, tested during the final test
campaign;
• Validation of discrepancies due to weapo-
nization of the nuclear device, or liable to
arise during the weapon’s operational life.
This validation will be carried out with the
tools of the Simulation Program;
• Certification of the new teams, who will
have had no experience of nuclear testing,
by experts with such experience. It is this
intergenerational transmission of know-
how which is to govern the program’s sche-
dule.

As of now, simulation forms the basic methodology on which will be based the assurance of the
reliability, safety and performance of French replacement nuclear weapons. This task will be carried
out with no new tests being made, but rather by recourse to reinterpretation of previous tests.
A methodology combining modeling, numerical simulation and experimentation stands as an
indissoluble whole that is gradually being provided with new and powerful tools.



Specifically taking in the results of the final
test campaign, this approach inherently
excludes the development of new weapons
concepts, and only allows for application of
the previously validated main design prin-
ciples. Together with robust devices, the
Simulation Program forms an indissoluble
whole, providing the consistent basis for the
French nuclear weapons renewal strategy.

Simulation, user’s guide

The aim is to reproduce, by means of cal-
culation, the functioning of a nuclear device
(Box). The functioning of such a device is
based on the succession of many physical
processes that have to be described, while
taking into account the relevant time and
space scales. Thus, each model contains an
approximate description of part of the devi-
ce’s functioning through a system of equa-
tions (see Box A, What is a numerical simu-
lation?). The degree of approximation is
chosen in accordance with requirements for
accuracy, but may also be restricted by what
knowledge there is of the physical process
itself. Another limitation is due to the fact
that it is simply not possible to describe all of
these physical mechanisms at atomic scale:
no computer would be sufficiently power-
ful. 
Calculations are carried out with software
programs consisting in translation into com-
puter code of this ensemble of models. As

long as recourse to testing was possible, some
empiricism was acceptable for some of them:
the nuclear test enabled overall validation of
the modeling approach. This is no longer the
case nowadays, and the requirement now is
to bring up to a sufficient level of predictivity
the entire ensemble of elementary models
describing a device’s functioning.

More predictive models

For this purpose, the Simulation Program
uses the findings of research actively pur-
sued in many fields of physics (see Physical
modeling: the example of opacity). These
research efforts are making advances through
iterations between models and validation
experiments (see Box D, Analytical expe-
riments and integral experiments). They are
being carried out partly through collabora-
tive ventures with many research institutes or
universities, in France and abroad, and are
yielding a body of input data for the soft-
ware programs which are proving essential
for weapon design.
The requirement for accuracy in the des-
cription of weapons operation is such that
use of very powerful computers is impera-
tive. Indeed, to talk of more highly predictive
models implies that the physical mechanisms
involved be defined in more precise fashion.
The space and time scales to be described
are more numerous, and model resolution
thus comes at a higher cost. This calls for

the use of numerical schemas making it pos-
sible to go over from the mathematical for-
mulation of the model, provided by theory, to
a formulation that can be processed by com-
putational means. A further approximation
is thus introduced: the aim is to minimize
this in line with both computer power and
advances in research in the field of numeri-
cal analysis.
Enhancing the models’ predictive ability
calls not only for physics and numerical
methods, but also for yet more accurate com-
putational description of the device’s geo-
metry and environment. In particular, cer-
tain technological details liable to bring
about slight variations in the simulation
results need to be taken into account. All
this converges in the requirement for rou-
tine use of three-dimensional software pro-
grams, requiring both vast computing power
and sizeable memory. To secure this, DAM
has chosen to go for massively parallel
computers (see Box B, Computational
resources for high-performance numeri-
cal simulation).

Experimental
validation by parts

The new software programs will bring
together the knowledge gained on weapons
physics. Their validation necessarily involves
carrying through a set of experiments, each
of which allows the validation of part of the
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Stages in the operation of a nuclear weapon

In the course of its operation, a nuclear weapon involving ther-

monuclear fusion, rather than merely nuclear fission, yields
an energy of the order of a billion million joules in a few mil-
lionths of a second. This type of device comprises a first stage,
or primary, and a secondary stage, the so-called thermonu-
clear stage or “power stage.” Its functioning is characterized
by three distinct phases, involving many physical processes:
the pyrotechnic, nuclear and thermonuclear phases (Figure).

Pyrotechnic phase: the detonator initiates functioning of the
primary. The detonation propagates in the chemical explosive,
compressing the fissile material (uranium or plutonium).
Nuclear phase: fission in the nuclear materials releases
energy and conditions the fusile material in the thermonu-
clear stage.
Thermonuclear phase: the fusion of atoms yields energy of
a few billion megajoules.

Each phase permits a considerable increase in energy yield to occur, and for the threshold to be reached beyond which the next stage is initiated.
Certainty that every threshold will be passed is thus essential as regards underwriting the device’s functioning.
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description of the device’s functioning: this
is partial validation. The qualitative leap
demanded by the goals of the Simulation
Program has led to development of new faci-
lities allowing, as will be seen further on,
either to raise quite significantly the accu-
racy to be expected for experimental results,
or to carry out laboratory investigations of
aspects of physics that previously could only

… and overall validation
from past testing

Once the calculation sequence has been
partially validated, there remains the requi-
rement for its overall validation. It is through
reinterpretation of past nuclear tests that such
validation may be achieved. These tests, and
particularly those from the last campaign,
provide an essential experimental reference.
A few tens of tests, out of the 210 carried
out by France, will be used for the ultimate
validation of the quality of the numerical
sequence.
The Simulation Program is thus structured
around three main thrusts: improving the des-
cription of a nuclear device’s functioning,
increasing computing power, and developing
new experimental means allowing greater
precision, enabling the investigation of
domains so far inaccessible in the labora-
tory. This, in concrete terms, is what is entai-
led by the use of simulation for nuclear wea-
pons certification.

The major tools for
simulation

Software development and validation
make it essential to deploy new tools for cal-
culation (computers) and investigation (X-
ray generators, lasers) for the various phases
of a nuclear device’s functioning.

Still more powerful
computers

Although DAM already has very
powerful computers, the requirements out-
lined above warrant a policy aiming at
acquiring even more powerful machines,
implemented in three successive stages
linked to evolutions in modeling. Indeed,
analysis of these requirements shows that,
by 2010, the power to be achieved will
be of several hundred teraflops (1 tera-
flops corresponds to one thousand billion
operations per second), whereas available
power in 1996 was 50 gigaflops (fifty bil-
lion operations per second). Only so-cal-
led massively parallel computers, for
which DAM was one of the trailblazers,
are equal to providing such power. An ini-
tial 5-teraflops machine was delivered at
the end of 2001 by Compaq (HP). The
two further phases will take place in 2005
and 2010.
To carry out the experiments themselves, two
facilities contributing to partial validation
have a decisive role in the program: the Airix
X-ray machine assigned to validation of the
primary’s prenuclear operation phase, and
the Megajoule Laser (LMJ), due to investi-
gate the weapon’s nuclear domain of func-
tioning.
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Hall of the Laser Integration Line
(LIL), prefiguring one of the LMJ’s
thirty bundles of eight beams. At
bottom, diagram of a module of

the laser component of the
facility, which came on stream at
the Cesta, near Bordeaux, in the

second quarter of 2002. 

CEA

A. Gonin/CEA

Cavity (2.7 mm long) intended as
a target for LIL, tested on the

Omega facility at the University of
Rochester as part of the

Franco–American agreement on
inertial-confinement fusion.

CEA

be approached in very global and indirect
fashion through nuclear testing. Numerical
simulation of thermonuclear fusion and com-
parison with experiments carried out with
very-high-energy lasers provide a concrete
example of this methodology, adopted for
the Simulation Program (see Inertial-confi-
nement thermonuclear fusion in the labora-
tory).
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The Airix flash-radiography
machine at Moronvilliers, near
Reims (North-Eastern France), was
commissioned in December 2000.

CEA

Cutaway view of the building
housing the experiment chamber
for the Megajoule laser scheduled
to start operation at the end
of 2009 on the Cesta site,
near Bordeaux.
The entire facility, with its two
laser halls on either side, is almost
300 meters long.

CEA

Airix, for weapon radiography
during initial functioning

Airix, based in Moronvilliers (Marne
département, Eastern France), is intended to
take a snapshot of the state of the materials
making up a nuclear device, before it goes
nuclear. Its purpose will be to validate the
software programs describing this phase,
before any nuclear energy is released, using
mockups made from substitute materials
exhibiting thermal and mechanical charac-
teristics close to those of nuclear materials
employed in a weapon.
The principle of the facility is based on an
accelerator generating a beam of electrons
with an energy of 20 million electronvolts
(MeV). When aimed at a tantalum target, these
electrons yield X-rays. The resultant radia-
tion passes through the object to be analyzed,
where it is attenuated by the various materials
according to their thickness and density.

The image of the process is recorded by sen-
sors, such as gamma-cameras, that are sen-
sitive to X-rays. Airix brings a gain in pre-
cision by a factor of 10 over the X-ray flash
generator previously available. The machine
is used in association with ultra-high-speed
measurement diagnostics (see Ultra-high-
speed diagnostics, the key to detonics expe-
riments). The facility produces exposures
within a time lapse of 60 billionths of a
second, ensuring sharpness, of materials
moving at velocities of 2,000–3,000 m/s and
exhibiting local densities of 60 (higher than
those to be found at the center of the Earth).
Achieved accuracy is 0.5 mm. All perfor-
mance goals set for the machine, delivered at
the end of 1999, have been met. It has been
possible, in particular, to verify that the qua-
lity of the images obtained allows to discri-
minate which of several numerical simula-
tions is most suited to account for the
parameters investigated in the experiment.

The Megajoule Laser
for investigation of the nuclear
functioning domain

The purpose of the Megajoule Laser under
construction at the Aquitaine Scientific and
Technical Research Center (Cesta: Centre
d’études scientifiques et techniques d’Aqui-
taine) in Le Barp (Gironde département,
South-Western France), due to be commis-
sioned at the end of 2009, is the laboratory
investigation of physical processes involved
in the device’s nuclear functioning. Tool size
was specified to enable the energy provided
by the laser beams to cause the fusion of a
few hundred micrograms of a mixture of two
hydrogen isotopes (deuterium and tritium).
All of the beams converge onto a target with
a radius of about one millimeter, consisting
in a capsule containing the thermonuclear
fuel, a mix of deuterium and tritium (DT)
(see Inertial-confinement thermonuclear



Opacity relates to the capacity of matter to
absorb radiation. It is an essential parame-
ter when modeling nuclear weapons. Opa-
city depends on the frequency of radiation
interacting with matter. If opacity is low, the
material is fairly transparent (as is the case,
for instance, of water for visible light) and
radiations lets through. Conversely, for large
opacities, a material is opaque and absorbs
radiation.
Light belongs to the family of electroma-
gnetic waves. To account for the physical
phenomena related to its propagation and
interaction with matter, physicists resort both
to the wave concept, and to the concept of
photons (corpuscular approach to light). Mat-
ter, on the other hand, is composed of atoms,
each atom comprising a nucleus surrounded
by its electron cloud, in which electrons fol-
low well-defined orbits. An electron jumping
from one orbit to another corresponds to an
increase or reduction in the atom’s internal
energy.
When light interacts with an atom, energy
exchanges may occur, taking the form of

absorption or emission of photons by the
atom’s electrons. At high temperatures and
densities typical of weapons and laser tar-
gets, radiation interacts strongly with
matter. Matter is constantly absorbing and
emitting photons, which plays an essential
role in energy transport. Thus, it is the
absorption of radiation by the material which
defines opacity (Figure).
At high temperatures, a significant amount
of atoms are ionized, i.e. they have been
partly stripped of electrons, which are no
longer on well-defined bound orbits : mat-
ter is then in a plasma state. If an electron in
this plasma, bound to an atom, absorbs a pho-
ton, it will either be transferred to another
bound state (an orbit), or it will be stripped
from the atom and become a free electron.
If the electron is free, its velocity will rise.
The calculation of opacity thus involves
knowledge of the various electronic states,
free and bound, of the population of elec-
trons in these states and their interaction with
photons. For atoms with a large number of
electrons, the number of electronic states to

be considered is enormous. For heavy ele-
ments, a complete description remains out
of reach. However, too coarse a description
does not give a correct account of opacity.
Detailed physical modeling is required to
achieve a precise, yet manageable, repre-
sentation of electronic states.
Let us consider, for instance transitions
between electronic orbits. These transi-
tions give rise to absorption of photons
with an energy close to the difference in
energy between the states involved. Pre-
cise calculations of absorption lines
require a good knowledge of the energies
in the initial and final states. The widths of
these lines depend on the environment of
the atom under consideration, not just its
structure; this is a highly complicated pro-
blem.
Theoretical modeling requires numerical
codes which calculate opacities as a func-
tion of radiation frequency. The theoretical
predictions are corroborated by comparing
the results from various codes based on dif-
ferent modeling approximations. They are
validated by analyzing experimental mea-
surements of radiation absorption by a
plasma for various densities and tempera-
tures.
Ultimately, the models are used in wea-
pon-simulation codes, where they come in
as parameters of more macroscopical
models. The investigation of the opacity
of lighter elements is important in astro-
physics, for example to work out stellar
radiation. ●

Daniel Bouche and Claude Guet
CEA/DAM Ile de France
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of aluminum calculated with the
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(Courtesy C. Blancard and G. Faussurier)

THE SIMULATION PROGRAM: 
Physical modeling: the example of opacity

fusion in the laboratory). A prototype facility,
LIL (Laser Integration Line), built on the
same site, was commissioned in the second
quarter of 2002.

Validation of models
and calculation methods

The Megajoule Laser will be a powerful
tool for the validation of simulation models
and calculation methods. In particular, it will
allow corroboration of some models under
temperature and pressure conditions so far
unattainable in the laboratory. Through fusion

experiments, it will contribute to the overall
validation of simulations. It will also be indis-
pensable for the assessment of the expertise,
in the thermonuclear field, of physicists as-
signed to providing weapons certification.

An indissoluble whole

The nuclear weapon simulation tools des-
cribed in this paper consistently combine
modeling, numerical simulation and expe-
rimentation. Since overall validation of the
numerical sequence must be achieved
through reinterpretation of tests carried out

previously, simulation tools and past
nuclear experiments will continue to form
an indissoluble whole. Simulation metho-
dology thus allows underwriting, without
testing, and for their entire life, of reliabi-
lity and safety assurance for the nuclear
weapons intended to replace the present
components. ●

Didier Besnard
Simulation Program Director

Military Applications Division
CEA-DAM-Ile de France Center
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THE SIMULATION PROGRAM:
Inertial-confinement thermonuclear
fusion in the laboratory

CEA

laser-beams
entrance window

deuterium tritium X-rays

vaporized shellsolid shellhohlraum

beam

Figure 1. Principle of a fusion
experiment in the LMJ. Laser
beams entering through two
apertures on either side of the
cavity, or hohlraum, indirectly
produce conditions for the fusion
of the deuterium and tritium
contained in a plastic microflask
placed at the center of the
hohlraum, through the X-ray
radiation that implodes the
microflask of DT.

Modern nuclear weapons are of the thermo-
nuclear type. For a thermonuclear reaction
to take place, two nuclei must be brought
sufficiently close together, in other words
their repulsion potential must be overcome,
so that they merge by fusion to form a hea-
vier nucleus, a reaction which is also exo-
thermic. The easiest reaction to set up is that
between the isotopes of hydrogen, deute-
rium and tritium, their fusion yielding an
alpha particle (two neutrons and two pro-
tons, i.e. one helium nucleus) and one very-
high-energy neutron. This is the reaction to

be initiated with the Megajoule Laser (LMJ).
The principle of the LMJ? To bring in the
laboratory, with the energy provided by laser
beams, a few hundred micrograms of a deu-
terium–tritium (DT) mixture to a density up
to one thousand times that of the solid, at
over 50 million degrees, for a very short time.
This is inertial-confinement fusion (ICF). 
A spherical microflask, or capsule, filled with
DT is placed at the center of a gold cylin-
drical cavity, the so-called “hohlraum,” a few
tens of micrometers thick, filled with helium,
into which the laser beams enter through two

apertures sited at either end of the cylinder
(Figure 1). Gold absorbs ultraviolet laser
light and converts it into X-ray radiation. As
the cavity behaves like an oven, this radiation
will gradually be homogenized. Heating of
the target shell causes sudden evaporation
and blow-off of its outer part. As a result of
the “rocket effect,” the remaining part is
impelled towards the center, producing the
sought-for implosion of the shell as of the
DT it contains. When compression and hea-
ting of the DT are sufficient, initial fusion
reactions take place at a central “hot spot.”

View of the numerous diagnostic devices
surrounding the Megajoule Laser’s
experiment chamber where – held in
is a plastic microflask – a few hundred
micrograms of deuterium-tritium have
been placed, whose fusion is to be
investigated. The 240 laser beams,
grouped in bundles of 4, enter
the chamber at the level of the cubic
elements shown in purple.



good symmetry. Indeed, they may lead
either to back-scattering of part of the laser
energy out of the hohlraum, or a marked
reduction in the homogeneity of the beam
itself. The second risk is related to the insta-
bility of certain stages of the implosion, in
that regions of “heavy” fluid are propelled
against regions of “light” fluid. The exem-
plar for this physical process is that of a
container holding a heavy fluid floating over
a light fluid: the slightest disturbance at the
interface of the two fluids is enough for the
heavy fluid to sink to the bottom of the
container. In the case at hand, defects rela-
ted to the surface roughness of the shell or
energy deposition inhomogeneities can
increase exponentially. Such “hydrodyna-
mic instabilities” may lead to failure of the
shell and preclude the ignition hot spot from
appearing.
One is thus faced with an optimization pro-
blem, coupling the laser itself and the target.
To preserve the integrity of the capsule shell,
it can simply be made thicker, but this then
requires a more powerful laser, which is far
more expensive. Shell thickness can be
reduced, but there is then a risk that it will

be perforated during implosion and that
thermonuclear combustion will not be achie-
ved. There is an optimum, which depends
on a large number of parameters. Once the
energy of the laser has been determined,
design of the targets still has to be refined
(Figure 2). Their specificity is that, to
achieve sustained DT burn, they contain
solid DT – simply because the higher the
initial DT density, the less work has to be
expended to achieve the required densities.
Gaseous DT would have had to be com-
pressed by a factor of 10 million, rather than
by 1,000 for the solid! A hollow plastic
sphere placed at the center of the conver-
sion cavity must contain a 180-µm thick
layer of solid DT, homogeneous within 1%
and with a roughness of less than one
micron. To achieve this, it is necessary to
cool the target to a temperature of less than
20 kelvins (about – 250 °C) to ensure per-
fectly isothermic conditions around the
microflask, to within a few tens of millionths
of a kelvin. The optimization parameters of
the laser + target system are (for instance)
the angles of incidence and number of laser
beams, hohlraum shape and size, shell
dimension and structure, fuel mass, tempo-
ral variation of the laser pulse, etc.
A global approach, based on simple models,
was developed to take the various
constraints into account: crossing the igni-
tion threshold, illumination symmetry, and
instabilities; this leads to the construction
of a domain of operation (in terms of energy
and power) for the laser, around a nominal
point. The conclusion is that it is essential
to achieve very accurate control of the geo-
metric characteristics of thickness and sur-
face roughness for the capsule, and the ice
layer (concentricity and sphericity defects
of less than 1 per 10,000). Once the micro-
flask has been made, it will be necessary
to fill it with DT at a pressure of 1,500 times
atmospheric pressure at ambient tempera-
ture.
The tools required for this optimization are
numerical simulation codes. These take into
account all the physical processes involved
during laser implosion of a target: laser
beam propagation and absorption, ioniza-
tion and behavior of irradiated matter, the
hydrodynamic evolution of the plasma gene-
rated, X-ray radiation transport, heat
conduction, combustion, and transport of
the particles generated by the reactions
involved. These codes permit evaluation of
the “robustness” of an operating point with
regard to the random uncertainties related to
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(1) Ablation is the gradual, superficial trans-
formation of a material by decomposition,
fusion, erosion, sublimation or vaporization
under the action of incoming energy.

Example target designed for the
LMJ. Cooling of the microflask,

comprising a plastic shell and
deuterium–tritium, within the

gold cylindrical cavity (hohlraum),
is achieved by circulation of

cryogenic fluid.
A. Gonin/CEA

From there, fusion reactions gradually spread
to all of the fuel, leading to fusion of the
whole.
Adjustment of the laser beams’ impact
point inside the hohlraum, and of the laser
pulse, allow capsule X-ray illumination
symmetry to be maintained, thus ensuring
the implosion is spherical. Anyone who
has tried to compress a balloon by hand
knows this must be done as uniformly as
possible. If one region of the balloon is not
pressed upon, the gas within will deform it
and form a blister: the situation here is the
same.
The choice of X-rays as the vector to trans-
fer energy from the laser beams to the cap-
sule is due to their ability to homogenize
rapidly. Filling the gold cavity with helium
(or hydrogen) allows a reduction in the
gold’s loss of shape as it is heated by the
beams, which can thus enter the cavity for
a longer time. Two major risks, however,
can nullify this scenario. The first would be
of seeing the interaction of the laser beams
with this gas, and with the ablated(1) gold
plasma, trigger instabilities detrimental to
achieving high radiation temperature and
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Figure 2. The various components
of an inertial-confinement fusion
target at the moment of ignition.
The deuterium–tritium mixture is
at lower left.
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the laser (alignment, balancing, beam syn-
chronization) or the target (hohlraum and
capsule size, centering, etc.), contributing
to the precision of overall specifications.
As for couplings between various uncer-
tainties, these are catered for by statistical

methods, allowing apportionment among
the various risks.
Each phase in a target’s life has been, is
being or will be subject to specific experi-
ments for partial validation on other, smal-
ler-scale lasers such as Phebus (CEA),
Nova (Lawrence Livermore National Labo-
ratory, United States), Omega (University
of Rochester, United States) and Luli
(École polytechnique, France) and then on
CEA’s Laser Integration Line (LIL), a pro-
totype of a quadruplet (bundle of four
beams) for the LMJ. Thus, X-ray irradia-

tion experiments for microflasks with a
deliberately assigned roughness provide a
means of studying the effect of hydrody-
namic instabilities. Reproduction of the
experimental diagnostic by the code is a
validation of the hydrodynamics and basic
data used (equation of state and opacity of
the accelerated material).
Presently, all significant phenomena cannot
be taken into account simultaneously. This
is the case, in particular, for two types of
critical instabilities – parametric and hydro-
dynamic – that require different spatial–tem-
poral treatments. Control of hydrodynamic
instabilities, for example, requires a very
precise description of the material’s motion.
A good evaluation of the amplitude of
defects at the hot spot boundary – caused
by target imperfections – calls for three-
dimensional modeling of the hydrodyna-
mics. Such a code is currently being written
at DAM.
These constant iterations between overall
design and partial validation by experiments
are made possible through use of increa-
singly sophisticated physical–numerical
models, put to work by increasingly power-
ful computational resources. They are brin-
ging forward the gradual development of
the target–laser ensemble, thus enabling
inertial-confinement fusion to be achieved
in the laboratory. ●

Daniel Vanderhaegen, Sylvie Jacquemot
and Philippe Baclet*

Military Applications Division
CEA-DAM-Ile de France Center

* CEA-DAM-Valduc Center

View of part of the 240 laser beams
(shown in blue, green and finally gray)

of the Megajoule Laser scheduled to start
operation at the end of 2009 on the

Cesta site, near Bordeaux. The beams
converge on the center of the

experiment chamber (not shown). 

CEA



It is the relevance of the physical models
implemented that gives its value to a nume-
rical simulation code. Experimentation is
a sine qua non for “full-scale” validation of
these models, and to refine them so as to be
able to reap the benefits of advances in com-
puters.
In detonics – the science of how explosives
work and the behavior of matter subjected
to the explosive’s detonation –, the aim is to
observe both the acceleration of the mate-
rial, and its motion, geometry (shapes,
contours, etc.) and density. The orders of
magnitude for phenomena in this field are
hardly common in classical experimental
physics; they are both very short-lived (requi-
ring a resolution of a few billionths of a
second) and intense (pressures of several
hundred thousand bars, velocities measured
in km/s). This calls for use of specific dia-
gnostics, appropriate for such orders of
magnitude.

Investigating matter in motion

Two methods are used for the investi-
gation of matter in motion: chronometry
and velocimetry (Figure 1). Let us take the
case of a thin metal cylinder gradually
imploding under the thrust of a confined
explosive (this prevents its expansion into
the atmosphere, thus maintaining effective
pressure on the cylinder) initiated at its
periphery. For the purposes of chronome-
try, up to 500 optical-fiber sensors sup-
ported on a probe head (the “hedgehog”)
are placed inside the cylinder, delivering
a light signal when the material comes into
contact with them (Figure 2). These sen-
sors are sufficiently thin (a few tenths of
a millimeter in diameter), flexible and
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time of impact measurement
on a set of sensors

analysis analysis

velocity measurement
by Doppler effect

Figure 1. Characterization of the
“setting in motion” of an

explosive assembly can be
effected in two ways: by

measurement of the time
of impact on a set of sensors

known as a “hedgehog” (left)
or by Doppler-effect speed

measurement (right).

THE SIMULATION PROGRAM:
Ultra-high-speed diagnostics,
the key to detonics experiments

The accelerator part of the Airix
radiography machine installed

at Moronvilliers (Marne
département): the 64 electron-

beam accelerator cells (left) and
the 32 high-voltage generators

allowing discharge of
the accelerating electrical

power (right).
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LDI may also be used jointly with chrono-
metry by including on the “hedgehog,” in
addition to the optical sensors, up to ten LDI
probes.

Visualizing matter

Radiography is a classic means of obser-
ving matter in depth. The peculiar condi-
tions of detonics impose constraints on the
radiation source. Since the material is pro-
pelled at high velocity, exposure time must
be brief, to reduce motion blur (flash dura-
tion: a few tens of nanoseconds). To cater
for such short illumination, the “dose”
(quantity of photons received by the object)
must be high; the purpose being to observe
the interior of a dense object, the X-rays
must be penetrating, hence of high energy.
Finally, the X-ray source must be as point-
like as possible, to improve image resolu-
tion.
These four constraints govern the Airix
accelerator’s specification and size. Use
of high-sensitivity sensors further enhan-
ced image quality. For the frame to be as
sharp as possible, the radiography system
(Figure 3) must be optimized, depending
on the object and chosen observation time.
This system is completely defined once
one has specified the distances between
its components, and the nature of each one
(characteristics of the X-ray source, choice
of sensors, materials and geometry of the
collimator and protections). This is done
through calculation, taking into account
limitations of the acquisition system. It is
thus possible to observe millimetric
details.
The ensemble of results obtained, after pro-
cessing by means of data-analysis software
programs, enables the validation of models
developed by the theorists. ●

Jean-Pierre Leyrat
and Xavier Clément

Military Applications Division
CEA-DAM-Ile de France Center
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containment

LDI probes

optical sensors

explosive
material

metal
cylinder

support (hedgehog)

Figure 2. Layout diagram of
sensors in a cylinder to study its
implosion (right).The radiography
of a cylinder during an experiment
(left) allows detonation products
(1) and the influence of edge
effects (2) to be seen, also
showing (3) the support for
chronometry measurements (used
to locate in time the impact of the
material on a sensor) and
velocimetry measurements
(enabling capture of the initial
onset of motion in the material) 

accelerator
outlet

pyrotechnical
protections alignment

axis

detector
device

collimators

conversion of electrons 
into X-rays

Figure 3. Experimental device
for the Airix flash-radiography
machine. The X-ray flash (60 ns)
emitted after conversion of the
accelerated electrons (left) allows
a snapshot to be obtained, by
means of a detector (right), of the
heavy-metal object undergoing
implosion (at center). The image
(bottom) allows mathematical
reconstruction of the object. With
a 1–2-mm focal spot, Airix can
discriminate details (simulated by
calculation, at center) that were
invisible to the machine used
previously (focal spot of 16 mm). 

CEA

lightweight not to disturb the flow signi-
ficantly. Light signals are recorded by an
ultra-high-speed electronic camera, allo-
wing the times of arrival of the material at
various positions to be plotted with a pre-
cision of a few tens of nanoseconds (bil-
lionths of a second).
Velocity measurement (velocimetry) is effec-
ted by laser Doppler interferometry (LDI),
whose principle is that of the Doppler effect:
when a moving surface is illuminated by a
laser, the wavelength of reflected light varies
as a function of the velocity. This is the prin-
ciple used in highway speed-control radars.
In the LDI technique, the reflected beam
yields, in a Fabry-Perot interferometer, inter-
ference fringe patterns (concentric rings),
whose variations in diameter are directly
related to the velocity of the moving surface.
It is thus possible to determine the variation
of this velocity with a precision within one
percentage point.

1

2

3

CEA
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What is a numerical simulation?                           A

Numerical simulation consists in reproducing, through com-
putation, a system’s operation, described at a prior stage by an
ensemble of models. It relies on specific mathematical and com-
putational methods. The main stages involved in carrying out an
investigation by means of numerical simulation are practices
common to many sectors of research and industry, in particular
nuclear engineering, aerospace or automotive.
At every point of the “object” considered, a number of physi-
cal quantities (velocity, temperature…) describe the state and
evolution of the system being investigated. These are not inde-
pendent, being linked and governed by equations, generally
partial differential equations. These equations are the
expression in mathematical terms of the physical laws mode-
ling the object’s behavior. Simulating the latter’s state is to
determine – at every point, ideally – the numerical values for
its parameters. As there is an infinite number of points, and
thus an infinite number of values to be calculated, this goal is
unattainable (except in some very special cases, where the
initial equations may be solved by analytical formulae). A natu-
ral approximation hence consists in considering only a finite
number of points. The parameter values to be computed are
thus finite in number, and the operations required become
manageable, thanks to the computer. The actual number of
points processed will depend, of course, on computational
power: the greater the number, the better the object’s des-
cription will ultimately be. The basis of parameter computation,
as of numerical simulation, is thus the reduction of the infi-
nite to the finite: discretization.

How exactly does one operate, starting from the model’s mathe-
matical equations? Two methods are very commonly used, being
representative, respectively, of deterministic computation

methods, resolving the equations governing the processes inves-
tigated after discretization of the variables, and methods of sta-

tistical or probabilistic calculus.
The principle of the former, known as the finite-volume method,
dates from before the time of computer utilization. Each of the
object’s points is simply assimilated to a small elementary volume
(a cube, for instance), hence the finite-volume tag. Plasma is
thus considered as a set or lattice of contiguous volumes, which,
by analogy to the makeup of netting, will be referred to as a
mesh. The parameters for the object’s state are now defined in
each mesh cell. For each one of these, by reformulating the
model’s mathematical equations in terms of volume averages, it
will then be possible to build up algebraic relations between
the parameters for one cell and those of its neighbors. In total,
there will be as many relations as there are unknown parameters,
and it will be up to the computer to resolve the system of rela-
tions obtained. For that purpose, it will be necessary to turn to
the techniques of numerical analysis, and to program specific
algorithms.
The rising power of computers has allowed an increasing fine-
ness of discretization, making it possible to go from a few tens of
cells in the 1960s to several tens of thousands in the 1980s, through
to millions in the 1990s, and up to some ten billion cells nowadays
(Tera machine at CEA’s Military Applications Division), a figure
that should increase tenfold by the end of the decade.

Example of an image from
a 2D simulation of instabilities,

carried out with CEA’s Tera
supercomputer. Computation

involved adaptive meshing,
featuring finer resolution in the

areas where processes are at their
most complex.

CEA
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A refinement of meshing, adaptive remeshing, consists in adjus-
ting cell size according to conditions, for example by making
them smaller and more densely packed at the interfaces between
two environments, where physical processes are most complex,
or where variations are greatest.
The finite-volume method can be applied to highly diverse phy-
sical and mathematical situations. It allows any shape of mesh
cell (cube, hexahedron, tetrahedron…), and the mesh may be
altered in the course of computation, according to geometric
or physical criteria. Finally, it is easy to implement in the
context of parallel computers (see Box B, Computational

resources for high-performance numerical computa-

tion), as the mesh may be subjected to partitioning for the
purposes of computation on this type of machine (example:
Figure B).
Also included in this same group are the finite-difference

method, a special case of the finite-volume method where cell
walls are orthogonal, and the finite-element method, where a
variety of cell types may be juxtaposed.
The second major method, the so-called Monte Carlo method,
is particularly suited to the simulation of particle transport, for
example of neutrons or photons in a plasma (see Simulations

in particle physics). This kind of transport is in fact charac-
terized by a succession of stages, where each particle may
be subject to a variety of events (diffusion, absorption,
emission…) that are possible a priori. Elementary probabili-
ties for each of these events are known individually, for
each particle.
It is then a natural move to assimilate a point in the plasma to a
particle. A set of particles, finite in number, will form a repre-
sentative sample of the infinity of particles in the plasma, as for
a statistical survey. From one stage to the next, the sample’s evo-
lution will be determined by random draws (hence the method’s
name). The effectiveness of the method, implemented in Los
Alamos as early as the 1940s, is of course dependent on the sta-
tistical quality of the random draws. There are, for just this pur-
pose, random-number methods available, well suited to com-
puter processing.

Finite-volume and Monte Carlo methods have been, and still are,
the occasion for many mathematical investigations. These stu-
dies are devoted, in particular, to narrowing down these methods’
convergence, i.e. the manner in which approximation precision
varies with cell or particle number. This issue arises naturally,
when confronting results from numerical simulation to experi-
mental findings.

3D simulation carried out with the Tera supercomputer, set up at the
end of 2001 at CEA’s DAM-Île de France Center, at Bruyères-le-Châtel
(Essonne département).

CEA

How does a numerical simulation proceed?

Reference is often made to numerical experiments, to emphasize
the analogy between performing a numerical simulation and car-
rying out a physical experiment.
In short, the latter makes use of an experimental setup, configur-
ed in accordance with initial conditions (for temperature, pres-
sure…) and control parameters (duration of the experiment, of
measurements…). In the course of the experiment, the setup
yields measurement points, which are recorded. These records are
then analyzed and interpreted.
In a numerical simulation, the experimental setup consists in an
ensemble of computational programs, run on computers. The
computation codes, or software programs, are the expression,
via numerical algorithms, of the mathematical formulations of
the physical models being investigated. Prior to computation,
and subsequent to it, environment software programs manage
a number of complex operations for the preparation of compu-
tations and analysis of the results.
The initial data for the simulation will comprise, first of all, the deli-
neation of the computation domain – on the basis of an approxi-
mate representation of the geometric shapes (produced by means
of drafting and CAD [computer-assisted design] software) –, fol-

lowed by discretization of this computation domain over a mesh,
as well as the values for the physical parameters over that mesh,
and the control parameters to ensure proper running of the pro-
grams… All these data (produced and managed by the environ-
ment software programs) will be taken up and verified by the
codes. The actual results from the computations, i.e. the nume-
rical values for the physical parameters, will be saved on the fly.
In fact, a specific protocol will structure the computer-generated
information, to form it into a numerical database.
A complete protocol organizes the electronic exchange of requi-
red information (dimensions, in particular) in accordance with pre-
defined formats: modeler,(1) mesher,(2) mesh partitioner, com-

(1) The modeler is a tool enabling the generation and manipulation of points,
curves and surfaces, for the purposes, for example, of mesh generation.
(2) The geometric shapes of a mesh are described by sets of points
connected by curves and surfaces (Bézier curves and surfaces, for
instance), representing its boundaries.
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The example of a thermalhydraulics computation

Implementation of a numerical simulation protocol may be illus-
trated by the work carried out by the team developing the ther-

malhydraulics computation software Trio U. This work was carried
out in the context of a study conducted in collaboration with the
French Radiological Protection and Nuclear Safety Institute (IRSN:
Institut de radioprotection et de sûreté nucléaire). The aim was to
obtain very accurate data to provide engineers with wall heat-stress
values for the components of a pressurized-water reactor in case
of a major accident involving turbulent natural circulation of hot
gases. This investigation requires simultaneous modeling of large-
scale “system” effects and of small-scale turbulent processes (see
Box F, Modeling and simulation of turbulent flows).
This begins with specification of the overall computation model
(Figure A), followed by production of the CAD model and cor-
responding mesh with commercial software programs (Figure
B). Meshes of over five million cells require use of powerful graph-
ics stations. In this example, the mesh for a steam generator
(Figures C and D) has been partitioned to parcel out computa-
tion over eight processors on one of CEA’s parallel computers:
each color stands for a zone assigned to a specific processor. The
computations, whose boundary conditions are provided by way
of a “system” computation (Icare–Cathare), yield results which
it is up to the specialists to interpret. In this case, visualization
on graphics stations of the instantaneous values of the velocity field
show the impact of a hot plume on the steam generator’s tube-
plate (section of the velocity field, at left on Figure E), and ins-
tantaneous temperature in the water box (at right).

Figure A. Overall
computation
domain,
including part
of the reactor
vessel (shown in
red), the outlet
pipe (hot leg, in
light blue), steam
generator (dark
blue), and
pressurizer
(green).

putation codes, visualization and analysis software programs.
Sensitivity studies regarding the results (sensitivity to meshes
and models) form part of the numerical “experiments.”
On completion of computation (numerical resolution of the equa-
tions describing the physical processes occurring in each cell),
analysis of the results by specialists will rely on use of the numer-
ical database. This will involve a number of stages: selective extra-
ction of data (according to the physical parameter of interest)
and visualization, and data extraction and transfer for the pur-
poses of computing and visualizing diagnostics.
This parallel between performing a computation case for a numer-
ical experiment and carrying out a physical experiment does not
end there: the numerical results will be compared to the exper-
imental findings. This comparative analysis, carried out on the

basis of standardized quantitative criteria, will make demands
on both the experience and skill of engineers, physicists, and
mathematicians. Its will result in further improvements to physical
models and simulation software programs.

Bruno Scheurer

Military Applications Division
CEA DAM-Ile de France Center

Frederic Ducros and Ulrich Bieder

Nuclear Energy Division
CEA Grenoble Center

A
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Figures C and D.

1.20.103

1.18.103

1.17.103

1.15.103

1.13.103

1.12.103

1.10.103

Figure E.

Figure B. CAD model
of the hot leg of the
reactor vessel outlet
(left) and unstructured
mesh for it (right).
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Computational resources                                B

for high-performance numerical simulation

Carrying out more accurate numerical simulations requires the use
of more complex physical and numerical models applied to more
detailed descriptions of the simulated objects (see Box A, What is

a numerical simulation?). All this requires advances in the area
of simulation software but also a considerable increase in the capa-
city of the computer systems on which the software runs.

Scalar and vector processors
The key element of the computer is the processor, which is the
basic unit that executes a program to carry out a computation.
There are two main types of processors, scalar processors and
vector processors. The former type carries out operations on ele-
mentary (scalar) numbers, for instance the addition of two num-
bers. The second type carries out operations on arrays of numbers
(vectors), for example adding elementwise the numbers belonging
to two sets of 500 elements. For this reason, they are particularly
well suited to numerical simulation: when executing an opera-
tion of this type, a vector processor can operate at a rate close to
its maximum (peak) performance. The same operation with a
scalar processor requires many independent operations (opera-
ting one vector element at a time) executed at a rate well below
its peak rate. The main advantage of scalar processors is their
price: these are general-purpose microprocessors whose design
and production costs can be written-down across broad markets.

Strengths and constraints of parallelism
Recent computers allow high performances partly by using a
higher operating frequency, partly by trying to carry out seve-
ral operations simultaneously: this is a first level of paralle-

lism. The speeding up in frequency is bounded by develop-

ments in microelectronics technology, whereas interdepen-
dency between the instructions to be carried out by the pro-
cessor limits the amount of parallelism that is possible. Simul-
taneous use of several processors is a second level of
parallelism allowing better performance, provided programs
able to take advantage of this are available. Whereas parallelism
at processor level is automatic, parallelism between processors

in a parallel computer must be taken into account by the pro-
grammer, who has to split his program into independent parts
and make provisions for the necessary communication bet-
ween them. Often, this is done by partitioning the domain on
which the computation is done. Each processor simulates the
behavior of one domain and regular communications between
processors ensure consistency for the overall computation. To
achieve an efficient parallel program, a balanced share of the
workload must be ensured among the individual processors
and efforts must be made to limit communications costs.

The various architectures

A variety of equipment types are used for numerical simulation.
From their desktop computer where they prepare computations
and analyze the results, users access shared computation, sto-
rage and visualization resources far more powerful than their
own. All of these machines are connected by networks, enabling
information to circulate between them at rates compatible with
the volume of data produced, which can be as much as 1 terabyte

(1 TB = 1012 bytes) of data for one single simulation.
The most powerful computers are generally referred to as super-

computers. They currently attain capabilities counted in tera-

flops (1 Tflops = 1012 floating-point operations per second).
Currently, there are three main types of super-
computers: vector supercomputers, clusters of
mini-computers with shared memory, and clus-
ters of PCs (standard home computers). The
choice between these architectures largely
depends on the intended applications and uses.
Vector supercomputers have very-high-perfor-
mance processors but it is difficult to increase
their computing performance by adding pro-
cessors. PC clusters are inexpensive but poorly
suited to environments where many users per-
form numerous large-scale computations (in
terms of memory and input/output).
It is mainly for these reasons that CEA’s Mili-
tary Applications Division (DAM) has choosen
for its Simulation Program (see The Simula-

tion Program: weapons assurance without

nuclear testing) architectures of the shared-
memory mini-computer cluster type, also
known as clusters of SMPs (symmetric multi-
processing). Such a system uses as a basic buil-
ding block a mini-computer featuring several
microprocessors sharing a common memory
(see Figure). As these mini-computers are in
widespread use in a variety of fields, ranging
from banks to web servers through design
offices, they offer an excellent perfor-
mance/price ratio. These basic “blocks” (also
known as nodes) are connected by a high-per-

Installed at CEA (DAM-Ile de France Center) in December 2001, the TERA machine designed
by Compaq (now HP) has for its basic element a mini-computer with 4 x 1-GHz processors
sharing 4 GB of memory and giving a total performance of 8 Gflops. These basic elements are
interconnected through a fast network designed by Quadrics Ltd. A synchronization
operation across all 2,560 processors is completed in under 25 microseconds. The overall file
system offers 50 terabytes of storage space for input/output with an aggregate bandwidth of
7.5 GB/s.
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Figure. Architecture of an “SMP-cluster” type machine. At left, the general architecture (I/O = input/output), on the right, that of a node with four
Alpha EV68 processors, clocked at 1 GHz.

Parallel computers are well suited to numerical methods based on
meshing (see Box A, What is a numerical simulation?) but equally
to processing ab-initio calculations such as this molecular-dynamics
simulation of impact damage to two copper plates moving at 1 km/s
(see Simulation of materials). The system under consideration includes
100,000 atoms of copper representing a square-section (0.02 µm
square) parallelogram of normal density. The atoms interact in
accordance with an embedded atom potential over approximately
4–6 picoseconds. The calculation, performed on 18 processors of the
Tera supercomputer at Bruyères-le-Châtel using the CEA-developed
Stamp software, accounted for some ten minutes of “user” time
(calculation carried out by B. Magne). Tests involving up to 64 million
atoms have been carried out, requiring 256 processors over some one
hundred hours.

formance network: the cumulated power of several hundreds of
these “blocks” can reach several Tflops. One then speaks of a
massively parallel computer.
Such power can be made available for one single parallel appli-
cation using all the supercomputer’s resources, but also for many
independent applications, whether parallel or not, each using
part of the resources. 
While the characteristic emphasized to describe a supercom-
puter is usually its computational power, the input/output
aspect should not be ignored. These machines, capable of run-
ning large-scale simulations, must have storage systems with
suitable capacities and performance. In clusters of SMPs, each
mini-computer has a local disk space. However, it is not advi-
sable to use this space for the user files because it would
require the user to move explicitly his data between each dis-
tinct stage of his calculation. For this reason, it is important
to have disk space accessible by all of the mini-computers
making up the supercomputer. This space generally consists
in sets of disk drives connected to nodes whose main func-
tion is to manage them. Just as for computation, parallelism of
input/output allows high performance to be obtained. For such
purposes, parallel overall file systems must be implemented,
enabling rapid and unrestricted access to the shared disk
space.
While they offer considerable computational power, clusters
of SMPs nevertheless pose a number of challenges. Among the
most important, in addition to programming simulation soft-
ware capable of using efficiently a large number of processors,
is the development of  operating systems and associated soft-
ware tools compatible with such configurations, and fault-tole-
rant.

François Robin

Military Applications Division
CEA, DAM–Ile de France Center

CEA
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for high-performance numerical simulation (cont’d)



model as regards a particular industrial pro-
blem. With the Trio software program deve-
loped at CEA, the best turbulence models
are systematically tested on exchanger geo-
metries comprising plates and fins whose
characteristics are determined experimen-
tally.
Two-dimensional and three-dimensional
thermalhydraulic simulations of the flow
around an isolated strip fin have been car-
ried out, using two simulation tools. First,
Trio enabled non-stationary simulations to
be carried out, with various LES models.
Then, the Fluent commercial computation
tool was used to carry out stationary simu-
lations with conventional turbulence models
(of the Reynolds-averaged Navier–Stokes
[RANS] equation type). These models yield
the representative quantities for flow tem-
poral averages.

The simulation results obtained are syste-
matically compared with the literature or to
laboratory experimental results: wall pres-
sure-, friction- and heat-transfer-coefficient
profiles, global pressure coefficient, and
frequency of downstream vortex release.
The meshes used are of the order of
100,000 cells for 2D simulations, 1 mil-
lion for 3D simulations.  It is apparent that
the numerical results are related to the tur-
bulence models used, but also to their
implementation. The results obtained in
LES (Figure 1) allow identification of the
mechanisms responsible for the increased
heat  transfer, by geometry-induced tur-
bulence generation. The sequence of
images enables visualization of the evolu-
tion over time of local mechanisms such
as vortex growth, detachment and entrain-
ment.
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Turbulence, or disturbance in so-called turbulent flow, develops
in most of the flows that condition our immediate environment
(rivers, ocean, atmosphere). It also turns out to be one, if not the,
dimensioning parameter in a large number of industrial flows
(related to energy generation or conversion, aerodynamics, etc.).
Thus, it is not surprising that a drive is being launched to achieve
prediction for the process – albeit in approximate fashion as yet
– especially when it combines with complicating processes (stra-
tification, combustion, presence of several phases, etc.). This is
because, paraxodically, even though it is possible to predict the
turbulent nature of a flow and even, from a theoretical stand-
point, to highlight certain common – and apparently universal –
characteristics of turbulent flows,(1) their prediction, in specific
cases, remains tricky. Indeed, it must take into account the consi-

Figure.  Instantaneous (top) and averaged (bottom) temperature field in a mixing situation. The curve shows the history of temperature at one point:
fluctuating instantaneous value in blue and mean in red (according to Alexandre Chatelain, doctoral dissertation) (DEN/DTP/SMTH/LDTA).
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derable range of space and time scales(2) involved in any flow of
this type.
Researchers, however, are not without resources, nowadays,
when approaching this problem. First, the equations governing
the evolution of turbulent flows over space and time
(Navier–Stokes equations(3)) are known. Their complete solu-
tion, in highly favorable cases, has led to predictive descrip-
tions. However, systematic use of this method of resolution
comes up against two major difficulties: on the one hand, it
would require complete, simultaneous knowledge of all
variables attached to the flow, and of the forced-flow condi-
tions imposed on it,(4) and, on the other hand, it would mobi-
lize computational resources that will remain unrealistic for
decades yet.

Modeling and simulation of turbulent flows                 F



Industrialization of these methods cannot
occur without customer support of the
consultancy type, the more so since such
methods require ever-increasing speciali-
zation. For this purpose, GRETh has deve-
loped the software platform concept,
which involves making the thermalhy-

draulic software programs and advanced
models available to its industrialists’ club,
and working in close collaboration with
the industrial partner, by giving access to
its own resources and associating him as
much as possible in tool use and imple-
mentation.(1)
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The sole option, based on the fluctuating character of the flow
due to turbulent agitation, must thus be to define and use ave-
rage values. One of the most widely adopted approaches consists
in looking at the problem from a statistical angle. The mean ove-
rall values for velocity, pressure, temperature… whose distribu-
tion characterizes the turbulent flow, are defined as the princi-
pal variables of the flow one then seeks to qualify relative to those
mean values. This leads to a decomposition of the motion (the
so-called Reynolds decomposition) into mean and fluctuating
fields, the latter being the measure of the instantaneous local dif-
ference between each actual quantity and its mean (Figure). These
fluctuations represent the turbulence and cover a major part of
the Kolmogorov spectrum.(1)

This operation considerably lowers the number of degrees of
liberty of the problem, making it amenable to computational treat-
ment. It does also involve many difficulties: first, it should be
noted that, precisely due to the non-linearity of the equations of
motion, any average process leads to new, unknown terms that
must be estimated. By closing the door on complete, determi-
nistic description of the phenomenon, we open one to modeling,
i.e. to the representation of the effects of turbulence on mean
variables.
Many advances have been made since the early models (Prandtl,
1925). Modeling schemas have moved unabated towards greater
complexity, grounded on the generally verified fact that any new
extension allows the previously gained properties to be preserved.
It should also be noted that, even if many new developments are
emphasizing anew the need to treat flows by respecting their

non-stationary character, the most popular modeling techniques
were developed in the context of stationary flows, for which,
consequently, only a representation of the flow’s temporal mean
can be achieved: in the final mathematical model, the effects of
turbulence thus stem wholly from the modeling process.
It is equally remarkable that, despite extensive work, no modeling
has yet been capable of accounting for all of the processes influen-
cing turbulence or influenced by it (transition, non-stationarity,
stratification, compression, etc.). Which, for the time being, would
seem to preclude statistical modeling from entertaining any ambi-
tions of universality.
Despite these limitations, most of the common statistical mode-
ling techniques are now available in commercial codes and indus-
trial tools. One cannot claim that they enable predictive compu-
tations in every situation. They are of varying accuracy, yielding
useful results for the engineer in controlled, favorable situations
(prediction of drag to an accuracy of 5–10%, sometimes better,
for some profiles), but sometimes inaccurate in situations that
subsequently turn out to lie outside the model’s domain of validity.
Any controlled use of modeling is based, therefore, on a qualifi-
cation specific to the type of flow to be processed. Alternative
modeling techniques, meeting the requirement for greater accu-
racy across broader ranges of space and time scales, and there-
fore based on a “mean” operator of a different nature, are cur-
rently being developed and represent new ways forward.
The landscape of turbulence modeling today is highly complex,
and the unification of viewpoints and of the various modeling
concepts remains a challenge. The tempting goal of modeling
with universal validity thus remains out of order. Actual imple-
mentation proceeds, in most cases, from compromises, guided
as a rule by the engineer’s know-how.

Frédéric Ducros 

Nuclear Energy Division
CEA Grenoble Center

(1) One may mention the spectral distribution of turbulent kinetic energy
known as the “Kolmogorov spectrum,” which illustrates very simply the
hierarchy of scales, from large, energy-carrying scales to ever smaller, less
energetic scales.
(2) This range results from the non-linearities of the equations of motion,
giving rise to a broad range of spatial and temporal scales. This range is
an increasing function of the Reynolds number, Re, which is a measure
of the inertial force to viscous force ratio. 
(3) The hypothesis that complete resolution of the Navier–Stokes equa-
tions allows simulation of turbulence is generally accepted to be true, at
any rate for the range of shock-free flows.
(4) This is a problem governed by initial and boundary conditions.

F

Figure 2. Trajectories followed by the
fluid inside a corrugated-plate heat
exchanger with an angle of 60° to the
flow direction. Obtained with the
Fluent software, these results illustrate
the work on local modeling of flows in
exchangers of this type.



EPR fleet 60 GWe 400 TWhe/year
scenario 4: multirecycling  (Pu+Am+Cm)
62% EPR-UOX et 38% EPR
UOX burnup rate: 46,200 MW.d/t
APA 88,000 MW.d/t

6,300 t natural U

enrichment
4.3 x 106 UTS

235U 3.5%
684 t

UOX production 
660 t

reactor
PWR-UOX (64%)
46,200 MW.d/t

UOX processing 
660 t

waste:
0.25 %

235U 4.1%
171 t

depleted U 
5,000 t

APA production 
201 t

U: 181 t reactor
PWR-APA (36%)
88,000 MW.d/t

APA processing 
201 t

MA (Am+Cm) 5.4 t
Pu: 12.3 t (22.2% fissile Pu)

Pu: 20 t
(38.2% Pu)
MA (Am+Cm) 5.9 t

Pu: 7.3 t (64.2% Pu) MA (Am+Cm) 0.46 t

MA = minor actinides 

irradiated
comb. waste:

Pu: 0.02 t
Np: 0.57 t
Am: 0.03 t
Cm: 0.03 t
Tc: 1.07 t
L: 0.27 t

lations (Box D, Analytical experiments
and integral experiments). Such work,
which has been ongoing for a long time in
the context of international cooperation
agreements, still has current relevance, par-
ticularly as regards requirements arising
from studies on the back end of the fuel
cycle.(2)

Another basic tool is provided by neutron-
balance equations. Modeling of processes
involved in nuclear reactors relies on the
Boltzmann equation, which describes neu-
tron balance very accurately, and on the

Bateman equation, describing the isotopic
evolution of radioactive environments sub-
jected to a neutron flux. Several hundred
isotopes undergoing transmutation are
represented in the calculation: sequences
of heavy nuclei and fuel-fission products, as
also the heat transporter, and structural and
control materials.

A schema in several stages

As of yet, computers are not powerful
enough to calculate reactor characteristics
directly. Solving balance equations in neu-
tronics codes involves simplifications based
on decoupling assumptions. In some opera-
tional configurations, fine resolution of the
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Analytical experiments and integral experiments

To achieve better understanding and more in-depth knowledge,
experiments focusing on investigation of a single phenomenon
are carried out first, often at a smaller scale. These so-called
analytical, elementary or detailed experiments enable indi-
vidual evaluation of each phenomenon, or at any rate investi-
gation of separate effects, by seeking to restrict the influence
of other phenomena. The findings are then integrated as data
used by the physics models in computation codes (software

programs). 
In the nuclear domain, the neutron-balance equation for a fission
reactor (Boltzmann equation) provides an example of linea-
rity; thus an experiment carried out on a low-power critical
reactor such as Éole is representative of configurations found
in power-generating reactors for key parameters of their design,
such as power distribution or absorbing agent efficiency. Howe-
ver, the physics of thermonuclear fusion is non-linear: it is

D

therefore impossible to extrapolate, given that thresholds have
to be reached.
Experiments taking into account all of the elementary processes
and thus – which is essential – their interactions are called ove-

rall or “system” experiments. Their purpose is to reproduce,
possibly scaled down but with all of the elements of the system
being investigated, the concatenation of the essential physical (or,
as the case may be, chemical and biological) processes charac-
terizing their operation, whether in normal conditions or “enve-
lope” conditions, or even outside of those limits (accident situa-
tions, for instance, with the Bethsy loop in thermalhydraulics
and the Cabri reactor in fuel thermalmechanics). These experi-
ments highlight system effects and enable data acquisition, toge-
ther with the definition of criteria, and are necessary to verify
that the computation codes integrating all of this knowledge
provide relevant modeling of reality.

Figure 3. Diagrammatic
representation of the information
derived from the ensemble of
simulations used in modeling APA
fuel assemblies. This illustrates its
end purpose: to work out a
complete materials flow and
model the entire power station
fleet (the values shown are for
yearly flows).

(2) In this respect, see also Clefs CEA No. 45,
p. 22.


	ret: 
	sommaire: 
	noyau: 
	g_noyau: 
	g_fusion1: 
	fusion1: 
	amorce: 
	g_amorce: 
	fusion: 
	g_fusion: 
	isotopes: 
	g_isotopes: 
	equation: 
	g_equation: 
	p60n1: 
	g_p60n1: 
	s_sommaire2: You can get to this article (PDF file) from the Contents page
	sommaire2: 
	g_algo: 
	algo: 
	s_sommaire: You can get to this article (PDF file) from the Contents page
	thermohyd: 
	g_thermohyd: 
	s_sommaire5: You can get to this article (PDF file) from the Contents page
	sommaire5: 
	g_byte: 
	byte: 
	g_flops: 
	flops: 
	g_n1p87: 
	n1p87: 
	g_n2p87: 
	n2p87: 
	g_n3p87: 
	n3p87: 
	g_n4p87: 
	n4p87: 
	g_abinitio: 
	abinitio: 
	sommaire4: 
	sommaire9: 
	s_sommaire4: You can get to this article (PDF file) from the Contents page
	s_sommaire9: You can get to this article (PDF file) from the Contents page
	g_plasma: 
	plasma: 


