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UT-S&E-LASER/DEC 
 
Task Title: LASER DECONTAMINATION/TRITIUM REMOVAL  
 Modelling of lasers surface heating 
 
 
INTRODUCTION 
 
 
Laser surface cleaning and decontamination is seen very 
promising for nuclear technology and industry. The 
controllable-in-depth laser heating of thermonuclear reactor 
surface can remove tritium from the wall with a co-
deposited layer without wall surface destruction. Tritium 
removal may be realized either by laser ablation of a co-
deposited layer or by its sufficient heating resulting in 
tritium release. 
 
The surface temperature depends on laser parameters 
(power, wavelength, focusing, pulse duration) and on 
thermo-physical properties (specific heat, 
thermoconductivity, coefficients of reflection and 
absorption of laser radiation and so on) of both the co-
deposited layer and the substrate. It also depends on the 
layer/substrate interface properties. Generally, the cleaned 
surface comprises a micrometric (1 – 1000 µm thickness) 
layer deposited on a substrate with different thermo-
physical and optical properties. 
 
To control laser decontamination, it seems useful to 
develop a model to evaluate the surface temperature under 
different conditions. This model development was the aim 
of our studies. The model can allow to find the optimal 
conditions of the surface cleaning and to explain some 
particular properties of the laser heating of the surface with 
a co-deposited layer.  
 
 
2004 ACTIVITIES 
 
 
For laser heating, the calculations of the surface 
temperature are generally associated with solution of a 
complex nonlinear thermo-physical problem involving the 
temperature dependence of thermo-physical and optical 
properties of the surface substances [1-3]. In  general, with 
a moving laser beam, it can be made only by direct space-
time (3+1 dimensional) numerical simulations by finite-
difference methods. The complete system of the heat 
equations (in the cylindrical coordinates) to describe the 
temperature distribution T(r, z, t) over space and time is the 
following: 
 

 
 (1a) 

 

 
(1b) 

Equation (1a) corresponds to the co-deposited layer 
(0 < z < d) with thickness d. Equation (1b) corresponds to 
substrate (z > d ).  The laser energy that is released into the 
layer and the substrate can be presented as follows: 
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where I(r, t) is radial (r) distribution of time-dependent (t) 
laser intensity at z = 0, Al is the transmittance of the layer 
surface at z = 0, αl is the layer absorption coefficient, As is 
transmittance on the boundary between the layer and 
substrate at z = d, αs is substrate absorption coefficient. The 
set of equations (1a) and (1b) is solved with the boundary 
conditions: 
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The boundary conditions (3a) and (3b) correspond to a 
perfect thermal contact on the layer/substrate interface. For 
a poor heat contact, the condition (3a) should be replaced 
by condition: 
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Different spatio-temporal regimes of laser radiation are 
considered in the source terms I(r, t) (either continuous or 
pulsed laser radiation). The spatial distribution of the 
focused laser radiation can be either Gaussian or 
homogeneous flat-top.  
 
The case of temperature-independent values of the thermo-
physical and optical parameters of the layer and the 
substrate was considered. The «analytical solution» of the 
linear laser heating was obtained, analyzed, and used for the 
relatively fast simulations of laser heating on a long space-
time scale with the developed MATLAB-code (our annual 
report). 
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Some of the theoretical results obtained are presented on 
figure 1 and figure 2. 
 
Figure 1 presents the results for 100 ns laser pulses (10 kHz 
repetition rate) and pure graphite heating by homogeneous 
or Gaussian laser beam of 2ro = 1 mm diameter. 
 

 
 

 
 

Figure 1 : The temperature of the surface of technical 
graphite (with k0 = 100 W/m/oK) by laser radiation 

with repeating pulses (F = 1 J/cm2, 2r0 = 1 mm) 
 
Given that the graphite sublimation temperature is ≈3900oC 
and defining the graphite ablation threshold as the laser 
fluence that is required to reach the graphite sublimation, 
the ablation threshold for 100 ns pulses can be estimated as 
Fthresh ≈ 2.2 J/cm2. of The calculated ablation threshold was 
compared with the experimental one (2.5 J/cm2 for 100 ns 
laser pulses at 10000 Hz repetition rate [4]) and 
demonstrated good agreement. 
 
Figure 2 presents the temperature depth dependence for 
graphite with a co-deposited layer of 100 µm thickness at 
different moments (just after 1st, 101st , and 1001st pulse). 
 
The results obtained with constant thermo-physical 
parameters and the simulation results of nonlinear laser 
heating with temperature-dependent parameters were 
compared. 
 
The comparison justified the “analytical” model with 
constant thermo-physical and optical parameters.  

 
 

Figure 2 : The temperature depth distributions at different 
times for graphite with a co-deposited layer of thickness 

d = 100 µm (τp = 100 ns, F = 1 J/cm2, 2r0 = 1 mm, 
10 kHz repetition rate laser) 

 
 
CONCLUSIONS 
 
 
A model for the laser heating of complex surfaces with a 
layer (1 – 1000 µm) of different substances on a substrate 
was developed. Much attention was paid to a three-
dimensional “analytical” model with constant optical and 
thermo-physical parameters to determine the heating 
temperature on a large space-time scale. On the basis of the 
developed analytical model, a computing MATLAB code 
was written to calculate a surface heating temperature under 
different conditions. 
 
The simulations were made for the laser heating of graphite 
surfaces without and with a co-deposited layer. Only two 
adjustable parameters (porosity and thermal conductivity) 
for normal technical graphite and for the co-deposited layer 
were used in the calculations. 
 
Different heating regimes with a pulse laser radiation (5 ns 
– 50 ms pulse duration and  20 – 10000 Hz pulse repetition 
rate) and a cw laser were considered. For different regimes 
of laser heating, the ablation thresholds were estimated on 
the basis of the results obtained. For a normal graphite 
surface for 5 ns and 100 ns laser pulses, the estimated 
ablation thresholds were found in agreement with the 
experimental results. 
 
For the high repetition rate lasers (10000 Hz), the heat 
energy accumulation from pulse to pulse was investigated. 
During the heating, the laser beam was either immobile or 
could move along the surface. The calculations with the 
moving laser spot on the surface at different velocities of 
the laser scanning can estimate the effective number of 
laser shots on a given place of the surface. Different 
temporal and spatial distributions of laser radiation on the 
surface were implemented in the code. 
 
For graphite surface with a co-deposited layer, the 
dependences of the surface heating temperature on the layer 
thickness were calculated for different regimes of laser 
heating (for cw laser radiation and for pulsed lasers). 
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Two limiting cases of the heat contact between the friable 
co-deposited layer and the graphite substrate were 
considered. For the perfect heat contact between the layer 
and the substrate, the ablation threshold for the layer 
thickness > 10 µm can be evaluated as two times lower than 
for the normal technical graphite surface. With the decrease 
in a layer thickness, the heating temperature decreases and 
tends to be the same as for the normal graphite surface. For 
a poor heat contact between the layer and the substrate, the 
ablation threshold will be very low. In this case, the heating 
temperature increases considerably with the decrease in a 
layer thickness. 
 
To validate the calculations based on the mean constant 
temperature-independent graphite properties, the known 
temperature dependences of the thermo-physical parameters 
of graphite are considered in the direct numerical solution 
of heat equations. The corresponding calculation code was 
written on Dufort-Frankel algorithm [5]. The test 
simulations of nonlinear laser heating were compared with 
the results obtained with constant mean thermo-physical 
parameters.  The results justify the “analytical” model of 
laser heating with the mean constant thermo-physical and 
optical parameters. It can be applied for both qualitative 
and quantitative estimations of the surface temperature 
during the laser heating of complex surfaces. 
 
Thus, the developed code allows to simulate the laser 
heating of the graphite surface without and with a co-
deposited layer. It may also be applied to study the laser 
heating of any other surface with different properties. The 
code can be easily generalized by involving the diffusive 
scattering of the laser light in turbid media, for example. In 
this case, it would be required to change just some 
parameters in the laser heating source terms. 
 
The developed model will be applied to choose the relevant 
validation experiments. The experiments are planned to be 
made with the Pyrometer method that is under development 
in our Laboratory (CEA Saclay, DEN/DPC/SCP/LILM). 
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UT-S&E-LiPbwater 
 
Task Title: RECALCULATION OF THE LIFUS EXPERIMENT 

(INTERACTION BETWEEN LITHIUM-LEAD AND WATER) 
WITH THE 3D VERSION OF SIMMER 

 
 
INTRODUCTION 
 
 
Lithium lead is a candidate as breeding material in a fusion 
reactor. Water could be used as coolant of the breeding 
blanket or at least as coolant for the shielding part. In the 
case of ITER, the EU Test Module Blanket (TBM) will be 
He cooled but the use of water as coolant is forseen for all 
the in-vessel components. 
 
The contact between water and lithium lead could produce 
a strong and rapid interaction. 
 
A series of interaction tests between lithium-lead liquid 
metal and water have therefore been carried out at the 
ENEA Brasimone Institute (Italia) with the LIFUS facility. 
The phenomenology of the interaction between lithium-
lead and water for various operating conditions 
(temperature, pressure, duration of the water injection) has 
been dealt with. 
 
These tests were modeled in 2003 with the two dimensional 
SIMMER code, a software which was previously used for 
the analysis of severe accidents in the field of the sodium 
cooled fast reactors. 
 
The calculation results agreed well with the experimental 
ones except for the pressure level reached during the 
interaction, which was underestimated by  SIMMER. 
Nevertheless, it was concluded that the SIMMER code was 
well suited to describe the phenomenology of the accident. 
Hypotheses were proposed to explain the discrepancy. The 
pressure evolution was however not significantly improved. 
 
The 2004 task is aimed at reviewing the effect of a better 
description of the interaction vessel geometry by a three 
dimensional approach. This comparison is now made 
possible with the new 3D version of SIMMER, which 
allows a refined modeling of the LIFUS facility. 
 
RECALL OF THE PREVIOUS SIMULATION 
 
LIFUS test 
 
The test n°4 of the LIFUS program was modeled using a 
Cartesian representation, following a previous work carried 
out at CEA on the BURTY experiment, in order to take into 
account the non-symmetry of the facility [1]. Using the two 
dimensional version of SIMMER, the results showed that 
the Cartesian approach provided a good estimation of the 
time delay of the expansion vessel pressurization, directly 
correlated to the amount of injected water. 

A modeling limitation was however found in the two 
dimensional SIMMER code, resulting in a lower pressure 
level than the pressure reached in the experiment [2]. 
 
The main difficulty was to represent the different parts of 
the experimental facility. The interaction vessel is made of 
four different compartments separated by walls (figure 1). 
The fluid can circulate between these compartments 
through the gaps. The injector and cooling tubes are located 
in one of these compartments and the injector is not in the 
central part. Each compartment is also equipped with an 
expansion pipe, connected to a unique expansion vessel. 
 

 
 

Figure 1 : Location of the tube bundle and the injector 
in the interaction vessel 

 
2D approach 
 
In order to represent this complex geometry, simplifications 
were necessary in the two dimensional approach. As the 
pressure level reached during the interaction is directly 
dependent on the free volume available for the fluid, the 
results are sensitive to the description of the interaction 
vessel. 
 
It was pointed out that the modeling must be modified to 
better take into account the geometry of the LIFUS facility. 
Particularly, the position of the injector device must be 
correctly represented since it is not on the same axis as the 
expansion tube. A finer meshing must also be made in 
order to simulate the jet flow kinetics without introducing 
too important numerical diffusion effects. The transfers 
between structure and fluid must be represented by wall 
laws is necessary in order to take into account the 
fluid/structure frictions and interactions. 
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2004 ACTIVITIES 
 
In order to improve the simulation of the interaction, the 
LIFUS test n°4 is recalculated thanks to the 3D SIMMER 
code. 
 
3D MODELING 
 
The modeling of the interaction vessel in 3D, represented in 
figure 2, is made in the Cartesian representation [3]. The 
boundary conditions are imposed at the inlet of the 
interaction vessel by simulating the injected water, and at 
the outlet by imposing the pressure of the mixture going to 
the expansion vessel. The purpose is to show the capability 
of the SIMMER 3D version to better calculate the 
behaviour of the mixture in the interaction vessel. 
 

 
 

Figure 2 : Interaction vessel 
 
SIMMER RESULTS 
 
The pressure is evaluated at the top of the interaction vessel 
below the expansion vessel. As shown in figure 3, the 
calculated pressure is in agreement with the experimental 
values reached during the thermal interaction between the 
lithium-lead alloy and water. 
 

Pressure in the reaction tank

0,00E+00

2,00E+06

4,00E+06

6,00E+06

8,00E+06

1,00E+07

1,20E+07

0 0,2 0,4 0,6 0,8 1
time (s)

pr
es

su
re

 (P
a)

SIMMER
Experiment

 
Figure 3 : Pressure evolution in the reactor vessel 

The pressure evolution is well reproduced in the interaction 
vessel in time and magnitude, even though the calculated 
pressure has a smoother slope than the experimental one. 
The pressure peak, due to a water hammer effect and a 
water vaporization, reaches a maximum value of 115 bars 
after 370 ms. 
 
The second phase is characterized by a pressure stagnation 
in all sectors of the interaction vessel because of the free 
flow of gases into the expansion vessel, balanced by an 
equivalent injection of water from the injection device. This 
second phase lasts for about 250 ms. 
 
COMPARISON BETWEEN THE 2D/3D APPROACH 
 
In comparison to the previous approach based on the two 
dimensional Cartesian calculation, the three dimensional 
approach takes into account the spatial motion of the 
lithium-lead and water mixture during the interaction. As 
the pressure is inversely proportional to the free volume, 
the correct representation of the geometry is essential to 
determine the kinetics and the magnitude of the pressure in 
the vessel. With this approach, the temperature evolution is 
also correctly obtained. 
 
 
CONCLUSION 
 
 
The experimental campaign on LIFUS facility was aimed at 
giving a clear understanding of the interaction between 
lithium-lead alloy and water in the blanket module. The 
effects of thermal-hydraulics parameters and the 
geometrical features on the pressure and temperature 
evolution in the interaction vessel were particularly 
investigated. A SIMMER modeling of the LIFUS was 
achieved, based on the experience gained from the previous 
validation with the two dimensional approach. The injector, 
the interaction vessel and the connection to the expansion 
tubes were represented. Even though the phenomenology of 
the interaction was evidenced in the 2D SIMMER 
calculation, a discrepancy was observed for the pressure 
variation. 
 
Taking into account the three dimensional geometry of the 
sole interaction vessel, the evolution of pressure can be 
better reproduced by the code by a 3D description of the 
available volume for the expansion of the lithium–lead and 
water mixture. The whole kinetics of the interaction 
phenomenon, temperature and pressure evolutions are in 
agreement with the experimental results. These results 
show the potentialities of SIMMER 3D, which could be 
relevantly used on the whole representation of the facility 
and not only the reaction vessel, as presented here. This 
activity could be fruitfully continued in 2005 on the test n°3 
of the LIFUS program. This test is characterized by 
different conditions in terms of pressure and temperature of 
the injected water. This recalculation could be used as a 
complement to the validation of the current work. The 
modeling could also be more complete in order to have a 
better description of the LIFUS facility, in particular for the 
expansion vessel. 
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