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ABSTRACT 

Although widely used and investigated in manufacturing, the laser cutting process remains an emerging 

technology for nuclear dismantling, where the challenges differ significantly. Indeed, while cutting quality is 

essential in manufacturing processes, it is not a relevant criterion in nuclear dismantling. Nevertheless, the 

residual laser energy, which is the focus of this study, is of particular relevance to nuclear safety issues for 

dismantling. 

This paper presents a thermohydrodynamic model for simulating the laser cutting process of 5 𝑚𝑚 thick 

304L stainless steel, accounting for heat transfer and fluid flow in all phases (gas, liquid and solid), and 

employing the Level Set method to dynamically capture the gas-metal interface. The model is first validated 

through a comparison of the cutting front angles with experimental observations, demonstrating good 

agreement with a difference of less than 6%. The simulation results show good agreement with experimental 

observations regarding the cutting front angle, with a difference of less than 6%. Then, a hybrid Level Set – 

moving mesh method is proposed to discretize the interface in order to quantify the residual laser energy 

using the ray tracing approach. 
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INTRODUCTION 

Since the first studies in the 1960s [1-2], the laser cutting process has been used across 

applications in various fields [3-6]. Among the industrial sectors involving the process, the 
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manufacturing industry is by far the most represented in the literature [7-9]. Indeed, in this 

sector the cutting quality, which is strongly affected by the formation of striations, remains a 

major weakness of the process. Most studies have investigated this phenomenon through both 

experimental [10] and numerical [11] analyses in order to eliminate striations. 

In many numerical studies, both analytical and thermohydrodynamic models have been 

developed to describe physical mechanisms involved in laser cutting to predict the formation 

of striations as a function of operating parameters [12-13]. The thermohydrodynamic models 

provide a detailed representation of the process through the key physics such as heat transfer 

and fluid flow, as well as the gas – metal interface dynamic. 

Both Amara et al. [14] and Kheloufi et al. [15] proposed thermohydrodynamic models for 

the laser cutting process on iron sheets (thickness ≤ 3 𝑚𝑚), relying on the Eulerian Volume 

Of Fluid (VOF) approach to capture the gas-metal interface and by solving the governing 

equations using the Finite Volume Method (FVM). Each thermohydrodynamic model [14-15] 

allows the investigation of the effect of certain operating parameters, such as the cutting 

velocity, on the kerf geometry and its temperature field, showing a good agreement with 

experimental work [16]. Amara et al. [13] extended their work with a more in-depth study that 

investigates the effect of laser wavelength on the cut quality, using a mesh adaption based on 

the temperature gradients to improve accuracy in regions of interest and reduce computational 

cost. More recently, Nie et al. [17] modeled the laser cutting of a 0.15 𝑚𝑚 aluminum alloy 

sheet, using a thermohydrodynamic approach and localized mesh refinement method as well. 

This study focused on particle ejection, highlighting mechanisms behind particle formation 

and characterizing their size and velocity post-ejection. 

In nuclear application, challenges differ from those in the manufacturing industry. While 

cutting quality is a major interest in manufacturing, it is not a significant concern when 

dismantling nuclear facilities [18]. However, the portion of laser energy transmitted through 

the plate (Fig. 1), commonly referred to as residual laser energy, is largely overlooked in the 

literature, yet it requires particular attention in the context of nuclear safety issues for 

dismantling. Indeed, the residual laser energy could compromise the integrity of background 

structures due to its thermo-mechanical impact. The generation and dispersion of aerosols in 

the environment also present a challenge [19], however this aspect is not addressed in the 

present work. 

This paper presents a 3D thermohydrodynamic model of laser cutting of a 5 𝑚𝑚 thick 304L 

stainless steel plate, including heat transfer and fluid flow equations for the three phases (gas, 

liquid and solid), as well as the Level Set method [20] to dynamically capture the gas-metal 

interface. A comparison with an experimental study [21] enables the first validation of the 

model by comparing cutting front angle, using the same operating parameters as those applied 

in the experiments. Then, a hybrid Level Set – moving mesh method coupled with a ray tracing 

approach is proposed to quantify the residual laser energy. The development of both the laser 

cutting model and the quantification of residual laser energy are carried out using the finite 

element software COMSOL Multiphysics®. 
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Fig. 1 Schematic view of the laser cutting process and the associated residual laser energy 

MATHEMATICAL FORMAULATION OF THE LASER CUTTING MODEL 

The present laser cutting modeling involves a multiphase and multiphysics approach. On the 

one hand, it must account for the gas, and metallic liquid and solid phases. On the other hand, 

it requires solving both heat transfer and fluid flow phenomena. Regarding these physics, the 

model is based on the following assumptions: 

- Although Duan et al. [22] have shown that for plate thickness greater than 3 mm, 

multiple reflections of the laser within the kerf may influence the energy input into 

the plate, this phenomenon is not taken into account in this preliminary work. 

- The process is modeled using an inert gas (nitrogen), and no chemical reactions are 

included.  

- The properties of gas and metal (except for its thermal conductivity) are assumed 

constant with respect to temperature. A sensitivity analysis (not shown here) was 

performed on the thermophysical properties, which showed a limited impact on 

results. 

- Given the complex nature of the hydrodynamics of the assist gas, it is not explicitly 

modeled, but rather represented by a friction force and a dynamic pressure, as 

proposed by Vicanek et al. [23]. 

- Based on the previous assumption, the flow is treated as laminar and the supersonic 

convective heat is not modeled. 
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Fig. 2 illustrates the thermohydrodynamic model used to simulate the laser cutting of a 

5 𝑚𝑚 thick 304L stainless steel plate. The computational domain has dimensions of 

6 × 3.5 × 7 𝑚𝑚3. Owing to the symmetric nature of the process, the model includes only half 

of the cut, thus reducing the computational time. Although, in nuclear dismantling, the 

reference setup involves a static sample with a teleoperated or controlled laser head installed 

on a robotic arm, the model assumes a static laser cutting head while the plate moves along 

the x-axis at a cutting velocity 𝑣𝑑⃗⃗⃗⃗ . Indeed, this allows the computational domain to be reduced 

while preserving relevant information about the cutting front, thus lowering computational 

time.  

 

Fig. 2 Schematic representation of the thermohydrodynamic laser cutting model 

GAS - METAL INTERFACE CAPTURING 

The Level Set method, originally introduced by Osher and Sethian [20], is an Eulerian 

approach based on a fixed mesh and is employed in the model to dynamically capture the gas 

– metal interface, following the formulation of Li et al. [24]. The phase variable 𝜙 (refer to 

equation 1), which takes the value 0 in the gas phase and 1 in the metal phase (see Fig. 3), is 

determined by the following equation: 

𝜕𝜙

𝜕𝑡
+ 𝑢⃗ ⋅ ∇⃗⃗ 𝜙 = 𝛾𝐿𝑆 ∇⃗⃗ ⋅ [εLS ∇⃗⃗ 𝜙 − 𝜙 (1 − 𝜙)

∇⃗⃗ 𝜙

|∇⃗⃗ 𝜙|
] (1) 

Where 𝛾𝐿𝑆 [𝑚. 𝑠
−1] corresponds to the reinitialization parameter, and εLS [𝑚] determines the 

thickness of the interface separating 𝜙 = 0 and 𝜙 = 1 phases in the Level Set formulation. 
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Here, the variable 𝜙 is advected by the velocity vector 𝑢⃗ = {𝑢, 𝑣, 𝑤}, as obtained from the 

Navier-Stokes equations (equations 14 and 15). Equation 2 presents 𝛿(𝜙), which is a 

smoothed approximation of the Dirac delta distribution. It enables the deposition of the 

physical phenomena occurring on the interface since no explicit boundary is defined. All 

properties are defined as a function of the variable 𝜙, according to the formulation given in 

equation 3. 

𝛿(𝜙) = 6 |𝜙(1 − 𝜙)| |∇⃗⃗ 𝜙| (2) 

ξ = 𝜉𝑔𝑎𝑠 + (𝜉𝑚𝑒𝑡𝑎𝑙 − 𝜉𝑔𝑎𝑠) 𝜙 (3) 

 

Fig. 3 Example of a 2D representation of the field 𝝓 

HEAT TRANSFER AND FLUID FLOW DESCRIPTIONS 

The mathematical description of heat transfer, based on the previous assumptions, is computed 

by the thermal energy balance equation for isotropic and homogeneous materials (equation 4). 

The source terms include laser energy distribution 𝑆𝑙𝑎𝑠𝑒𝑟 (equation 5), and heat loses by 

vaporization  𝑆𝑣𝑎𝑝 (equation 10) and radiation 𝑆𝑟𝑎𝑑 (equation 13).  

Here, the 𝑆𝑙𝑎𝑠𝑒𝑟 term accounts for the effect of the incidence angle 𝜃 (see figure 3) on the 

absorptivity 𝛼𝑚𝑜𝑦 through Fresnel’s equations (equation 6 and 7) [25], the beam divergence 

from the focal plane position 𝑝𝑓𝑙 (equation 9), located 35 𝑚𝑚 above the bottom surface of the 

plate, and a narrow Gaussian distribution due to the small diverging angle of the laser (6° 
[18]). 𝑆𝑣𝑎𝑝 is based on a modified Langmuir expression [26] and depends on the evaporated 

mass flux 𝑚̇ [𝑘𝑔.𝑚−2. 𝑠−1] as a function of temperature 𝑇 (equation 11). Considered of the 

second order, latent heat of fusion is omitted in the present model. 
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𝜌𝜙 𝑐𝑝𝜙  (
𝜕𝑇

𝜕𝑡
+ 𝑢⃗ ⋅ ∇⃗⃗ 𝑇) = ∇⃗⃗ ⋅ (𝜆𝜙 ∇⃗⃗ 𝑇) + (𝑆𝑙𝑎𝑠𝑒𝑟 + 𝑆𝑣𝑎𝑝 + 𝑆𝑟𝑎𝑑) 𝛿(𝜙) (4) 

𝑆𝑙𝑎𝑠𝑒𝑟 = 𝛼𝑚𝑜𝑦(𝜃)
𝑃𝑙𝑎𝑠𝑒𝑟
𝜋 𝑤(𝑧)2

exp [−(
(𝑥𝑙𝑎𝑠𝑒𝑟

2 + 𝑦𝑙𝑎𝑠𝑒𝑟
2)

𝑤(𝑧)2
)

2

] cos 𝜃 (5) 

𝛼𝑝(𝜃) = 1 −
(𝑛2 + 𝑘2) cos2 𝜃 − 2 𝑛 cos𝜃 + 1

(𝑛2 + 𝑘2) cos2 𝜃 + 2 𝑛 cos𝜃 + 1
(6) 

𝛼𝑠(𝜃) = 1 −
(𝑛2 + 𝑘2) − 2 𝑛 cos 𝜃 + cos2 𝜃

(𝑛2 + 𝑘2) − 2 𝑛 cos 𝜃 + cos2 𝜃
(7) 

𝛼𝑚𝑜𝑦(𝜃) =
𝛼𝑝(𝜃) + 𝛼𝑠(𝜃)

2
(8) 

𝑤(𝑧) = 𝑤0 √1 + (
𝑧 − 𝑝𝑓𝑙

𝑧𝑅
)
2

(9) 

𝑆𝑣𝑎𝑝 = −𝑚̇ 𝐿𝑣 (10) 

𝑚̇ = (1 − 𝛽𝑟) (
𝑚

2 𝜋 𝑘𝐵 𝑇
)

1
2
 𝑝𝑠𝑎𝑡(𝑇) (11) 

𝑝𝑠𝑎𝑡(𝑇) = 𝑝0 exp [
Δ𝐻𝑣

𝑘𝐵 𝑇𝑣𝑎𝑝
 (1 −

𝑇𝑣𝑎𝑝
𝑇
)] (12) 

𝑆𝑟𝑎𝑑 = 𝜀 𝜎 (𝑇𝑎𝑚𝑏 − 𝑇)
4 (13) 

Where 𝜌 is the density, 𝑐𝑝 the heat capacity, 𝜆 the thermal conductivity, 𝑃𝑙𝑎𝑠𝑒𝑟 the laser 

power, 𝑛 and 𝑘 respectively the refraction index and the extinction coefficient, 𝑤(𝑧) the radius 

as a function of distance 𝑧 and 𝑤𝑜 the waist of the laser beam, 𝑥𝑙𝑎𝑠𝑒𝑟 and 𝑦𝑙𝑎𝑠𝑒𝑟 the coordinates 

of the laser, 𝑧𝑅 the Rayleigh , 𝛽𝑅 the retrodiffusion coefficient, 𝑚 the atomic mass, 𝑘𝐵 the 

Boltzmann constant, 𝑝𝑠𝑎𝑡 the saturation pressure of the vapor phase, the ambient pressure 𝑝0 

and temperature 𝑇𝑎𝑚𝑏, 𝐿𝑣 the latent heat of vaporization and Δ𝐻𝑣 the enthalpy of the phase 

transition (from liquid to vapor), 𝑇𝑣𝑎𝑝 the vaporization temperature, 𝜀 the emissivity and 𝜎 the 

Stephan-Boltzmann constant. 

Table 1 summarizes the main parameters related to heat transfer, taken from experiments 

[21] and the literature [26,27-29]. Physical properties of 304L stainless steel are implemented 

in the model based on data available in the literature [27,29]. Given the absence of data for 

refractive index 𝑛 and extinction coefficient 𝑘 at the laser wavelength of 1030 𝑛𝑚 [21], values 

corresponding to iron at 1060 𝑛𝑚, as reported in [26], are employed. 
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Table 1 Summary of the main parameters used in heat transfer computation 

Parameter [unit] Value Reference 

𝜆304𝐿 [𝑊. 𝑐𝑚
−1. 𝐾−1] solid / liquid 

8.116 × 10−2 + 1.618 × 10−4 𝑇 /  

1.229 × 10−3 + 3.248 × 10−5 𝑇 
[27] 

𝜌304𝐿 [𝑘𝑔.𝑚
−3] 7000 [29] 

𝑛 / 𝑘 3.6 / 5 [28] 

𝑃𝑙𝑎𝑠𝑒𝑟 [𝑊] 7000 [21] 

𝑤0 [𝜇𝑚] 900 [21] 

𝑧𝑅 [𝑚𝑚] 50 [18] 

𝑝𝑓𝑙 [𝑚𝑚] 35 [21] 

𝐿𝑣 [𝐽. 𝑘𝑔−1] 6.1 106 [26] 

𝛽𝑟 0.18 [26] 

𝑇𝑣𝑎𝑝 [𝐾] 3134 [26] 

𝜀 0.3 [29] 

The fluid dynamics is described by the continuity equation (equation 14) and momentum 

conservation equations (equation 15) for laminar flow, considering both the gas and metal as 

incompressible and Newtonian fluids. The solid phase is modeled using a Darcy condition 

[30], which forces the solid velocity to tend toward the cutting velocity 𝑣𝑑 𝑥 along the 𝑥 axis, 

and applying an augmented viscosity (𝜇𝑠𝑜𝑙𝑖𝑑 = 1 𝑃𝑎. 𝑠) for temperature below the fusion 

temperature (𝑇𝑓𝑢𝑠 = 1700 𝐾 [29]). The source terms 𝑆𝑓𝑟𝑖𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   and 𝑆𝑑𝑦𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , which correspond to the 

friction force and dynamic pressure respectively, are introduced to account for the action of 

the assist gas on the molten metal [15,23]. The friction force is assumed to act as a tangential 

shear stress applied to the cutting front (𝑥𝑧-plane), leading to the neglect of the 𝑦-axis [15]. 

The surface tension effect 𝑆𝑠𝑡⃗⃗⃗⃗  ⃗ is also incorporated into the model, while its tangential force, 

known as the Marangoni effect, and the resulting temperature dependence of the surface 

tension coefficient 𝛾 are neglected. 

∇⃗⃗ ⋅ 𝑢⃗ = 0 (14) 

𝜌𝜙  [
𝜕𝑢⃗ 

𝜕𝑡
+ (𝑢⃗ ⋅ ∇⃗⃗ ) 𝑢⃗ ] = ∇⃗⃗ ⋅ [−𝑝 𝐼 +

1

2
 𝜇𝜙  ((∇⃗⃗  𝑢⃗ ) + (∇⃗⃗  𝑢⃗ )

𝑇
)] + 𝜌

𝜙
 𝑔  

(15) 

+𝑆𝐷𝑎𝑟𝑐𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + (𝑆𝑓𝑟𝑖𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝑆𝑑𝑦𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝑆𝑠𝑡⃗⃗⃗⃗  ⃗) 𝛿(𝜙) 

𝑆𝐷𝑎𝑟𝑐𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = {
𝐾 (𝑢 + 𝑣𝑑 𝑥)

𝐾 𝑣
𝐾 𝑤

(16) 

𝐾 = −𝐶 (
(1 − 𝑓𝑙)

2

𝑓𝑙
3 + 𝑏

) (17) 
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𝑓𝑙 =

{
 
 

 
 

0 ∀ 𝑇 < 𝑇𝑠
 

𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

 ∀ 𝑇𝑠 < 𝑇 < 𝑇𝑙
 

1 ∀ 𝑇 > 𝑇𝑙

(18) 

𝑆𝑓𝑟𝑖𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =

{
  
 

  
 2 √

𝜌𝑔𝑎𝑠 𝜇𝑔𝑎𝑠

𝑑
 𝑣𝐴𝐺

3
2 cos𝜃

 
0
 

2 √
𝜌𝑔𝑎𝑠 𝜇𝑔𝑎𝑠

𝑑
 𝑣𝐴𝐺

3
2 sin θ

      ∀ 𝑇 < 𝑇𝑠 (19) 

𝑆𝑑𝑦𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =
1

2
 𝜌𝑔𝑎𝑠 𝑣𝐴𝐺

2 ⋅ 𝑒𝑧      ∀ 𝑇 < 𝑇𝑠 (20) 

𝑆𝑠𝑡⃗⃗⃗⃗  ⃗ = 𝛾 𝜅 𝑛⃗       ∀ 𝑇 < 𝑇𝑠 (21) 

Where 𝑇𝑠 and 𝑇𝑙 denote the solidus and liquidus temperatures, which are 1673 and 1727 𝐾, 

respectively [29], 𝜇 the dynamic viscosity of the phase, 𝑔  the gravitational acceleration vector, 

𝐶 and 𝑏 the coefficients of the Darcy force, 𝑣𝑑 𝑥 the cutting velocity, 𝑓𝑙 the liquid fraction, 𝑑 

the plate thickness, 𝑣𝐴𝐺 the assist gas velocity, 𝑒𝑧 the unit vector along the 𝑧-axis, 𝛾 the surface 

tension coefficient, 𝜅 the curvature and 𝑛⃗  the normal vector of the gas-metal interface. 

Table 2 Summary of the main parameters used in fluid flow computation 

Parameter [unit] Value Reference 

𝜌304𝐿 [𝑘𝑔.𝑚
−3] 7000 [29] 

𝜇304𝐿 [𝑃𝑎. 𝑠] solid / liquid 1 / 4 10−3 [29] 

𝑑 [𝑚𝑚] 5 [21] 

𝐶 / 𝑏 106 / 10−3 [30] 

𝑇𝑠 / 𝑇𝑙 [𝐾] 1673 / 1727 [29] 

𝑣𝐴𝐺  [𝑚. 𝑠−1] 943 [21] 

𝛾 [𝑁/𝑚] 0.15 [31] 

SPATIAL AND TEMPORAL DISCRETIZATION 

To reduce computational cost while maintaining an accurate representation of the cutting 

front, a multimesh approach is employed. Indeed, although the Level Set method requires a 

fine spatial discretization for the gas-metal interface and its interfacial phenomena, the fluid 

flow and, in particular, the heat transfer physics, do not require resolution using the same 

spatial discretization [30]. The multimesh approach is implemented using an identity mapping 

nonlocal coupling operator, as proposed by COMSOL Multiphysics®. The Level Set mesh 
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element size is fixed at 100 𝜇𝑚, with respective increases of  30 % and  40 % for the fluid 

flow and heat transfer meshes. Note that an excessive increase in the mesh size for either of 

these physics (fluid flow and heat transfer) may affect the accurate representation of the 

corresponding physical phenomena. The resolution using this spatial discretization represents 

215 000 degrees of freedom (DOF).  Regarding the spatial discretization, the time step is set 

to 20 𝜇𝑠. 

RESULTS OF THE LASER CUTTING MODEL 

The previously described mathematical formulation is used to simulate enables laser cutting 

process of a 5 𝑚𝑚-thick 304L stainless steel plate, with a laser power of 8 𝑘𝑊 and an assist 

gas flow rate of 400 𝐿.𝑚𝑖𝑛−1 [21], corresponding to a velocity of 𝑣𝐴𝐺 = 943 𝑚. 𝑠
−1 at the 

nozzle output. 

Fig. 4 presents the half kerf profile and the temperature field within the metallic phase for 

various cutting velocities. The final time step shown corresponds to a plate displacement of 

−5 𝑚𝑚 along the 𝑥-axis. One can observe the influence of the cutting velocity on the kerf 

geometry, particularly on the cutting front and the sidewall angles. In this study, the focus is 

on the cutting front angle 𝜃 (Fig. 3), which is particularly relevant in relation to the residual 

laser energy and the experimental validation of the model [21]. Ideally, when the physical 

phenomena are accurately captured according to the operating parameters, the cutting front 

angles should closely match the experimental results. 

Fig. 4 shows that higher temperatures, especially at the lower part of the cutting front, are 

reached at the highest cutting velocity (24 𝑚. 𝑠−1). A possible explanation is the longer 

interaction time between the ejected liquid metal and the laser beam along the cutting front. 

Furthermore, these simulations also provide information regarding the fluid dynamics, such 

as the velocity magnitude (Fig. 4). 
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Fig. 4 Kerf shape and associated temperature and velocity magnitude fields under varying cutting 

velocities: 𝟏𝟎, 𝟏𝟕 and 𝟐𝟒 𝒎. 𝒔−𝟏 
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Fig. 5 compares the cutting front angles obtained from the experimental study [21] with 

those predicted by the present simulations. The results indicate a satisfying correlation, with 

both numerical and experimental data following a similar evolution and exhibiting only minor 

differences (< 5°). Note that the simulated cutting front angles, measured manually post-

processing, may be slightly affected by the curvature of the Level Set interface on the top 

surface of the cutting front. 

 

Fig. 5 Comparison between simulation and experiment of the cutting front angle 𝜽 as a function of 

the cutting velocity 

RESIDUAL LASER ENERGY QUANTIFICATION 

Once the laser cutting process is simulated at the scale of the kerf description, the focus now 

relates to the quantification of the residual laser energy. Several approaches exist to model 

laser beam propagation, such as the electromagnetic method [32] and the ray tracing method 

[33]. For reasons related to feasibility, given the current computing technologies and the 

geometric scale, the ray tracing approach is employed. 

The Level Set method is implicitly described using an Eulerian reference frame, which is 

incompatible with the explicit trajectory calculations of the ray tracing method. Indeed, the 

rays must interact with a discrete interface in order to be reflected. The objective is therefore 

to transform the continuous and diffuse gas-metal interface (from the Level Set method) into 

a discrete one. To achieve this, a moving mesh method is added to handle the interface 

transformation through an original dynamic coupling with the Level Set method. 

The method consists of moving a mesh along the 𝑥-axis to track the iso-value 𝜙 = 0.5, 

representing the gas-metal interface in the Level Set method, as governed by equations 22 and 

23 during the laser cutting simulation. Here, 𝜒  refers to the spatial reference system, and 𝑢𝑚𝑚⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 
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denotes the velocity of the moving mesh. Figure 6 shows the evolution of the moving mesh 

from time 𝑡1 to 𝑡5, following the gas-metal interface as defined by the thermohydrodynamic 

model. 

∇⃗⃗ 2𝜒 = 𝑢𝑚𝑚⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ Δ𝑡 (22) 

𝑢𝑚𝑚⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =
0.5 − 𝜙

0.5
𝑥̂ + 0𝑦̂ + 0𝑧̂ (23) 

 

Fig. 6 Time evolution of the moving mesh method tracking the Level Set interface 

After discretizing the cutting front geometry, the ray tracing method can be employed 

within the same simulation. As shown Fig. 6, elements are stretched, particularly along the 

side kerf, yet the ray tracing method remains insensitive to this deformation. Fig. 7 shows, for 

the same previous times (from 𝑡1 to 𝑡5), the ray propagation reflecting on the cutting front and 

reaching the background. In accordance with the experimental setup [21], rays are emitted 

above the laser focal plane (positioned 30 𝑚𝑚 above the plate’s top surface) and converge 

toward the focal plane with an angle of 6°, and subsequently diverge following a Gaussian 

intensity profile. 

Before cutting starts, at 𝑡1 (figure 7), the background absorbs almost all of the laser beam, 

corresponding to nearly 4 𝑘𝑊 (or half of 𝑃𝑙𝑎𝑠𝑒𝑟). At 𝑡2, the cutting process begins, and the 

plate progressively masks a portion of the incident laser beam from reaching the background, 

due to interactions with the material. At 𝑡5, when the cutting front geometry tends toward a 
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quasi-steady state, the residual laser energy approaches therefore a stable distribution. It 

should be noted that the representation of the residual laser energy on the background is 

dependent on its spatial discretization. 

 

Fig. 7 Temporal evolution of ray propagation on the moving mesh 

Fig. 8 presents the laser beam propagation and the residual laser energy for the three cutting 

velocities previously simulated using the thermohydrodynamic laser cutting model, after a 

plate displacement of 5 𝑚𝑚, corresponding to a quasi-steady state. The results indicate that 

as the cutting velocity increases, the residual laser energy decreases. Indeed, as previously 

discussed, the cutting front angle drops as the cutting velocity increases. Consequently, 

smaller cutting front angles result in a stronger masking effect on the laser beam reaching the 

background. 

Rays reaching the background are classified into two groups, as also shown in Fig. 8: 

reflected rays and those that propagate directly to the background. Ray tracing simulations 

reveal that the dominant portion of the residual laser energy comes from the directly 
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transmitted rays, since the reflected rays are strongly diffused, and this effect becomes more 

pronounced with increasing background distance. 

 

Fig. 8 Residual laser energy for the three cutting velocities 

CONCLUSION 

This paper introduces a thermohydrodynamic model of the laser cutting process applied to the 

dismantling of nuclear facilities, incorporating heat transfer, fluid flow, and gas-metal 

interface capturing through the Level Set method. The results demonstrate good agreement 

with experimental observations by comparing the cutting front angles. It is demonstrated that 

the model can describe the variation of the cutting front angle with respect to operating 

parameters, including the cutting velocity examined in this study. A hybrid Level Set – moving 

mesh method was then introduced to both generate a discrete gas-metal interface and enable 

the application of ray tracing for residual laser energy quantification. The predicted cutting 

front geometries is used to quantify the residual laser energy on the background, accounting 

for both directly transmission and reflection laser. It is shown that the reflected portion is more 

strongly diffused than the directly transmitted portion, and this effect should become more 

pronounced as the background distance from the cut plate increases. 
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Further work will extend the simulations to cutting in air, thereby incorporating the effects 

of oxidation. Additionally, simulations will be conducted on thicker plates, up to 20 𝑚𝑚, 

where multiple reflections of the laser at the cutting front may become significant. This effect, 

neglected in the literature on the thinner plates, could be more pronounced in high-thickness 

materials. 
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