M Fluid Dynamics &

G uid Dynamic: _ )

| Materials Processin Tech Science Press
[— o L/
Doi:10.32604/fdmp.2025.069254 .

ARTICLE Check for

updates

Lattice Boltzmann-Based Numerical Simulation of Laser Welding in Solar Panel
Busbars

Dongfang Li' and Mingliang Zheng”"

'School of Mechanical and Electrical Engineering, Quzhou College of Technology, Quzhou, 324000, China
*School of Mechanical and Electrical Engineering, Huainan Normal University, Huainan, 232038, China

*Corresponding Author: Mingliang Zheng. Email: liangmingzheng@hnnu.edu.cn
Received: 18 June 2025; Accepted: 30 July 2025; Published: 12 September 2025

ABSTRACT: To address the limitations of traditional finite element methods, particularly the continuum assumption
and difficulties in tracking the solid-liquid interface, this study introduces a lattice Boltzmann-based mathematical
and physical model to simulate flow and heat transfer in the laser welding molten pool of tin-coated copper used
in solar panel busbars (a thin strip or wire of conductive metal embedded on the surface of a solar cell to collect
and conduct the electricity generated by the photovoltaic cell). The model incorporates key external forces, including
surface tension, solid-liquid interface tension, and recoil pressure. A moving and rotating Gaussian-body heat source
is adopted, with temperature treated as an implicit function of enthalpy. Coupled iterative schemes for the temperature
and velocity fields are constructed using a dual-distribution function approach with a D3QI5 lattice structure. The
model is implemented in Python, utilizing libraries such as NumPy, SciPy, Mayavi, and Matplotlib for computation
and visualization. Simulation results reveal that the heat transfer mechanism in the molten pool transitions from pure
conduction to conduction-convection due to surface tension effects, leading to the formation of multiple counter-
rotating vortex structures. The peak temperature at the pool center reaches 3200 K, with maximum melt depth and
width measured at 0.5 and 1.2 mm, respectively. Over time, both penetration depth and melt width increase, though the
width exhibits a more pronounced growth. Comparison with experimental thermal cycling data from laser weld joints
shows strong agreement, with a maximum error of less than 1%, validating the accuracy of the proposed method.
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1 Introduction

Busbar welding is a critical process in the production of solar panel modules, as its performance
directly influences the operational efficiency of the panels [1]. Laser welding, in particular, offers several
advantages including non-contact welding, high energy density, significant weld depth and width, rapid
welding speed, excellent repeatability, minimal workpiece deformation, and a reduced heat-affected zone [2].
Consequently, the application of laser welding for busbars presents promising prospects for the photovoltaic
power generation industry worldwide. In this process, the interconnection ribbon is welded to the busbar
connecting two adjacent battery strings, functioning as a parallel battery string. The fluid dynamics of the
weld pool are intricately linked to the shape of the weld pool, dendritic growth, and solidification, which
can significantly influence the microstructure and properties of the welded joint. Thus, understanding the
dynamic behavior of the laser welding pool in solar panel busbar applications holds substantial value for
numerical simulations and engineering experiments.
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Currently, traditional computational fluid dynamics (CFD) methods based on continuous fluid assump-
tions are employed in the simulation research of laser welding. However, these methods struggle to
adequately explain the microscopic characteristics of physical systems [3]. For instance, reference [4] utilized
commercial software Fluent to simulate the dynamic behavior of the molten pool in laser deep penetration
welding of stainless steel, while reference [5] employed ABAQUS for numerical simulations of laser welding
between dissimilar magnesium alloys and steel. Zhang [6] conducted a computational modeling and
experimental investigation of laser keyhole welding between duplex stainless steel 2205 and low carbon steel
(A516). Additionally, Zhang [7] examined the influence of laser beam deviation on the temperature field and
melt flow during the laser welding of two distinct metals, brass and 308 stainless steel (S.S 308), through both
numerical and experimental approaches. In the aforementioned methods, accurately simulating potential
defects during the welding process, such as porosity and cracks, poses a challenge, particularly when
considering the nonlinear behavior of materials and the complexities of multi-phase flow interface tracking
and boundary condition processing. Notably, in recent years, the lattice Boltzmann method (LBM) [8,9] has
emerged as a novel mesoscopic approach in computational fluid dynamics. This method is characterized
by fewer assumptions compared to microscopic methods and offers advantages over macroscopic methods
that overlook molecular motion details. LBM has achieved significant advancements in both fundamental
theory and practical applications, demonstrating considerable advantages and potential in addressing
complex flow problems involving multi-scale and multi-physics processes, such as its application in interface
dynamics and complex boundaries [10,11]. Furthermore, LBM programming is simplified and conducive to
parallelization [12,13], resulting in enhanced computational efficiency. For example, reference [14] presents
thread-safe, highly-optimized lattice Boltzmann implementations, specifically aimed at exploiting the high
memory bandwidth of GPU-based architectures, and in reference [15], the melting and resolidification of
ultrashort laser interaction with thin gold film is investigated in terms of a meso-scale method. The lattice
Boltzmann method (LBM), including the electron-phonon collision term is established. These researches
provide a certain reference value for the work of this paper.

Currently, there is a limited body of literature addressing the application of the Lattice Boltzmann
Method (LBM) in the context of laser welding. Notably, research specifically focusing on the laser welding
of solar panel busbars is virtually absent. This paper employs the LBM to simulate the dynamic evolution
process within the three-dimensional laser welding pool of solar panel busbars. The program code is
implemented using logical arrays in Python, and the simulation results are subsequently analyzed. Although
this study primarily targets the simulation of busbar laser welding and aims to provide insights for process
improvement, it is noteworthy that by altering the thermophysical properties of materials and the parameters
of the equivalent heat source, the approach can be adapted to other advanced welding processes, such as
plasma arc welding and friction stir welding.

2 Mathematical Model of Solar Panel Busbar Laser Welding

The laser welding process for solar panel busbars employs a laser, workbench, phenolic resin heat-
resistant plate, flux for oxide film removal, busbars, and interconnection belts. Both the busbars and the
interconnection belts are manufactured from tin-coated copper alloy. The interconnection belts serve to
connect battery strings in series, while the busbars are used to weld the interconnection belts, thereby
achieving a parallel connection among the battery strings. Fig. | illustrates the welding device employed in
this process.
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Interconnection belt

Workbench

Figure 1: Schematic diagram of laser welding of busbar

Since the laser welding power density of solar-panel busbars exceeds 1 x 10° W/cm?, the process is cate-
gorized as laser penetration welding [16]. This welding process is inherently complex, involving not only the
melting and solidification of materials but also the influence of metal vapor recoil pressure on the weld pool,
which can lead to the formation of micropores. To simplify the model, several fundamental assumptions
are adopted [17]: (1) the liquid metal in the weld pool is assumed to be laminar and incompressible; (2)
the material is considered isotropic, with thermal conductivity and dynamic viscosity represented as single-
valued functions of temperature, while other thermophysical parameters, such as density and specific heat
capacity, are assumed constant; and (3) chemical reactions between the melt and the gas are neglected.

According to fluid Navier-Stokes equations, the continuity (mass) equation, momentum equation and
energy equation of laser welding of busbar are:

V-u=0 1
Ju
pat+p(u V)u=-Vp+V-(uVu) + pF (2)
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here, V=—i + — ] + —k is the Nabla operator, p, u, p, T are the density, the velocity vector, the
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pressure and the temperature, 4, C,, kr are the dynamic viscosity, the specific heat capacity and the thermal
conductivity, f; is the liquid fraction and L, is the latent heat, F is the external force terms and ¢ is the
external heat source term.

The external forces F mainly include the Marangoni force F,,, the surface tension F, and the darcy
resistance F, at solid-liquid interface. Considering that the heat flow density decreases in the thickness
direction in laser penetration welding, the heat source model adopts a rotating Gaussian surface. Their
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detailed expressions are:
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here, o is the surface tension coefficient, « is the local curvature, n is the local normal vector, 8 is the surface
tension temperature coeflicient, py is the saturated vapor pressure, L, is the latent heat of evaporation, M is
the molar mass, T, is the boiling point temperature, y is the ideal gas constant, P is the laser power, # is the
thermal efficiency, B is the heat source height, R is the maximum effective radius of heat source.

The initial condition Tj is normal room temperature, and uo, = g, = o, = 0. The boundary conditions
of energy and momentum are:

oT
- k S Isurface = Yin — Ycond ~ Yconv ~ Yradi 5
TaZ’ £ Gin ~ Geond — 4 Grad (5)
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here, Gin> Gcond> Geonvs Gradi are the laser input energy, the heat loss by heat conduction, the heat loss by heat
convection and the heat loss by heat radiation, r is the spatial position vector.

3 Lattice Boltzmann Algorithm Construction

The Lattice Boltzmann Method (LBM) operates without requiring the fluid continuity assumption. This
approach involves discretizing the space, time, and velocity components of a fluid system. In this framework,
all fluid particles migrate and collide on a discrete lattice (discrete space) according to evolution mechanisms
that adhere to specific physical laws. The macroscopic fluid properties are ultimately obtained through
statistical averaging.

For modeling the velocity and temperature fields in laser welding of busbars using LBM, the double dis-
tribution function model can be employed. The velocity distribution is calculated using an isothermal lattice
Boltzmann scheme incorporating external force [18,19], while the temperature distribution is determined
through a lattice Boltzmann scheme based on enthalpy change [20,21]. The corresponding LBM evolution
equations are as follows:

Fi(e+edt, t+8t)—fi (r,1) = Ti [fi (5, 0) = £ (x,1)] + O1F, @)
f

By (r+eidt, £+ 8t) — hi (r, ) = Ti [y (1) — ¥ (x,1)] + Otq, ()
h

here, subscript i represents the lattice discrete velocity direction, f; and h; represent the distribution
functions of velocity and temperature, respectively, Jt is the discrete time steps, e; is the discrete velocity sets,
Ty, Tj, are the dimensionless relaxation time, fl.eq and hfq are the corresponding equilibrium distribution
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functions, F; and gq; are the discrete external force terms and the discrete external heat source terms,
respectively. Eq. (8) shows that the basic dependent variables in LBM are distribution functions, which evolve
through the migration and collision mechanism at each time step.

Without loss of generality, the three-dimensional D3Q15 model is selected, as shown in Fig. 2. The
relevant parameters in the LBM iteration format are:

2
T SRt
kr 1 . e -u (ei-u)2 u-u
th:@+5,hi :[CPT+Lafl—pCpT]I//i0+wipCpT[1+ Ftaa a
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here, ¢ = |0r/dt] is the lattice speed, Jr is the lattice step size, w; is the weighting factor, y is the Kronecker
symbol, and ¢, = ¢/\/3 is the lattice sound speed.

Figure 2: Lattice discrete velocity mode of three dimensional D3Ql15

By calculating the moment of the distribution function, we can obtain the macroscopic physical
quantities velocity and temperature of fluid flow in laser welding:
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here, H represents the total enthalpy, and T;, T; are the critical temperature of solidus and the critical
temperature of liquidus. Eq. (10) shows that the temperature can be calculated by the piecewise function of
enthalpy, so the calculation of this lattice Boltzmann equation is implicit. Due to the influence of latent heat,
within the temperature range of solid-liquid phase line, the temperature gradually transits from low to high
in the “mushy zone” according to the enthalpy.

On the boundary of solid-liquid interface, the boundary conditions can be acquired by utilizing the
rebound scheme after incorporating pertinent correction terms to lattice Eqs. (7) and (8) of momentum and
energy. Moreover, on other boundaries, the non-equilibrium rebound scheme can be used, so the initial and
boundary conditions of the LBM model can be stated as:

_in = _fieq (p) Up, TO) > hiO = hleq (p’ U, TO)
funknown (rsolid—liquid interface> 0) = fxnown (rsolid-liquid interface £ 1, 1)

Munknown (rsolid—liquid interface» O) = Nknown (rsolid—liquid interface * 1, 1) (11)
funknown (rsurface> O) = fuer?known (rsurfacea 0) + ifknown (rsurfacea 1)

- K eq
hunknown (rsurface’ 0) = hunknown (rsurface: 0) + hunknown (rsurfacea 1)

here, funknow> Plunknow represents the unknown momentum and energy distribution functions on the bound-
ary lattice points (Tolid-liquid interfaces 0) and (¥surface> 0), and finows Aknow represents the known momentum
and energy distribution functions on the boundary lattice points (Isolid-liquid interfaces 0) and (Fsurfaces 0)s
which can be derived from the evolution of the adjacent interior lattice points of boundary.

4 Numerical Simulation Analysis
4.1 Setup Parameters

The materials are the unleaded-tin solder and the TU1 oxygen free copper alloy, and the size of
interconnection beltis 1 mm x 0.15 mm x 0.125 mm, the size of busbar is 6 mm x 0.35 mm x 0.325 mm. Table 1
is the main thermophysical properties of materials. Please refer to the literature [22] for the measurement
method of thermo-physical parameters. The laser is a 500 W medium power continuous fiber laser, the
welding speed is 20 mm/s and the spot diameter is 1 mm.

When programming the LBM evolution equations, the feature length and feature time can be intro-
duced, and then the actual thermophysical parameters of materials can be converted into dimensionless
lattice units [23]. The conversion result of lattice unit is shown below (Table 2):
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Table 1: Thermo-physical parameters of material

Physical attributes Values Physical attributes Values
Density/(kg-m™) 8800 Latent heat of evaporation/(J-kg™!) 6.4 x 10°
Specific heat capacity/(J-(kg-K)™!) 365 Surface tension/(N-m™") 1.4
Thermal conductivity/(W-(m-K)™') 65 Coefficient of thermal expansion/(K) 1.7 x 107
Dynamic viscosity/(kg-(sm)™") 0.007 Temperature coefficient of surface ~ -4.9 x 107*
tension/(N-(m-K)™!)
Kinematic viscosity/(m*:s™!) 6.63 x 107/ Heat transfer coefficient of 10
convection/(W-m™2-K™!)
Boiling point/(K) 2800 Heat efficiency of heat source model 0.7
Solid phase temperature/(K) 1540 Height of heat source model/(mm) 2
Liquid phase temperature/(K) 1840 Maximum radius of heat source 0.4
model/(mm)
Latent heat of melting/(J-kg™") 2.5 x10° Room temperature/(K) 300

Table 2: Lattice unit transformation

Physical parameters Numerical values Dimensionless numbers Lattice units
Feature length/(m) 1x1073 100 1x107
Feature time/(s) 1x1073 1.326 x 107 0.754 x 107*
Kinematic viscosity/(m*-s™') 6.63 x 1077 0.005 1.326
Specific heat capacity/(J-(kg-K)™!) 365 7300 0.05
Solid phase temperature/(K) 1540 1540 1
Liquid phase temperature/(K) 1840 1540 1.195
Room temperature/(K) 300 1540 0.195
Laser power/(W) 500 500 1

In this numerical replication, because of geometric symmetry, the calculation discipline involves half
of the factual workpiece. The Python verbal communication is utilized for programming, we largely use
expansion packages as an example Numpy, Scipy, Mayavi and Matplotlib. In the program, the “for loop”
is changed into the array calculation over Numpy, and the “if-else” judgment logic engaged in piecewise
functioning is changed to the means logic of “zeroing are immaterial values” over Scipy. The program manner

-

movement as said by Python is displayed in Fig. 3.
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Figure 3: The flow chart of program

4.2 Temperature Field

The Fig. 4 is the dynamic process of the temperature field distribution of solar panel busbar laser welding
at a weld position when the lattice time is t = 1.2 x 1074, t=24%x107%t=3.6 x1074, respectively. It can be
seen from the Fig. 4 that at each instantaneous, the temperature in the center of weldpool is the highest.
Due to the surface tension, strong convection is generated in the weldpool, and the temperature in the
weldpool drops significantly to the surrounding. The heat transfer mechanism is heat conduction and heat
convection. As time goes on, due to the heat obtained from the laser is greater than the heat lost, the heat



Fluid Dyn Mater Process. 2025;21(8) 1963

accumulated in the weldment is more and more, which makes the isotherm continuously expand outwards
and the distribution becomes more and more dense.

T/K: 400 600 300 1000 1200 1400 1600 1750 1800 2000 2200 2400 2600
" - y

r/mm
() 1=24x107"
[ . |

T/K: 600 KOD [O0D 1200 (400 1600 1750 1500 2000 2200 2400 2600 2300 3000 3200
3 |

r/mm

© t=3.6x10"

Figure 4: Temperature field of weld pool at different time

4.3 Flow Velocity Field

Fig. 5 is the dynamic process of the velocity field distribution of solar panel busbar laser welding at a
weld position when the lattice time is £ = 1.2 x 1074, t=2x10"%, t =3.6 x 1074, respectively. It can be seen
from Fig. 5 that at each instantaneous, the fluid flow direction is from the center of weldpool to the edge,
then flows along the bond line to the bottom of weldpool, and finally reflow to the surface of weldpool to
form vortex. As time goes on, the weldpool will continue to expand and the convection will become more
and more intense, the penetration and the width of weld line are increasing, but the increase of penetration
is not as large as the width. The reverse vortex will hinder the upward floating of bubbles, causing them to be
drawn into the depths of the melt pool and ultimately forming pores during the solidification process. At the
same time, the reverse vortex will roll impurity particles into the bottom or vortex center of the melt pool,
limiting the diffusion of impurities to the edge of the melt pool.
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Figure 5: Velocity field of weld pool at different time

To sum up, during the busbar laser welding, the hot fluid in the center of weldpool flows to the edge,
which increases the weld width and decreases the weld depth, thus forming a “wide and shallow” molten
pool morphology.

To confirm the precision of the LBM procedure in simulating the climate and velocity fields below the
rotating Gaussian heat source algorithm, it was compared and verified with the numerical replication of laser
welding as said by enthalpy procedure [24]. The enthalpy procedure adopts the power equation with enthalpy
and applies it to the warmth progression replication of melting procedure. Determining the boundary of
liquefy pool by tracking the situation of the liquidus cold fitting with the enthalpy.

The thermophysical parameters, heat source parameters, momentum equation, energy equation, and
boundary conditions are consistent with the reference [24]. The relative mistake is calculated by the ratio of
the absolute disagreement between the LBM and enthalpy procedure outcomes to the enthalpy procedure
outcomes. Table 3 reveals the cold and velocity fields of two methods. As per the comparison outcomes,
there exists a highest relative mistake of 3.846% between LBM and the liquefy pool width acquired as said
by enthalpy procedure, and a highest relative mistake of 7.692% in the liquefy pool depth. It is obvious that
the relative mistake between the width and depth of the dissolution pool calculated by LBM and the results
based on enthalpy method is less than 8%, indicating the reliability of LBM calculation.

Additionally, it might be seen from the Table 3 that as said by the enthalpy procedure, the highest velocity
in the velocity area of study is about 0.2627 m/s, and the highest velocity in the velocity area of study of
LBM is 0.24 m/s. The velocity and progression direction in the two dissolution pools are consistent. The
overhead verification denotes that there exist a powerful consistency between the outcomes acquired from
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the common LBM and the enthalpy methods informed in the mention [24], that ensures the precision of the
LBM algorithm at present utilized in the task.

Table 3: Comparison of temperature field and velocity field

Name LBM method The enthalpy method [24]
Width/mm Depth/mm Width/mm Depth/mm
Isothermal line 6.4 1.8 6.33 1.95
600 K
Isothermal line 4.2 3.8 4.32 3.66
1000 K
Isothermal line 3.8 4.0 3.92 3.88
1200 K
Isothermal line 22 5.0 218 5.11
2000 K
Isothermal line 1.0 5.5 1.04 5.46
2400 K
Maximum 0.24 m/s 0.2627 m/s
velocity
Flow direction Spread symmetrically outward from Spread symmetrically outward from
the center, forming vortices the center, forming vortices

4.4 Experimental Confirmation

To confirm the correctness of the mathematical algorithm and lattice Boltzmann numerical procedure
for laser welding of solar panel busbar in this notes, laser welding off-site fabricating is conducted below
similar materials specification and similar procedure limits. classic for comparison, the K-type thermocouple
climate measuring intention is utilized to gauge the thermal cycle arc at the node from the weld middle
line 0.1 mm, where needs to be drilled and a high-temperature ceramic sleeve utilized to improve the
thermocouple measuring end. The Fig. 6 is the comparison between the replication outcomes and the
experimental outcomes. It might be seen from Fig. 6 that the replication information are smaller than the
experimental information, but their alter trends are identical and the relative deviation is diminutive, so the
outcomes are consistent. Hence, the replication formed in this money as said by LBM can more accurately
foretell the qualities of heat transfer and fluid movement in of busbar laser welding procedure, that has more
user-friendly study on the welding procedure.

The replication outcomes of LBM are in comaprison with the experimental outcomes. The node
thermal cycle arc illustrates that the replication data are entirely in agreement with the experimental data,
and the mistake is smaller, that illustrates that the LBM of laser welding of solar panel busbar is precise
and dependable.
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Figure 6: Comparison of experimental result and simulation result of thermal cycle curve

5 Conclusion

This document utilizes the LBM to analyze the distribution of temperature and flow fields in the laser

welding process of solar panel busbars. Utilizing this technique circumvents the constraints inherent in finite
element approaches in the study of computational fluid dynamics. Key findings can be summarized thus:

©)

)

©)

4)

An established three-dimensional lattice Boltzmann mathematical model serves to characterize the
process of welding solar panel busbar lasers. The model takes into account the impacts of surface
tension and the transition from solid to liquid phases, along with the outlined boundary condition
treatment approaches for momentum and energy. The algorithmic software utilizes Python-based
array logic, enhancing computational efficiency.

Utilizing the lattice Boltzmann method, a technique that simulates fluid dynamics based on particles,
it’s capable of accurately replicating intricate fluid dynamics and heat transfer events in laser welding.
This technique, through mimicking the movement and impact of fluid particles, is capable of precisely
depicting the large-scale dynamics of fluids.

The arrangement of temperature and velocity fields reveals the significant impact of surface tension
on the movement and thermal exchange of metal fluid. There is a notable drop in temperature moving
from the weldpool’s core to its outer edges. The liquid descends from the weldpool’s surface center to
its base, proceeds along the bond line to its surface, and ultimately bends back from the weldpool’s
edge to its center, creating a vortex. As the duration of busbar laser welding extends, the convection
within the weldpool intensifies progressively, leading to a steady rise in both penetration and width.
However, this increase in penetration is not as significant as the width itself, resulting in a “broad and
shallow” shape of the molten pool.

The lattice Boltzmann technique exhibits inherent parallelism, making it apt for extensive parallel com-
puting. When simulating laser welding numerically, this technique can greatly enhance computational
speed and reduce the duration of the research process.

Additionally, this document will further explore how welding power and speed affect the microstructure

and characteristics of solar panel busbar laser welding.
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