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Abstract. The control of the solidification process is a key challenge in 
thermal engineering and materials processing due to the direct impact on 
the microstructure, mechanical strength and final product quality. In this 
study, we explore the impact of natural convection on the solidification of 
pure tin metal inside a quasi-2D trapezoidal cavity. Our objective is to 
observe the wall inclination and cooling rate effects during the 
solidification process. To capture this process, we use the enthalpy–
porosity model which accounts for the release of latent heat and treats the 
mushy zone as a porous medium described by the liquid fraction. The 
finite element method is used to solve the equations of heat transfer and 
fluid flow. The outcomes found that the cooling rate affect the 
solidification process and interface morphology which shown by the 
decrease of the liquid fraction by approximately 46,51% and 59,22% for 
the rectangular and trapezoidal cavities, respectively. A good agreement of 
numerical simulation with experimental data was found to validate the 
proposed quasi-2D modelling approach. 

Keywords: natural convection, solidification, pure metal. Quasi-2D, finite 
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1 Introduction  
The solidification process of pure metals plays an essential role in various industrial 
sectors, including additive manufacturing, casting and metallurgical refining. To control 
thermal gradients and enhancing thermal performance in systems, a detailed understanding 
of the mechanisms governing phase change, and their coupling with buoyancy-driven 
convection, is essential during phase change as discussed by El Glili et al. [1] . Pure tin is 
the most selected model due to its well-defined thermophysical properties, also its simple 
behaviour, particularly in studies involving coupled phenomena of heat transfer, fluid flow, 
and phase change. Moreover, tin has been extensively investigated in both experimental 
and numerical studies involving natural convection in differentially heated enclosed 
cavities, notably within the framework of well-established benchmark experiments such as 
AFRODITE [2]. These studies provide reference velocity fields, temperature distributions, 
and solidification front evolution, making it an ideal metal for benchmarking numerical 
methods.  
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 During solidification, natural convection in the liquid zone strongly influences heat transfer 
which affects the morphology of the interface and the growth rate of the solid. This 
coupling between buoyancy-driven flow, temperature distribution, and interface motion has 
been demonstrated in numerical studies of pure metal solidification in closed cavities, 
where the solidification front is explicitly tracked and shown to evolve in response to 
convection-induced variations of heat flux at the interface. Skrzypczak et al. [3] highlighted 
that the negligence of fluid flow may affect the discrepancies of the prediction of interface 
position and solidification dynamics.  
Accurately capturing these coupled fluid-thermal interactions requires solving the Navier–
Stokes and energy equations with appropriate phase-change models. Several numerical 
approaches have been proposed in the literature such as front-tracking and front-fixing 
methods explicitly resolve the solid–liquid interface and can provide high accuracy; 
however, they become increasingly complex and computationally expensive for multi-
dimensional problems with evolving interfaces. Fixed-grid methods are also utilized alike 
the apparent heat capacity method which model phase change by modifying the thermal 
capacity near the melting temperature which allow the governing equations to be solved on 
a single domain [4]. This approach is relatively simple to implement, however it can suffer 
from numerical stiffness and sensitivity to the chosen temperature interval. 
 Among the numerical techniques available, the enthalpy–porosity formulation has become 
a standard approach because it handles the solid–liquid transition robustly without 
explicitly tracking the interface [5]. This approach is based on a one-domain formulation, in 
which the phase change is modelled through an effective or substitute thermal capacity and 
an artificially introduced mushy zone, allowing the governing equations to be solved over 
the entire computational domain. Such formulations for pure metal solidification are 
advantageous, at which the shape of solid-liquid interface associated with the Stefan 
problem makes direct front tracking numerically challenging in 2D and 3D configurations. 
The choice of the temperature interval have been showed in previous studies used to define 
the artificial mushy zone influence the numerical solution which highlights the importance 
of careful parameter selection to guarantee the accuracy and stability [6-7].  

The numerical resolution methods have been employed to investigate solidification 
under natural convection. Finite-element and finite-volume are the most numerical methods 
commonly used due to their robustness and accuracy to deal with complex geometries. 
These methods are usually implemented within general Multiphysics simulation 
frameworks that solve the coupled Navier-Stokes and energy equations using enthalpy-
based phase change formulations, which enable a detailed analysis of flow structures, 
thermal fields and solid/liquid interface progress in both 2D and 3D configurations. In 
general, modern simulation tools rely on these established numerical techniques and their 
extensions to provide flexible and efficient platforms for studying coupled heat transfer, 
fluid flow and phase change processes. 

The quasi-2D model shows several effects obtained in the 3D model while reducing 
computational cost [8],, especially when combined with depth-averaged velocity profiles 
such as the Hartmann formulation.   

For electrically conducting melts such as liquid metals, the application of an external 
magnetic field provides an effective means of controlling fluid motion during solidification. 
Lorentz force is generated by the interaction between the induced electric currents and the 
magnetic field that tends to damp velocity fluctuations, suppress natural convection and 
induced more uniform heat transfer. This magnetohydrodynamic (MHD) effect has been 
widely exploited in metallurgical processes in order to reduce flow instabilities, control 
interface morphology and minimize segregation defects [9-10]. Numerical studies 
investigated magnetic fields by moderating magnetic intensities, and they alter flow 

structures significantly which led to a transition from convection-dominated to conduction-
dominated heat transfer regimes.  

The aim of this present study is to investigate numerically the solidification 
phenomenon of pure tin metal in a quasi-two-dimensional cavity under natural convection. 
The enthalpy-porosity formulation is the used numerical method and the governing 
equations are solved using a finite-element approach. The temporal evolution of 
temperature fields, flow structures and solid-liquid interface progression during the cooling 
process was our analysis focuses with a comparative assessment between rectangular and 
trapezoidal cavity geometries. From this standpoint, the combination uses of the quasi two-
dimensional modelling, robust enthalpy-based formulations and flow-control strategies 
such as the application of an external magnetic field suggests a valuable approach for 
accurately predicting solidification behaviour which maintain a reasonable computational 
cost. 

2 Mathematical Formulation 
In this study, we investigate three geometrical cavities, rectangular, trapezoidal and the 
inverse trapezoidal shown in fig 1, having the same air of 0.006m2, the right and left walls 
are subjected to time-dependent temperatures multiplied by a cooling rate Cr, while the 
initial values of temperature Tc and Th are imposed, the top and down walls are assumed to 
be adiabatic. The metal considered in this work is pure tin, and the enthalpy-porosity 
formula in the energy equation is used to model the solidification process. The fluid is 
assumed to be laminar, incompressible, and two dimensional and the floatability 
phenomena is modeled by using Boussinesq approximation. The governing equations are 
presented as,    
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The velocity field is presented by u = (u₁, u₂, u₃), the liquid fraction gₗ follows the 
formulation introduced by Sari et al [9]. the viscosity can also be described more accurately 
using the empirical viscosity-temperature relation proposed by Rozhitsina et al. [11] for 

pure tin, given as, ( )
3
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 ; where R represents the universal gas 

constant. 

In this work, a uniform static magnetic field 0B  is applied perpendicular to the primary 

flow direction, providing a controlled MHD influence on melt convection and solidification 
[12]. The magnetic field is expressed by: 2

0M B u= .  
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Fig. 1. representation of the geometrical problem. 

The quasi-2D model adopted in this work is based on the approach of Botton et al [2]. We 
neglect the spatial variation in the z-direction and represent the fields using depth-averaged 
quantities. The velocity and pressure are projected onto predefined shape functions f(z) and 
g(z), which satisfy appropriate normalization conditions. This yields a quasi-2D model that 
captures the dominant 3D effects while significantly reducing computational cost.  
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Therefore, in this work, we employ the Hartmann profile, defined by:  

 ( )

w

w w

w

Az-
2cosh
δ

1f z = 1-
A A2δ1- tanh cosh

A 2δ 2δ

  
  
  
     
        

    
 
  

 (6) 

the source term is founded to be:  
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𝐴𝐴𝑊𝑊 = 𝑊𝑊
𝐻𝐻  is the transverse parameter and  is an adjustable parameter presenting the 

thickness layer of the boundary layer.  

3 Numerical methods 

 The Galerkin finite element method was used to discretize the governing equations. At 
first, the equations are reformulated in their weak form, which allows for an integral based 
solution that can handle complex geometries and boundary conditions. Then they are 
discretized on a non-uniform grid with the use of the Galerkin finite element method which 
provides a higher resolution with steep gradients. The discretization process leads to a 
system of nonlinear algebraic equations due to the coupling between momentum and 
energy equations. This system is solved iteratively using the Newton–Raphson method, 
with a damping strategy employed to ensure numerical stability and convergence. At each 
iteration, the resulting linearized system is efficiently solved using a parallel direct solver. 
The iterative procedure is continued until convergence is achieved, a 10-6 was taken for this 
system. A sensitive mesh analysis was performed for the rectangular and the trapezoidal 
geometries.  
Several mesh densities were tested, and the results were compared in terms of temperature 
distribution and solid-liquid interface position. Based on this analysis, a mesh consisting of 
approximately 7100 finite elements was selected for all geometries, as it provided grid-
independent results while maintaining reasonable computational cost. 

Table 1. Thermal properties of tin (Sn). 
Property Symbol Value  

Thermal conductivity λ 60 W/(m.K) 

Dynamic viscosity µ 0.00191 Pa.s 

Kinematic viscosity ʋ 2.5e-7 m2/s 

Hot temperature 
 

Th 528 K 

Cold temperature TC 508 K 
Cooling rate Cr 0.03 K/s 
Latent heat L 59600 J/kg  

Heat capacity of solid    CpS 200 J/(kg.K) 
Heat capacity of liquid Cpl 318.81 J/(kg.K) 

 

4 Code validation  
Figure 2 compares the temperature distribution along the x-axis obtained from the present 
study with the numerical and experimental results reported by Sari et al. [9]. An excellent 
agreement is observed between the present results and the reference data throughout the 
domain. The temperature profile closely follows both the experimental measurements and 
the numerical solution by capturing the decreasing temperature trend from the heated 
region toward the cooled wall. Minor differences can be observed close to the boundaries, 
especially at the right side which showed a slightly larger deviation. These differences may 
be attributed to experimental uncertainties, measurement resolution or small differences in 
boundary condition implementation and thermophysical properties. The maximum 
deviation remains limited and the magnitude of the temperature field is well reproduced. 
The close correspondence between the present results and those of Sari et al. [9] confirms 
the accuracy and reliability of the numerical model and validates its capability to predict the 
thermal behavior of the system under the investigated conditions. 
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Fig. 3. Comparison of isotherms for the three models. 

Figure 3 presents the comparison of isotherms for three models, two-dimensional (2D), 
quasi-two-dimensional (2D1/2) and three-dimensional (3D). A clear difference is observed 
between these models as shown this figure. In the 2D case (Fig.3a), the isotherms exhibit 
strong distortion and a pronounced curvature near the corner. This behavior indicates an 
unrealistic redistribution of temperature with overestimation of thermal gradient, as 
consequence, the purely two-dimensional (2D) model is unable to reproduce the same 
behavior obtained in the three-dimensional (3D) model.  Figure 3b presents the results 
obtained with the quasi-two-dimensional (2D1/2) model, the isotherms become smoother 
and regularly spaced, also the shape and orientation of the isotherms is much closer 
compared to the 3D model, as a result the prediction of the solidification front will be 
improved. Although minor discrepancies remain, the quasi-two-dimensional model 
provides a much closer representation of the 3D behavior than the standard 2D model 
which makes it a reliable balance between computational cost and accuracy. 
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Fig. 4. Effect of cooling rate on solidification behavior at t=1200s. 

The figure 4 represents the effect of cooling rate during solidification of molten metal, at 
1200s in a rectangular cavity in a rectangular cavity. As observed the increase of cooling 
rate enhances the extraction of thermal energy from the cavity, which produces stronger 
temperature gradients near the cooled walls. The formation of the solid layer and the 
appearance of conduction mode have been showed due to these gradients. As a result, the 
liquid/solid interface advances rapidly. When the cooling rate augments, natural convection 
becomes progressively weaker, by the volume reduction of the liquid region and the flow 
cannot fully develop. Conversely, at lower cooling rates, the temperature gradients are 
weaker, convection persists for a longer period, and the solidification front evolves more 
gradually. The augmentation of cooling rate leads to faster solidification and a more abrupt 
interface, therefore a lower cooling rate results in a slower, smoother freezing process 
influenced by fluid motion. 
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intensity on the thermal field, interface evolution, and convective patterns. 

5.1 Comparison of 2D, 3D and 2D1/2 

 
                  a) 2D                                     b) 2D1/2                                 c) 3D 

Fig. 3. Comparison of isotherms for the three models. 

Figure 3 presents the comparison of isotherms for three models, two-dimensional (2D), 
quasi-two-dimensional (2D1/2) and three-dimensional (3D). A clear difference is observed 
between these models as shown this figure. In the 2D case (Fig.3a), the isotherms exhibit 
strong distortion and a pronounced curvature near the corner. This behavior indicates an 
unrealistic redistribution of temperature with overestimation of thermal gradient, as 
consequence, the purely two-dimensional (2D) model is unable to reproduce the same 
behavior obtained in the three-dimensional (3D) model.  Figure 3b presents the results 
obtained with the quasi-two-dimensional (2D1/2) model, the isotherms become smoother 
and regularly spaced, also the shape and orientation of the isotherms is much closer 
compared to the 3D model, as a result the prediction of the solidification front will be 
improved. Although minor discrepancies remain, the quasi-two-dimensional model 
provides a much closer representation of the 3D behavior than the standard 2D model 
which makes it a reliable balance between computational cost and accuracy. 

 5.2 Cooling rate effect 

504.7

505.5

506.3

507.2

508.0

508.8509.7510.5511.3

512.2

513.0

513.8
514.7

515.5
516.3

517.2

518.0

518.8

519.7

520.5

521.3

522.2

504.7

505.5

506.3

507.2

508.0
508.8

509.7

510.5

511.3

512.2

513.0

513.8

514.7

515.5

516.3

517.2

518.0

518.8

519.7

520.5

521.3
522.2

504.7

505.5

506.3

507.2

508.0

508.8

509.7

510.5

511.3

512.2

513.0

513.8514.7

515.5

516.3

517.2

518.0

518.8

519.7

520.5521.3

522.2

             Cr=0.02K/s                                   Cr=0.03K/s                             Cr=0.04K/s  

         

        

          
Fig. 4. Effect of cooling rate on solidification behavior at t=1200s. 

The figure 4 represents the effect of cooling rate during solidification of molten metal, at 
1200s in a rectangular cavity in a rectangular cavity. As observed the increase of cooling 
rate enhances the extraction of thermal energy from the cavity, which produces stronger 
temperature gradients near the cooled walls. The formation of the solid layer and the 
appearance of conduction mode have been showed due to these gradients. As a result, the 
liquid/solid interface advances rapidly. When the cooling rate augments, natural convection 
becomes progressively weaker, by the volume reduction of the liquid region and the flow 
cannot fully develop. Conversely, at lower cooling rates, the temperature gradients are 
weaker, convection persists for a longer period, and the solidification front evolves more 
gradually. The augmentation of cooling rate leads to faster solidification and a more abrupt 
interface, therefore a lower cooling rate results in a slower, smoother freezing process 
influenced by fluid motion. 

5.3 Inclination effect 
 

 

 

 

-0.84981

-0.84980

-0.84980

-0.84979

-0.84979

-0.84978

-0.84978

-0.84977

-0.84976

-0.84975

7.500E-07

7.200E-07

-1.710E-06

4.500E-07

-1.350E-06

-1.110E-06

-6.300E-07

-2.700E-07

9.000E-08

2.100E-07

3.300E-07

-4.539E-03

-4.539E-03

-4.539E-03

-4.539E-03

499.5

500.3

501.2

502.0

502.8

503.7

504.5

505.3

506.2

507.0

507.8

508.7

509.5

510.3

511.2

512.0

512.8

513.7
514.5

515.3

516.2

487.6

488.4

489.3

490.2

491.0

491.9

492.8

493.6

494.5

495.4

496.2

497.1

497.9

498.8

499.7

500.5

501.4

502.3

504.0

474.0

476.7

479.5

480.9

482.2

483.6

486.4

487.7

490.5

491.9

494.6

497.4

498.7

500.1

501.5

502.9

504.2

504.2

502.9

501.5

500.1

498.7

497.4

494.6

7.500E-07

7.200E-07

-1.710E-06

4.500E-07

-1.350E-06

-1.110E-06

-6.300E-07

-2.700E-07

9.000E-08

2.100E-07

3.300E-07

487.6

488.4

489.3

490.2

491.0

491.9

492.8

493.6

494.5

495.4

496.2

497.1

497.9

498.8

499.7

500.5

501.4

502.3

504.0

St
re

am
lin

es
 

Is
ot

he
rm

s 
L

iq
ui

d 
fr

ac
tio

n 

Liquid fraction 
 

Isotherms Streamlines 

7

EPJ Web of Conferences 371, 01002 (2026)	 https://doi.org/10.1051/epjconf/202637101002
AMT’2026



 
Fig. 5. Effect of the inclined walls at 1200s. 

Figure 5 illustrates the influence of wall inclination 45 =  on the solidification process 
and natural convection by comparing the rectangular and trapezoidal cavities using same 
volume and boundary conditions. The solid/liquid interface in the trapezoidal cavity shows 
a  pronounced deformation while the rectangular cavity exibits a relatively smoother and a 
symmetrical interface. The convective transport in the trapezoidal geometry spreads heat 
which lead to a non-uniform advancement of the solidification front. The thermal and flow 
fields further confirm the impact of wall inclination as both isotherms and streamlines in 
the trapezoidal cavity are inclined and distorted which reflect the dominance of convection 
over pure conduction. Conversely the rectangular cavity is characterized by more parallel 
and less deformed isotherms which indicats a comparatively weaker convective 
contribution. According to these results, the inclination angle of the cavity walls intensifies 
natural convection, resulting in stronger flow circulation, greater deformation of the 
solid/liquid interface, and well distorted isotherms. The wall inclination emerges as a 
critical geometrical parameter governing the interaction between fluid flow and phase 
change during solidification under natural convection. 

 

Fig. 6. Liquid fraction volume variation in tree cases of cooling rates at a selected time instances.  

Figure 6 represents the variation of the liquid fraction for different times with three cooling 
rate (0.02, 0.03, 0.04K/s), as observed in this figure, the liquid fraction reduces with the 
increase of the cooling rate which signify an acceleration of the solidification. At 500 s the 
two cavities are mostly liquid, over time (at 1000 s) the molten metal starts to solidify 
leading to a decrease in the liquid fraction, at 1500s most of the cavities are solidified, with 
preservation of liquid for slower cooling which can help to control the microstructure in 
metallurgical behavior.  
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Fig. 7. Velocity magnitude for different values of Hartman number at t=1000s. 

Figure 7 presents the variation of the velocity magnitude for different Hartmann 
numbers, illustrating the influence of the applied magnetic field on the flow behaviour. The 
velocity field attend its maximum values in the absence of a magnetic field (Ha = 0) which 
indicates a strong convective motion. When a magnetic field is applied, the velocity profiles 
of Ha = 1 and Ha = 10 show only a slight reduction compared to the non-magnetic case, 
suggesting that weak magnetic fields have a small influence on the flow intensity. For a 
higher Hartmann number (Ha = 100), the velocity magnitude is significantly suppressed 
and approaches to zero values over the domain. This behaviour is attributed to the action of 
the Lorentz force induced by the magnetic field, which opposes the fluid motion and damps 
the velocity fluctuations. As the Hartmann number increases, the magnetic field becomes 
important which progressively inhibits the natural convection and driving the flow toward a 
quasi-conduction-dominated regime leading to a fast solidification.  

Conclusion 
In this study, the coupled effects of cooling rate, wall inclination, and magnetic field 

intensity on solidification under natural convection were numerically investigated. The 
results demonstrate that: 

• The increase of cooling rate accelerates heat extraction which leads to a steeper 
isotherm over the cooled walls which provide a faster advancement of the 
solid–liquid interface, and a progressive dominance of heat transfer by 
conduction as the natural convection weakens. 

• Lower cooling rates allow buoyancy-driven flow to preserve for longer 
durations leading to a smoother and gradual evolution of the solidification 
front. 

• The effect of inclined walls in the trapezoidal cavity impact directly the 
buoyancy-driven flow structure which lead to an increase of flow circulation 
and causing a remarkable deformation of the solid–liquid interface compared 
to the rectangular geometry. 

• The application of a magnetic field exerts a stabilizing effect on the flow. 
While weak magnetic fields have a limited influence on velocity magnitude, 
higher Hartmann numbers strongly suppress fluid motion due to Lorentz-force-
induced damping which reduce the convective transport and lead to a 
conduction dominated regime and quick solidification.  

Cooling conditions, geometrical configuration and magnetic field are the key for 
controlling parameters in solidification processes under the effect of natural convection and 
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their combined effects must be carefully taking into account in the design and optimization 
of thermally driven phase-change systems. 
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