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Abstract 6 

Several different interfacial forces affect the free surface of liquid metals during metal additive 7 

manufacturing processes. One of these is thermo-capillarity or the so-called Marangoni effect. In 8 

this work, a novel framework is introduced for unraveling the effects of thermo-capillarity on the 9 

melt pool morphology/size and its thermo-fluid conditions during the Laser Powder Bed Fusion 10 

(L-PBF) process. In this respect, a multi-physics numerical model is developed based on the 11 

commercial software package Flow-3D. The model is verified and validated via mesh-12 

independency analysis and by comparison of the predicted melt pool profile with those from lab-13 

scale single-track experiments. Two sets of parametric studies are carried out to find the role of 14 

both positive and inverse thermo-capillarity on the melt pool shape and its thermal and fluid 15 

dynamics conditions. The thermo-fluid conditions of the melt pool are further investigated using 16 

appropriate dimensionless numbers. The results show that for the higher Marangoni number cases, 17 

the melt pool temperature drops, and at the same time, the temperature field becomes more 18 

uniform. Also, it is shown that at higher Marangoni numbers, temperature gradients decrease, thus 19 

reducing the role of conduction in the heat transfer from the melt pool. Furthermore, for the first 20 

time, a novel methodology is introduced for the calculation of the melt pool’s average Nusselt 21 

number. The average Nusselt numbers calculated for the positive and inverse thermo-capillarity 22 

are then used for finding the effective liquid conductivity required for a computationally cheaper 23 

pure heat conduction simulation. The results show that the deviation between the average melt 24 

pool temperature, using the pure conduction model with effective conductivity, and the one 25 

obtained from the advanced fluid dynamics model is less than 2 %.  26 

Keywords: Thermo-capillarity, melt pool, heat and fluid flow, numerical model, L-PBF  27 
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1. Introduction 28 

Metal Additive Manufacturing (MAM) is currently enjoying the highest growth rate in its market 29 

among all other existing AM technologies [1]. The two most prominent MAM sub-branches are 30 

L-PBF and Directed Energy Deposition (DED). These two techniques have so far been used 31 

extensively in many industries for various types of applications spanning from surface coating  and 32 

tool repairing to manufacturing of topology-optimized structures with complex shapes [2] along 33 

the production of functionally-graded materials (FGM) [3]. In both DED and L-PBF, a laser beam 34 

is used as a means to melt down powder particles. These two production techniques have been 35 

applied to different alloys e.g. aluminum, titanium, nickel, steel, etc.  36 

Along with its ability of production of customized parts, with the L-PBF process, it is possible to 37 

change a component’s microstructure, via changing or manipulating the melt pool’s fluid dynamics 38 

and heat transfer. This will eventually cause a change in the solidification pattern that will 39 

ultimately impact the microstructure and thus the resultant mechanical properties of the parts. 40 

According to present literature, there are in general four ways to manipulate the fluid dynamics 41 

and thus the morphology of the melt pool in L-PBF. This can be achieved via Process Parameters 42 

Variation (PPV), Beam-Shaping (BS), External Force Fields (EFF) and finally, the addition of 43 

External Chemical Agents (ECA). 44 

PPV is the most well known and straightforward way of changing the melt pool’s shape and size. 45 

In this method, the laser power, scanning speed or the scan pattern are changed until a desired melt 46 

pool morphology with targeted microstructure or bulk density is achieved [4]. BS has also shown 47 

its capability as a proven technique for the adjustment of melt pool profile and the part’s 48 

microstructure. Recently Shi et al. [5] demonstrated that via using a longitudinal-elliptical beam 49 

shape, a deeper and longer melt pool and depression zone are obtained. They also reported that 50 

this specific beam shape causes a strong columnar grain structure, while the transverse-elliptical 51 

beam shape would promote nucleation [5]. As another example, McLouth et al. [6] and Metelkova 52 

et al. [7] used laser focus-shifting as a way to change the melt pool form in L-PBF. In addition, 53 

McLouth et al. [6] showed that defocusing the beam leads to the formation of coarse grains while 54 

smaller grains are observed in the infocus condition. In EFF, according to its name, a local external 55 

field is applied to change the solidification behavior [8], [9]. In a recent work by Kao et al. [10], it 56 

was demonstrated that using different magnetic field orientation/magnitude will lead to a transition 57 
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of melt pool dynamics. They noticed that in this situation, the melt pool regime changes from a 58 

thermo-capillary-induced flow to a thermo-electric-magneto-hydrodynamic flow [10]. In the final 59 

category, ECA, a specific type of surface-active element with a certain concentration is added to 60 

the base metal – causing a change in the melt pool regime. 61 

In the welding community, it is well known and understood that the addition of certain types of 62 

surface active elements can lead to a drastic change in the surface tension of alloys such as stainless 63 

steel [11], [12]. Most notably, it was Heiple and Roper [13] who postulated that the addition of 64 

sulfur and oxygen can change the melt pool profile, thus its penetration depth. They suggested that 65 

this change in the melt pool profile is due to the change in the magnitude and direction of the 66 

Marangoni (thermo-capillary) effect. Researchers in the welding community have also found that 67 

by increasing the sulfur concentration in stainless steel (either SS 316 L or SS 304), after 68 

surpassing a specific threshold, the thermo-capillarity shear stresses change sign on the melt pool’s 69 

surface [14]–[16]. They identified a range between 30-60 ppm, after which the Marangoni-induced 70 

flow inverts [13], [14], [17]. 71 

In the MAM applications, Aucott et al. [18] recently studied the role of sulfur on the melt pool’s 72 

morphology and internal fluid dynamics via an in-house online X-ray monitoring system. They 73 

chose two types of steels, one with high and the other with low sulfur content of 3000 ppm and 50 74 

ppm, respectively. With their monitoring system they were able to show that the low-sulfur sample 75 

had a shallow depth and large width, whereas the high-sulfur one exhibited the opposite behavior 76 

[18]. Although the online monitoring systems are capable of revealing the melt pool internal fluid 77 

flow [19], they miss a very important variable, the temperature field. Even the infrared thermal 78 

cameras, which are the most widely-used temperature-monitoring equipment, are unable to 79 

uncover the internal temperature field. Furthermore, this equipment always underestimates the 80 

melt pool surface temperature to a large degree, due to drastic changes of surface emissivity during 81 

the solid-to-liquid transition [20]. 82 

In this respect, numerical models can serve as accurate, cheap and reliable tools for analyzing the 83 

heat and fluid flow conditions inside the melt pool in L-PBF [21]. Recently there has been a 84 

substantial number of works on modelling the L-PBF process using Computational Fluid 85 

Dynamics (CFD). For instance, Lee and Zhang [22] developed a multiphysics Finite Volume 86 

(FVM) CFD model to simulate the heat and fluid flow conditions in L-PBF of IN718. Khairallah 87 
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et al. [23] used the ALE3D multiphysics Finite Element Method (FEM) code to simulate detailed 88 

flow behavior of 316 L stainless steel. They identified three distinct zones of depression, transition 89 

followed by tail. Recently the author group has developed multiphysics numerical models based 90 

on FVM for tracking the keyhole-induced and lack-of-fusion porosities in Ti6Al4V and IN718 91 

[24], [25]. Even though the mentioned works included the Marangoni effect in the simulations, 92 

there are currently very few contributions in literature on the fundamental analysis of the 93 

Marangoni effect involving both positive and inverse cases in L-PBF. 94 

One of these is a work  made by Le and Lo [26] who used a FVM-based CFD model for 95 

determining the melt pool profile of CL20ES powder which is supposed to exhibit an inverse 96 

Marangoni behavior. In their work they primarily studied the role of laser power and scan speed 97 

on the melt pool. In another work, Tang et al. [27], implicitly studied the role of positive and 98 

inverse thermo-capillarity on the humping formation in L-PBF of SS 316 L. On the other side, 99 

several researchers have looked into the role of thermo-capillarity on the heat and fluid flow 100 

conditions in several other case studies [28], [29]. Moreover, Larkin [30] developed a model to 101 

analyze the role of the thermo-capillarity effect on the fluid flow around a hemispherical bubble 102 

in contact with a liquid. Larkin [30] reported that the Nusselt number  increases by a factor of two, 103 

compared to the conduction mode, provided that the Marangoni number exceeds 40000. Similar 104 

kinds of observations were reported by Straub [31] who showed that the Marangoni effect can 105 

boost the heat transfer substantially and can overcome the gravity effects. In their subsequent work, 106 

Betz and Straub [32] developed a CFD model of a hemispherical air bubble with different aspect 107 

ratios in contact with high-Prandtl number fluids (7<Pr<120) and showed that the Nusselt number 108 

increases with the Marangoni number with a cubic root function. They also noted that the shape 109 

of the bubble has a significant effect on the Nusselt number. O’Shaughnessy et al. [33], [34] and 110 

Arlabosse et al. [35] studied the role of thermo-capillarity on the surface of an air bubble exposed 111 

to silicon oil with a combination of CFD and the particle image velocimetry technique. Arlabosse 112 

[35] used a CFD model to show that the Nusselt number is a square root function of the Marangoni 113 

number. It is very important to mention that all of these works [30]–[36] are carried out on 114 

geometries similar to those shown in Figure S1 (a). 115 

According to Figure S1 (a), these researchers have primarily studied the role of the Marangoni 116 

effect on 2D geometries which are different from those encountered in L-PBF, as shown in Figure 117 
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S1 (b). Furthermore, these works use a constant temperature Dirichlet boundary condition as 118 

opposed to the L-PBF process that uses a moving heat flux. Moreover, those works are carried out 119 

on fluids with a very high Prandtl number of 7<Pr<880 [34], [35], whereas liquid metals have 120 

Prandtl numbers of Pr<1, as the thermal boundary layer grows at a much faster pace than the 121 

viscous boundary layer. Accordingly, literature lacks a detailed and fundamental study on the role 122 

of thermo-capillarity on the thermo-fluid conditions in L-PBF. 123 

In this context, this work introduces a framework for a fundamental analysis of thermo-capillarity 124 

in L-PBF. The remaining part of the paper is arranged as follows: First, a multi-physics numerical 125 

model based on FVM is developed in the commercial software package Flow-3D for the L-PBF 126 

process of 316-L stainless steel. The model is verified via a mesh-independency analysis where 127 

the converged mesh configuration is found. Next, the model is validated against experimental data 128 

obtained from using an in-house made L-PBF machine. Then the model is adjusted for the analysis 129 

of thermo-capillarity via removing some boundary conditions previously implemented for the 130 

validation. A parametric study is then conducted to find the influence of both inverse and positive 131 

Marangoni effects on the melt pool’s heat and fluid flow conditions along with its morphology. 132 

Different dimensionless numbers are used/proposed for characterizing the melt pool thermo-fluid 133 

conditions. In the next step, and for the first time, a methodology is introduced for the calculation 134 

of melt pool Nusselt number under different thermo-capillarity conditions. Based on this, an 135 

expression is derived for the average Nusselt number inside the melt pool and this expression is 136 

later on used for finding an effective quiescent liquid conductivity. This effective conductivity is  137 

finally used for running low-cost pure conduction heat transfer models. A comparison between the 138 

results of the advanced CFD model and the lower order pure conduction model are provided as 139 

well. 140 

2. Theory and physics 141 

In this section, the general governing equations of the fluid (metal) domain are discussed. In the 142 

next part, the interfacial forces and the applied boundary conditions of the system are given and 143 

finally details of the computational domain and the mesh configuration and the methodology for 144 

finding the melt pool’s thermal conditions are introduced. 145 



6 

 

2.1. Governing equations 146 

Heat transfer 147 

The partial differential equation expressing energy conservation is solved to find the temperature 148 

field and the fusion condition of the fluid.  149 

𝜌 [
∂ℎ

∂𝑡
+ (𝐮 ∙ 𝛁)ℎ] = 𝛁 ∙ (𝑘 𝛁𝑇). (1) 

In eq. (1), u (m.s-1) is the velocity vector field, T (K) is temperature and k (W.m-1.K-1) is thermal 150 

conductivity. h (J.kg-1) in eq. (1) is the enthalpy of the fluid and is expressed as 151 

ℎ (𝑇) = ℎ𝑟𝑒𝑓 +∫ 𝐶𝑝(𝑇) d𝑇
𝑇

𝑇𝑟𝑒𝑓

+ 𝛥𝐻𝑠𝑙 ∙ 𝑓𝑙𝑖𝑞 , (2) 

where subscript ( )ref denotes the reference condition and Cp (T) (J.kg-1.K-1) and fliq (-) are specific 152 

heat capacity and the liquid fraction function, respectively. ΔHsl (J.kg-1) in eq. (2) is the latent heat 153 

of fusion of the fluid. In this work, the liquid fraction is approximated to follow a linear curve 154 

during solidification/melting 155 

𝑓𝑙𝑖𝑞 = 

{
 
 

 
 

 
 
 
 
 
 

 

0 𝑇 < 𝑇𝑠𝑜𝑙 

(3) 
𝑇 − 𝑇𝑠𝑜𝑙
𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙

 𝑇𝑠𝑜𝑙 ≤ 𝑇 ≤ 𝑇𝑙𝑖𝑞, 

1 𝑇 < 𝑇𝑙𝑖𝑞 

where the subscripts ( )sol and ( )liq respectively stand for the solidus and liquidus temperatures. 156 

Furthermore, in this work it is assumed that major thermo-physical properties are temperature 157 

dependent and are volume-averaged 158 

𝜌 = 𝜌𝑠𝑜𝑙𝑓𝑠𝑜𝑙 + 𝜌𝑙𝑖𝑞𝑓𝑙𝑖𝑞 (4) 

𝐶𝑝 =
𝜌𝑠𝑜𝑙𝐶𝑝,𝑠𝑜𝑙𝑓𝑠𝑜𝑙 + 𝜌𝑙𝑖𝑞𝐶𝑝,𝑙𝑖𝑞𝑓𝑙𝑖𝑞

𝜌𝑠𝑜𝑙𝑓𝑠𝑜𝑙 + 𝜌𝑙𝑖𝑞𝑓𝑙𝑖𝑞
, (5) 
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𝑘 = 𝑘𝑠𝑜𝑙𝑓𝑠𝑜𝑙 + 𝑘𝑙𝑖𝑞𝑓𝑙𝑖𝑞 (6) 

and ρ (kg.m-3) is the density of metal (fluid), expressed in eqs. (4) and (5) 159 

Fluid dynamics 160 

The coupled fields of the velocity vector and pressure are determined by solving the mass and 161 

linear momentum balances 162 

𝛁 ∙ 𝐮 = 0, (7) 

𝜌 [
∂𝐮

∂𝑡
+ (𝐮 ∙ 𝛁)𝐮] = −𝛁𝑝 + 𝜇𝛻2𝐮 −

𝐾𝑐(1 − 𝑓𝑙𝑖𝑞)
2

𝐶𝑘 + 𝑓𝑙𝑖𝑞
3 𝐮. (8) 

In eq. (8), p (Pa) is the pressure field, µ (Pa.s) is viscosity and Kc (kg.m-3.s-1) and Ck (-) are two 163 

constants belonging to Carman-Kozeny drag forces [37]. The buoyancy effect is neglected, as in 164 

our previous work it was shown that gravity has a minimal effect on the overall melt pool dynamics 165 

[38].  166 

The free surface of the metallic region is tracked by the Volume of Fluid (VOF) method, using the 167 

split Lagrangian-Eulerian method, implemented in Flow-3D: 168 

∂𝐹

∂𝑡
+ (𝐮 ∙ 𝛁)𝐹 = 0. (9) 

In eq. (9), F (-) is fluid fraction and a zero and unity values for F (-), mean that a cell is filled with 169 

void and fluid, respectively. An F (-) value of 0.5 designates the void/fluid interface. 170 

2.2.  Surface tension and thermal boundary conditions 171 

In the validation model, the top surface of the fluid transfers heat to the ambient via radiation, 172 

convection and evaporation, while receiving heat from the laser beam. The laser heat flux is 173 

assumed to have a Gaussian distribution. The boundary condition is expressed as 174 

−𝑘
𝜕𝑇

𝜕𝐧
= ℎ(𝑇 − 𝑇𝑠𝑢𝑟𝑟) + 휀𝜂(𝑇

4 − 𝑇𝑠𝑢𝑟𝑟
4 ) − 𝑞𝑙𝑎𝑠𝑒𝑟

′′ + 𝑞𝑒𝑣𝑎𝑝
′′ . (10) 
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In eq. (10), h (W.m-2.K-1), ε (-) and η (W.m-2.K-4) are ambient convection heat transfer coefficient, 175 

surface emissivity and Stefan-Boltzmann constant, respectively. The third and fourth terms on the 176 

right hand side of eq. (10) are heat fluxes due to laser heating and evaporative cooling, respectively, 177 

and these are given by 178 

𝑞𝑙𝑎𝑠𝑒𝑟
′′ = 𝑞𝑚𝑎𝑥

′′ . exp (−2 ∙ (
𝑟

𝑅𝑏
)
2

), (11) 

𝑞𝑒𝑣𝑎𝑝
′′ =

0.01

√2𝜋𝑅𝑣𝑇
[𝑝𝑎𝑡𝑚exp (

Δ𝐻𝑙𝑣
𝑅𝑣𝑇𝑏𝑜𝑖𝑙

[1 −
𝑇𝑏𝑜𝑖𝑙
𝑇
])]. (12) 

q”max (W.m-2) and Rb (-) in eq. (11) are maximum heat flux and effective beam radius. Rv (J.kg-179 

1.K-1) is the vaporized metal’s gas constant, ΔHlv (J.kg-1) is the latent heat of evaporation and Tboil 180 

(K) is the boiling temperature of metal at the atmospheric pressure patm (Pa). The ray-tracing 181 

method with multiple reflections is used for modelling the laser-material interaction [39]. 182 

The free surface of liquid metals, when they are exposed to relatively high temperatures beyond 183 

2000 K, experiences three interfacial forces namely the recoil pressure, capillarity and thermo-184 

capillarity (the Marangoni effect).  185 

𝜏𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 = [0.54𝑝𝑎𝑡𝑚 exp (
Δ𝐻𝑙𝑣
𝑅𝑣𝑇𝑏𝑜𝑖𝑙

[1 −
𝑇𝑏𝑜𝑖𝑙
𝑇
]) + 𝜎(𝑇) ∙ 𝜅] 𝐧

+ 𝛾[𝛁𝑇 − 𝐧(𝛁𝑇 ∙ 𝐧)]. 

(13) 

In eq. (13), the first two terms on the right hand side stand for the recoil pressure and surface 186 

tension force where the last term accounts for the thermo-capillary effect. While the recoil pressure 187 

and surface tension force act perpendicularly to the free surface of liquid, the Marangoni effect 188 

acts tangentially. In eq. (13), κ (m-1) is the curvature of the free surface. These three forces are 189 

schematically demonstrated in Figure 1 (a)-(c) 190 

In most of the multiphysics simulations of L-PBF, DED or other welding processes, the surface 191 

tension is assumed to be a linear function of temperature [40] 192 

𝜎 = 𝜎𝑟𝑒𝑓 + 𝛾[𝑇 − 𝑇𝑟𝑒𝑓]. (14) 
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σref (N.m-1) in eq. (14) is the surface tension at the reference temperature Tref (K), which is usually 193 

set to the liquidus temperature of the alloy [40]. γ (N.m-1.K-1) is the coefficient of surface tension 194 

(CST), which for most  alloys and metals, is negative, leading to the positive Marangoni effect 195 

(thermo-capillarity) as shown in Figure 1 (b). However, as noted earlier, under some 196 

circumstances, e.g. addition of surface-active elements like sulfur to steel, CST changes sign and 197 

becomes positive. In this case, the so-called inverse Marangoni effect occurs, which is shown in 198 

Figure 1 (c).  199 

Figure 2 shows CST of different alloys and metals. On the left side of the vertical axis is the 200 

positive thermo-capillarity region where the alloy/metal possesses a negative CST in eq. (14). 201 

While on the right side of the vertical axis, CST is plotted against sulfur content (in ppm) for 202 

stainless steel, where the inverse thermo-capillarity prevails. According to Figure 2, a sulfur 203 

content beyond 40-60 ppm, leads to an inverse thermo-capillarity with a positive CST in equation 204 

(14) and is schematically shown in Figure 1 (c). The two most extreme cases belong to MM247LC 205 

[41] and CL20ES [26], leading to a CST of -1.36e-3 N.m-1.K-1 and +1.40e-3 N.m-1.K-1, 206 

respectively, according to Figure 2. The parametric study, which will be discussed later, covers 207 

most of the range of CSTs shown in Figure 2. 208 

2.3. Computational domain and mesh configuration 209 

In this work, two models are developed, the first one involves all modes of heat transfer, e.g. 210 

radiation, evaporation and convection. This model also involves the powder particle distribution. 211 

The model dimensions, along with the details of the mesh configuration, are shown in Figure 3 212 

(a). 213 

The model is composed of two mesh blocks, according to Figure 3. The first mesh block has a fine 214 

cell size and is set to capture detailed melt pool dynamics. The second mesh block is made of 215 

coarser cell sizes and is supposed to simulate the effect of the underlying base plate and its thermal 216 

effect in the vicinity of the melt pool. Mesh block 02 is made of cells with a size of 20 µm. The 217 

mesh distribution in both of the mesh blocks are uniform. The top boundary of mesh block 02 can 218 

transfer mass, heat and linear momentum with the bottom boundary of the first mesh block, see 219 

Figure 3. The cell size in the first mesh block is changed systematically until the converged mesh 220 

solution is achieved, as will be discussed in section 3.  221 
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In order to study the role of the melt pool convection on its internal thermal conditions, the 222 

validation model is partially modified and the top thermal boundary conditions used in the 223 

validation model are removed. This modified model is shown in Figure 3 (b) and is denoted the 224 

heat transfer model. In this situation, all the heat coming from the laser beam will be guided to be 225 

only transferred to the neighboring solid/solidified material. Furthermore, the powder particles are 226 

also removed in the heat transfer model, to allow for a better understanding of the role of thermo-227 

capillarity on heat transfer within the melt pool. However, it must be noted that the heat transfer 228 

model is not supposed to predict the real melt pool shape as observed in the experiments, since the 229 

powder layer is removed, but the implemented physics, apart from the top thermal boundary 230 

conditions, are exactly the same in these two models. The heat transfer model is implemented for 231 

performing a detailed investigation on the impact of thermo-capillarity on the melt pool’s internal 232 

thermo-fluid conditions. Moreover, to reduce the required CPU time, a y-symmetry boundary 233 

condition is used at the x-z plane, shown in Figure 3. 234 

Details of the thermo-physical properties for 316-L stainless steel used for the validation and heat 235 

transfer models are given in Table S1 and S2. In the validation model, temperature dependent 236 

density, specific heat capacity and thermal conductivity given in Table S2 are used, while in the 237 

heat transfer model, it is assumed that they follow a ramp function using eqs. (4-6). The rest of the 238 

properties are similar in the two models. 239 

2.4. Melt pool details and the Nusselt number 240 

In this work, an in-house made script, written in MATLAB®, is used to determine important 241 

thermo-fluid properties, e.g. average melt pool temperature, average velocity and heat flux from 242 

the melt pool boundaries. This script initially receives the calculated transient thermo-fluid data in 243 

mesh block 01 from Flow-3D. Then the code finds the domain and cell sizes in the mesh block 244 

along with their coordinates. Figure 4 shows a non-smoothened contour of the liquid fraction in 245 

the melt pool. 246 

The melt pool volume is simply calculated via the following expression 247 

𝑉𝑚𝑒𝑙𝑡 =∭𝑓𝑙𝑖𝑞 ∙ 𝐹 ∙ 𝑑𝑉
 

∀

≅∑ 𝑓𝑙𝑖𝑞,𝑘 ∙ 𝐹𝑘 ∙ Δ𝑉𝑘
𝑚𝑐

𝑘=1
. (15) 
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The melt pool volume in eq. (15) is determined via summation of pure liquid volume inside cell 248 

“k” that satisfies two conditions of Fk > 0.5 and fliq,k > 0. mc in eq. (15) is the total number of cells 249 

that satisfy the two mentioned conditions. In the same manner, the average melt pool temperature 250 

Tmelt (K) and the average velocity are found via the numerical counterparts of the following 251 

expressions 252 

𝑇𝑚𝑒𝑙𝑡 =
∭ 𝑓𝑙𝑖𝑞 ∙ 𝐹 ∙ 𝑇 ∙ 𝑑𝑉

 

∀

𝑉𝑚𝑒𝑙𝑡
, (16) 

|𝐮|𝑚𝑒𝑙𝑡 =
∭ |𝐮| ∙ 𝑑𝑉

 

∀

𝑉𝑚𝑒𝑙𝑡
. (17) 

Note that in both integrations in eqs. (16) and (17), the Ɐ space belongs to the domain that satisfies 253 

the two conditions mentioned earlier. 254 

Furthermore, in this work a new methodology is proposed for the calculation of the melt pool 255 

average Nusselt number (Nu). The first step is to identify the solid/liquid border cells. These cells 256 

are specified in light blue in the first blow-up image in Figure 4. The main criteria for a cell to be 257 

designated as a solid/liquid border cell is to first, have a liquid fraction higher than zero and second, 258 

have at least one neighboring solid cell. Then the heat transfer from the cell’s control volume 259 

(C.V.) to the neighboring solid cell is calculated using the central difference scheme and on the 260 

corresponding cell faces. Then the heat flux from the melt pool to the neighboring solid domain is 261 

calculated by summing up the absolute values of heat transfer components in all possible directions 262 

and then dividing it by the melt pool’s surface area 263 

𝑞𝑡𝑜𝑡𝑎𝑙
′′ =

�̇�

𝐴𝑚𝑒𝑙𝑡
=
|�̇�𝑥
+| + |�̇�𝑥

−| + |�̇�𝑦
+| + |�̇�𝑦

−| + |�̇�𝑧
+| + |�̇�𝑧

−|

𝐴𝑚𝑒𝑙𝑡
. (18) 

In eq. (18), q”total (W.m-2) is the total heat flux transferred from the melt pool to its surroundings. 264 

Amelt (m
2) in eq. (18) is the surface area of the melt pool, which is in contact with the neighboring 265 

solid domain. 266 

In the next step, the conduction heat flux is determined which is approximated with the following 267 

equation 268 
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𝑞𝑐𝑜𝑛𝑑
′′ ≈ −𝑘 ∙ ∇𝑇̅̅̅̅ ≅ 𝑘𝑙𝑖𝑞

[𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑠𝑜𝑙]

𝑙𝑐ℎ
, (19) 

where according to eq. (19), the average melt pool temperature gradient is found by dividing the 269 

temperature difference between the average melt pool temperature and the solidus temperature by 270 

lch (m), which is the characteristic length of the melt pool. The characteristic length is assumed to 271 

be one-eighth of the radius of a hypothetical hemisphere, which has the same volume as of the 272 

melt pool [42]. It is worth to mention that, Tliq (K) can also be used in eq. (19), instead of Tsol (K). 273 

One can decompose the total heat flux into a conductive and a convective part, respectively 274 

𝑞𝑡𝑜𝑡𝑎𝑙
′′ = 𝑞𝑐𝑜𝑛𝑣

′′ + 𝑞𝑐𝑜𝑛𝑑
′′ . (20) 

In this work the convective part is approximated with the following expression 275 

𝑞𝑐𝑜𝑛𝑣
′′ = ℎ𝑠𝑙̅̅ ̅̅  Δ𝑇̅̅̅̅ = ℎ𝑠𝑙̅̅ ̅̅ [𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑠𝑜𝑙], (21) 

where hsl (W.m-2.K-1) is the average convection heat transfer coefficient from the melt pool to the 276 

solid domain. By rewriting eqs. (19-21) and making them non-dimensional, one will ultimately 277 

obtain 278 

𝑁𝑢 =
ℎ𝑠𝑙 ∙ 𝑙𝑐ℎ
𝑘𝑙𝑖𝑞

=
𝑞𝑡𝑜𝑡𝑎𝑙
′′ ∙ 𝑙𝑐ℎ

𝑘𝑙𝑖𝑞 ∙ Δ𝑇̅̅̅̅
− 1. (22) 

Accordingly, by finding the average melt pool temperature (Tmelt) and its associated total heat flux 279 

(q”total), from the CFD model, one can determine the melt pool Nusselt number, using eq. (22). 280 

Then one can finally obtain  the effective liquid conductivity of the melt via the following 281 

expression found by Ladani et al. [43] 282 

𝑘𝑙𝑖𝑞
𝑒𝑓𝑓

𝑘𝑙𝑖𝑞
= 𝑁𝑢 + 1, (23) 

where keff
liq (W.m-1.K-1) is the effective liquid conductivity. This can be used in the pure conduction 283 

heat transfer model that is thought to be significantly cheaper in terms of CPU requirement, when 284 

compared to the CFD model. 285 
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3. Mesh-sensitivity and validation 286 

To find the converged mesh configuration, a mesh-sensitivity analysis is carried out for a case 287 

using the process parameters given in Table S3. 288 

According to Table S3, five uniform meshes with varying cell sizes (mesh block 01) are used. The 289 

cross-section of the melt pool along with the melt region contour for each of the cases listed in 290 

Table S3, are also shown in Figure S2 (a)-(e). According to Table S3, a cell size of 10 µm leads to 291 

an underestimation of the melt pool width and depth of 9.3% and 23%, respectively, when 292 

compared to the last case with 4 µm cell size. By choosing a finer mesh , according to Table S3 293 

and Figure S2, it is noted that the melt pool size gets closer to the fine mesh results. For example, 294 

choosing a  cell size of 6 µm, the width and depth of the melt pool are only 4.9% and 3.7% smaller 295 

than for the finest mesh configuration that belongs to the last case. By further refining the cell size 296 

to 5 µm, the maximum deviation becomes -1.0% and -2.1%, in width and depth, respectively.  297 

In this respect, the mesh configuration in the third case is chosen for the simulations used 298 

henceforth in the paper. 299 

Validation 300 

The experimental sample for the validation is manufactured with the in-house L-PBF machine 301 

developed at the mechanical engineering department of Technical University of Denmark [44]. 302 

The machine consists of an F-θ lens, a galvanometer for the adjustment of the laser position and 303 

speed, and a 250 W fiber laser with 1070 nm wavelength is used in a continuous wave mode of 304 

operation. The input parameters for the experimental sample are 200 W laser power, 210 mm.s-1 305 

scanning speed, 50 µm of nominal beam radius. The powder layer is simulated with the discrete 306 

element method using the Flow-3D software package. The powder layer has an average thickness 307 

of about 50 µm. Details of the powder particle’s distribution and chemical content are given in 308 

Table S4. 309 

Figure S3 (a) shows the temperature contour and the velocity field of the melt pool at the t=0.006 310 

s and it is observed that a depression zone is formed right below the laser beam location. 311 

Furthermore, it is noticed that at the tail of the melt pool, a hump forms. The liquid material that 312 

is pumped by the recoil pressure at the laser beam location, will be forced to move to the back of 313 

the melt pool. Then the positive thermo-capillarity (negative CST) further helps the liquid metal 314 



14 

 

to be distributed at the melt pool wake. In this situation a hump forms, which is in agreement with 315 

the observations of Tang et al. [27] on the humping formation in L-PBF.  316 

Figure S3 (b) shows the numerical and experimental melt pool profile at a cross section at x = 550 317 

µm and at the end of the process. One can clearly see the hump that is formed, both in the numerical 318 

as well as the experimental image. An image analysis is carried out to find the melt pool width and 319 

height and the comparison is given in Table S5. 320 

According to Table S5, the width and height of the melt pool predicted by the numerical model 321 

are about 5.75% and 10.85% smaller than the one from the experimental image. This discrepancy 322 

can be attributed to uncertainty in the laser absorptivity along with the possible change in the focal 323 

distance of the laser beam due to the thermal-lensing effect [44]. Overall, the predicted melt pool 324 

profile is in a good agreement with the experimental melt pool image. Furthermore, it is worth 325 

mentioning that this model has already been validated against experiments for L-PBF of Ti6Al4V 326 

and IN718 alloys in the two recent works of the author group [24], [45]. 327 

4. Results and discussion 328 

As noted in section 2, the modified version of the validation model, called the thermal model is 329 

used to study the role of thermo-capillarity on the heat and fluid flow conditions inside the melt 330 

pool. The removal of all possible top-surface boundary conditions will guide all the heat coming 331 

from the laser to the neighboring solid domain and through the melt pool solid/liquid interface. 332 

The thermal model is developed for the purpose of analyzing the internal heat transfer between 333 

melt pool and solid and hence the top boundary conditions are removed. 334 

Inverse thermo-capillarity 335 

To investigate the influence of inverse thermo-capillarity on the melt pool morphology and more 336 

importantly, on the heat and fluid flow conditions, a parametric study is carried out on the thermal 337 

model, using the input variables given in Table 1. The CSTs are chosen in such a way that they 338 

cover most of the possible obtainable range, shown in Figure 2.  339 

According to Table 1, only the CST (γ) values are changed in the parametric study while the rest 340 

of the process parameters are kept constant. 341 
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The temperature contour of the melt pool for the two cases of inv-02 and inv-07 are shown in 342 

Figure 5 (a) and (b), along with their velocity field. One can clearly see the egg-shaped melt pool 343 

morphology in the inv-02 case shown in Figure 5 (a). This sort of melt pool morphology is a sign 344 

of dominant conduction heat transfer as there is no preference for directional heat transfer due to 345 

fluid flow [38]. In this case, the velocity field due to the Marangoni effect is negligible and the 346 

heat coming from the laser is mainly transferred to the neighboring solid region, via conduction. 347 

The two red isotherms in Figure 5 (c) and (d), show the hotspot region. This region as well as the 348 

melt pool itself, grow with an equal speed in all directions in the case of inv-02, since the 349 

conductivity of liquid is isotropic both in the liquid and solid domains. On the other side, the melt 350 

pool dynamics are found to be significantly more pronounced in the inv-07, shown in Figure 5 (b) 351 

and (d). A notable velocity field forms on the top surface of the melt pool and drives the liquid 352 

from the cold sides to the hot melt pool center, see Figure 5 (b). This is due to the inverse thermo-353 

capillarity and according to Figure 5 (b), at the convergence point of this top-surface flow, a 354 

downward liquid jet with a high temperature forms. This downward liquid jet will drill the 355 

underneath solid domain and thus makes the melt pool deeper. Details of the melt pool 356 

characteristics and its relevant dimensionless numbers are calculated and listed in Table 2, at the 357 

point where the melt pool is at its quasi-steady state. Moreover, the depression zones in both of 358 

the cases shown in Figure 5 are found to be smaller than the one in the validation case shown in 359 

Figure S3. This is due to the fact that, in the inverse Marangoni cases of inv-02 and inv-07, surface 360 

tension increases with temperature, while for the validation case shown in Figure S3, surface 361 

tension decreases with temperature. In this situation, as opposed to the normal Marangoni case, 362 

the recoil pressure cannot dominate the capillary force in the inverse Marangoni case, as surface 363 

tension increases with temperature. Thus, the depression zone is smaller in the inverse cases. 364 

Based on data given in Table 2, the average Reynolds number of the melt pool increases 365 

monotonically with the increase in CST. The average Reynolds number is calculated as 366 

𝑅𝑒 =
|𝐮| ∙ 𝑙𝑐ℎ
𝜈

, (24) 

and ν (m2.s-1) is the kinematic viscosity of liquid metal in eq. (24). In the work by Arlabosse et al. 367 

[35], it was reported that Re changes linearly with an increase in the Marangoni number. The 368 
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Marangoni number (Ma) is defined as the ratio of thermo-capillary-induced shear stresses to the 369 

viscous stresses in a fluid [31] 370 

𝑀𝑎 =
|𝛾| ∙ Δ𝑇̅̅̅̅ ∙ 𝑙𝑐ℎ

𝛼 ∙ 𝜇
, (25) 

where  α (m2.s-1) is the thermal diffusivity of the fluid. According to Table 2, Ma increases with 371 

the increase in CST, as expected. In addition, it is observed that this increase in the Marangoni 372 

number becomes even more pronounced from the case inv-04 onwards, see Table 2. The average 373 

Eckert number (Ec) is also calculated and given in Table 2 374 

𝐸𝑐 =
|𝐮|2

𝐶𝑝 ∙ Δ𝑇̅̅̅̅
, (26) 

and it expresses the relative strength of the kinematic energy of the fluid to its internal energy. 375 

Based on Table 2, even though Ec is very small, it still shows the growing role of advection, as it 376 

increases with the increase in CST. 377 

Looking from a thermal point of view, it is noted that by increasing the CST value in the inverse 378 

Marangoni cases, the hotspot region becomes smaller, see Figure 5. One can clearly observe that 379 

not only the hotspot becomes smaller, but also the overall melt pool temperature declines, when 380 

comparing inv-02 and inv-07 in Figure 5 (a) and (b). To quantify the temperature distribution 381 

inside the melt pool, a dimensionless number is proposed as follows 382 

𝛿𝑇 =

√∑ [𝑇𝑗 − 𝑇𝑚𝑒𝑙𝑡]
2𝑚𝑐

𝑗=1

𝑇𝑚𝑒𝑙𝑡
. 

(27) 

δT (-) expressed in eq. (27) is the dimensionless temperature standard deviation inside the melt 383 

pool. The lower the value of δT, the more uniform the temperature distribution inside the melt pool. 384 

According to Table 2, increasing the CST from 1e-4 to 1e-3 N.m-1.K-1, leads to an about 40% 385 

decrease in the temperature standard deviation. This means that via increasing the CST, not only 386 

the melt pool temperature drops, but also its distribution becomes more uniform. This is mainly 387 

caused by the increase in the role of the convection heat transfer due to improved fluid flow speed 388 

inside the melt pool. 389 
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Figure 6 (a) shows the plot of dimensionless melt pool temperature (Tmelt – Tsol)/(Tliq – Tsol) against 390 

the Marangoni number for the eight cases listed in Table 1 belonging to the inverse thermo-391 

capillarity. On the right vertical axis, the average melt pool velocity is plotted against the 392 

Marangoni number. According to Figure 6 (a), the average melt pool temperature declines as the 393 

Marangoni effect becomes more pronounced. The average melt pool temperature decreases with 394 

an exponent of about 0.33 with the increase in Ma, see Figure 6 (a). This along with the data 395 

gathered in Table 2, show that the melt pool temperature becomes lower and at the same time more 396 

uniformly distributed. As mentioned before, this underlines the fact that convective heat transfer 397 

becomes dominant over the conduction mode, as CST increases. To this end, the average Péclet 398 

number is determined for the melt pool in the studied cases 399 

𝑃𝑒 =
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑙𝑢𝑥

𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑥
=
𝜌𝐶𝑝𝐮𝛥𝑇

𝑘𝛁𝑇
≅
|𝐮|𝑙𝑐𝑙
𝛼

. (28) 

According to eq. (28), a Péclet number larger than unity would mean that convection is the 400 

dominant mode of heat transfer. According to Figure 6 (b), Pe increases with a power-law trend 401 

with the increase in Ma. Furthermore, a CST value higher than 1e-4 N.m-1.K-1, would lead to a 402 

dominant convective heat transfer, as the Péclet number becomes more than unity. However, it 403 

must be noted that the role of convective heat transfer should not be interpreted as significantly 404 

more important than the conduction heat transfer, as the order of magnitude of Pe is 1 in all cases.  405 

The contour of liquid fraction belonging to three cases are shown in Figure 7 (a)-(c). According to 406 

Figure 7 (a) and (d), in the conduction mode, the melt pool has a relatively small depth/width ratio. 407 

By increasing CST, it is observed that the melt pool depth/with ratio increases. In earlier studies 408 

in welding, it was also reported that the increase in the sulfur content will lead to a better melt 409 

penetration, as the CST value level increases [15], [16], [46]. This is due to the improvement of 410 

the momentum of the downward liquid jet caused by the increase in the strength of inverse thermo-411 

capillarity, which can be seen in Figure 7 (c) and (f). Moreover, it is noted that for higher CST 412 

values, the melt pool temperature becomes both lower and more uniform, see Figure 7 (d)-(f). This 413 

will boost the role of convection heat transfer and deteriorate the dominance of conduction, as it 414 

reduces the temperature gradients. In another study by Jiao et al. [47], it was also found that the 415 

inverse thermo-capillarity will make the temperature more uniform. Betz and Straub [32] 416 

mentioned that the thermo-capillarity is a self-digressive phenomenon, as it destroys its thermal 417 



18 

 

gradients that are required for this effect. However, this self-destruction effect is only supposed to 418 

happen in extreme cases with much higher CST values and it is not observed in the cases studied 419 

in this work.  420 

The plots of melt pool temperature and the velocity in x-direction along the melt pool depth are 421 

shown in Figure S4, which clearly illustrate the role of thermo-capillarity on the heat and fluid 422 

flow conditions in the melt pool,  423 

According to Figure S4 (a), it is noted that the higher the Marangoni number, the lower the peak 424 

temperature in the melt pool. Furthermore, higher Marangoni numbers cause a more uniform 425 

distribution of temperature inside the melt pool. Figure S4 (b) shows the distribution of x-velocity 426 

along the depth of the melt pool and as expected, it is observed that the maximum velocity 427 

magnitude increases with the increase in the Marangoni effect. Moreover, one can notice that the 428 

return flow at the bottom of the melt pool is also strengthened due to the mass conservation and 429 

incompressibility of the liquid. 430 

Positive thermo-capillarity 431 

As mentioned earlier, another parametric study is carried out to investigate the influence of positive 432 

thermo-capillarity on the melt pool’s thermo-fluid conditions. The input process parameters used 433 

for this parametric study are also given in Table 1.  434 

The contours of temperature field along with the velocity field vector belonging to two cases listed 435 

in Table 1 are shown in Figure 8. 436 

According to Figure 8 and as expected, the liquid metal flows from the hot center of the melt pool 437 

to the cold sides where the surface tension is higher. Increasing the negative CST’s magnitude 438 

from 5e-5 N.m-1.K-1 to 1e-3 N.m-1.K-1 reduces the melt pool temperature and at the same time 439 

leads to a smaller hotspot region, see Figure 8 (c) and (d). This, as noted in the inverse thermo-440 

capillarity earlier, is due to improved convection heat transfer. Furthermore, it is noted that the 441 

depression zone in the norm-07 case is significantly wider than that of the norm-02 case, see Figure 442 

8 (c) and (d). This is due to the fact that in norm-07, surface tension decreases 20 times more than 443 

norm-02 with increase in temperature. Details of the melt pool size and morphology along with 444 

the calculated dimensionless numbers for the positive thermo-capillarity cases are given in Table 445 

3. 446 
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According to the data provided in Table 3, the melt pool’s Marangoni number increases by using 447 

higher CST magnitudes in the positive direction. At the same time and as noticed in the inverse 448 

thermo-capillarity cases, the average melt pool Reynolds number also increases with increasing 449 

CST values. The calculated Re for both the inverse and positive thermo-capillarity is in the order 450 

of 1 to 10, underlining the dominance of momentum over internal viscous forces. Furthermore, 451 

according to Table 3, the temperature standard deviation δT (-) decreases with increasing CST in 452 

the positive thermo-capillarity cases. This means that even with the positive thermo-capillarity, 453 

the temperature field becomes more uniform with the increase in CST.  454 

The melt pool average dimensionless temperature and its corresponding average velocity 455 

magnitude are calculated and plotted against the Marangoni number in Figure 9. Note that these 456 

values are found at the stage where the melt pool has reached its quasi-steady state. 457 

According to Figure 9 (a), the average melt pool temperature drops as the CST magnitude increases 458 

in the negative direction (positive thermo-capillarity). This along with the more uniform 459 

temperature distribution inside the melt pool imply that the role of conduction becomes less 460 

important as the CST value increase. In this situation, it is concluded that even in the positive 461 

thermo-capillarity, the temperature gradients become smaller and more heat is transferred via 462 

convection rather than conduction and to the neighboring solid domains. Figure 9 (b) shows the 463 

average Péclet number versus the Marangoni number and it is noticed that like the inverse thermo-464 

capillarity, the Péclet number exceeds unity when the CST is higher than 1e-4 N.m-1.K-1. 465 

As in the inverse thermo-capillarity, the increase in CST value highly affects the melt pool size 466 

and morphology. To have a better picture of the influence of increasing CST values in the positive 467 

thermo-capillarity and on the melt pool’s thermo-fluid conditions, melt pool cross-sections are 468 

shown for three cases including the pure conduction mode in Figure 10. 469 

The melt pool profile becomes shallower with the increase in the CST value, see Figure 10. This 470 

is due to the fact that with higher CST values, the surface tension decreases more with temperature 471 

and becomes more temperature-sensitive. In this situation, even though the recoil pressure remains 472 

almost unchanged, it will dominate the capillarity effect that resists the downward recoil pressure. 473 

In this way, the depression zone expands and subsequently the melt pool becomes shallow. 474 

According to data gathered in Figure 10 and Table 3, by increasing the CST from 2.5e-4 N.m-1.K-475 

1 to 1e-3 N.m-1.K-1, the melt pool depth decreases from 42.4 µm to 28 µm. This effect was also 476 
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noticed in  welding processes where it was found that increasing the magnitude of CST will lead 477 

to a lower depth-to-width ratio [15]. Furthermore, like in the inverse thermo-capillarity, it is 478 

observed that the melt pool temperature becomes both lower and more uniformly distributed, see 479 

Figure 10. In this case, the temperature gradients required for conduction heat transfer disappear 480 

and the heat is transferred mainly by means of convection. Moreover, according to data provided 481 

in Table 3, the melt pool shrinks in size and gets shorter with increasing CST magnitude in the 482 

negative direction. This is because of enhanced heat transfer from the melt pool to the neighboring 483 

solid domains. Also in the previous study it was found that neglecting the fluid flow would lead to 484 

a bigger melt pool, due to a poor heat transfer from melt pool to the solid domains [38]. 485 

Melt pool Nusselt number 486 

The methodology presented in section 2.4. has been implemented to find the average melt pool 487 

Nusselt number and calculate the convective and conductive heat fluxes. Figure 11 (a) shows the 488 

calculated heat fluxes that are being transferred from the melt pool to its neighboring solid 489 

domains. 490 

According to Figure 11 (a), in both the inverse and positive thermo-capillarity cases, the total heat 491 

flux from the melt pool increases with increasing Marangoni number. This implies that the increase 492 

in thermo-capillary effect will cause higher heat fluxes coming from the melt pool. This effect is 493 

mainly because by increasing thermo-capillarity, the surface area of the melt pool decreases as it 494 

was shown earlier that the melt pool shrinks in size with increasing CST values. While total heat 495 

transferred is constant for the reason of quasi-steady state. Furthermore, it is observed that the 496 

conduction heat flux calculated from eq. (19), decreases monotonically with increasing Marangoni 497 

number. This once more underlines that the role of conduction heat transfer gets less pronounced 498 

as the fluid flow inside the melt pool improves. At the same time, as the temperature gradients 499 

decrease, more heat will be transferred via convection. Based on Figure 11 (a), the convective heat 500 

flux increases with increase in the thermo-capillary effect. The calculated average melt pool 501 

Nusselt number is plotted against Marangoni number for both the inverse and positive (normal) 502 

thermo-capillary cases investigated in the parametric studies mentioned earlier, in Figure 11 (b) 503 

and it is seen that it increases monotonically with increasing Ma, underlining the importance of 504 

convection in heat transfer. Very similar trends for the Nusselt number versus Ma was observed 505 

in two studies by Straub [31] and Betz and Straub [32], where they used a 2D numerical model to 506 
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investigate the role of thermo-capillarity around air bubbles surrounded by high-Prandtl number 507 

liquids. The calculated average Nusselt number was then used for determining the effective 508 

thermal conductivity of a quiescent liquid, required for a pure conduction heat transfer simulation.  509 

In this respect, a pure conduction heat transfer model is developed, simply by removing the fluid 510 

flow from the heat transfer model shown in Figure 3 (b). Then the effective liquid conductivity is 511 

calculated by using the Nusselt number shown in Figure 11 (b) and eq. (23), for both case studies 512 

belonging to inverse and positive thermo-capillarity. Table 4 provides the comparison of melt pool 513 

average temperature between advanced CFD models and the less-complicated pure conduction 514 

simulation using the effective liquid conductivity.  515 

Tavg
CFD (K) is the calculated average melt pool temperature from the CFD models represented 516 

earlier, while Tavg
cond (K) is the average melt pool temperature determined with the pure conduction 517 

heat transfer model without liquid conductivity correction. Tavg
keff (K) in Table 4 is the average 518 

temperature from pure conduction heat transfer model with effective liquid conductivity using the 519 

Nusselt number shown in Figure 11 (b). According to Table 4, by using an effective liquid 520 

conductivity in the pure conduction heat transfer models, the temperature difference between this 521 

model and the advanced CFD model is below 1% for CST values below 2.50E-04 N.m-1.K-1 and 522 

for inverse thermo-capillarity. This deviation increases a bit when the CST value goes above the 523 

mentioned level when the melt pool mode switches to convection, as Pe becomes higher than 524 

unity. This increasing difference, although negligible, is due to the different morphology of the 525 

melt pools determined using CFD models and the pure conduction model. However, based on data 526 

provided in Table 4, it is noted that this temperature difference would be about 10 times more, if 527 

a pure conduction heat transfer without any liquid conductivity correction is used. 528 

5. Conclusion  529 

In this work, the impact of the Marangoni effect on the thermo-fluid conditions inside the melt 530 

pool and during the L-PBF process is investigated through numerical modelling. Two separate sets 531 

of parametric studies are performed to find out how different strengths of both normal and inverse 532 

thermo-capillarity change the melt pool’s conditions. It is found that by increasing the Marangoni 533 

number, in the inverse cases, the melt pool becomes deeper, as the hot downward liquid jet 534 

becomes stronger. It is shown that the depth of the melt pool in the inverse thermo-capillary case 535 

increases from 96.8 μm to 124.8 μm, when the Marangoni number is increased from 10.17 to 536 
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213.15. In contrary, in the normal cases, it is observed that the melt pool’s width-to-depth ratio 537 

increases with the increase in the Marangoni number. The depth of the melt pool in the normal 538 

thermo-capillarity decreases from 52 μm to 31.2 μm, when the Marangoni number is increased 539 

from 10.09 to 217.88.  540 

Furthermore, regardless of the direction of the Marangoni effect, it is found that the average melt 541 

pool temperature, decreases monotonically with the increase in the strength of thermo-capillarity. 542 

In addition, it is observed that, in both normal and inverse thermo-capillarity, the temperature 543 

inside the melt pool becomes more uniformly distributed. This accordingly leads to the destruction 544 

of the temperature gradients required for heat transfer via conduction. As a result, by increasing 545 

the Marangoni number, more heat is transferred via convection. Finally, a novel methodology is 546 

developed for the calculation of the melt pool’s average Nusselt number, which is later on used 547 

for determining the effective liquid conductivity for a more accurate pure conduction heat transfer 548 

model. It is shown that, via using the effective conductivity from the derived Nusselt number, the 549 

average melt pool temperature in a pure conduction heat transfer model deviates less than 2% from 550 

the corresponding average melt pool temperature in a more complicated CFD simulation. 551 
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 688 

Figures 689 

 690 

Figure 1. Schematics of interfacial forces for: (a) the recoil pressure and surface tension, (b) positive and (c) inverse thermo-691 

capillarity. 692 

  693 
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 694 

Figure 2. CST of different alloys and metals. The left side of vertical axis belongs to regular metals with positive thermo-capillarity 695 

while the right side shows the CST of stainless steel versus sulfur leading to inverse thermo-capillarity with positive CST. The data 696 

are gathered from literature [15], [41], [48]. 697 

  698 
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 699 

Figure 3. Model details and boundary conditions for: (a) the validation model and (b) the heat transfer model. Note that in the 700 

heat transfer model, the powder layer is omitted and the top thermal boundary conditions to surroundings are removed. 701 

  702 
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 703 

Figure 4. Melt pool liquid fraction contour and identification of solid/liquid border cells. The blow-up image in red shows the heat 704 

transferred from a border cell interior control volume (C.V.) towards positive x and negative z directions. 705 
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 706 

Figure 5. 3D temperature contour along with its corresponding velocity field on the melt pool for the (a) inv-02 and (b) inv-07 707 

cases. (c) and (d) show the 2D longitudinal view of the melt pool temperature field and hotspot isotherms for inv-02 and inv-07, 708 

respectively. These snapshots are taken at t = 0.0045 s, where the melt pool is in its quasi-steady state. 709 
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 710 

Figure 6. The plot of (a) dimensionless average melt pool temperature, average melt pool velocity and (b) average melt pool Péclet 711 

number versus the Marangoni number. The data points are calculated at the time when the melt pool reaches its quasi-steady 712 

condition.  713 

  714 
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 715 

Figure 7. (a)-(c) The contour of liquid fraction function for the conduction mode, inv-04 and inv-07 cases, respectively, at a y-z 716 

plane perpendicular to the laser path. (d)-(f) The contour of temperature field and velocity vector field at the same location. The 717 

cross-section is made at the laser beam location and when the melt pool has reached its quasi-steady condition. 718 

719 
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 720 

Figure 8. 3D temperature contour along with its corresponding velocity field on the melt pool for the (a) norm-02 and (b) norm-07 721 

cases. (c) and (d) show the 2D longitudinal view of the melt pool temperature field and hotspot isotherms for norm-02 and norm-722 

07, respectively. These snapshots are taken at t = 0.0045 s, where the melt pool is in the quasi-steady state. 723 
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 725 

Figure 9. The plot of (a) dimensionless average melt pool temperature, average melt pool velocity and (b) average melt pool Peclet 726 

number versus the Marangoni number for positive thermo-capillarity. The data points are calculated at the time when the melt pool 727 

reaches its quasi-steady condition. 728 
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 730 

 731 

Figure 10. (a)-(c) The contour of liquid fraction function for conduction mode, norm-04 and norm-07 cases, respectively, at a y-z 732 

plane perpendicular to the laser path. (d)-(f) The contour of temperature field and velocity vector field at the same location. 733 

  734 
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 735 

Figure 11. (a) Plot of calculated heat fluxes from melt pool to its neighboring solid domains versus Ma. (b) The plot of melt pool 736 

average Nusselt number versus Ma for both inverse and normal (positive) thermo-capillarity. 737 

  738 
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Tables 739 

Table 1. Input data for the parametric study for both the positive and inverse thermo-capillarity cases. 740 

Input process 

parameters 

 P (W) v (mm.s-1) Rb (μm) σref (N.m-1) 

 200 210 50 3282 

 Inverse thermo-capillarity 

ID Inv-01 Inv-02 Inv-03 Inv-04 Inv-05 Inv-06 Inv-07 Inv-08 

γ 
(N

.m
-1

.K
-1

) 

2.50E-05 5.00E-05 1.00E-04 2.50E-04 5.00E-04 7.50E-04 1.00E-03 1.25E-03 

Sulfur 

content 

(ppm) 
54.2 58.3 66.7 91.7 133.3 175.0 216.7 258.3 

 Normal (positive) thermo-capillarity 

ID Norm-01 Norm-02 Norm-03 Norm-04 Norm-05 Norm-06 Norm-07 Norm-08 

γ 
(N

.m
-1

.K
-1

) 

-2.50E-05 -5.00E-05 -1.00E-04 -2.50E-04 -5.00E-04 -7.50E-04 -1.00E-03 -1.25E-03 

 741 

 742 

 743 

 744 

 745 

 746 

 747 
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Table 2. Relevant dimensionless numbers and variables related to the melt pool in inverse thermo-capillarity. 748 

 Dimensionless numbers  Melt pool morphology 

case Ma (-) Re (-) Ec (-) δT (-) Pr (-)  Vmelt (m3) 
Width 

(µm) 

Length 

(µm) 

Depth 

(µm) 

Inv-01 10.17 2.47 8.83E-09 20.75 

0.161 

 6.26E-12 206.4 626.4 96.8 

Inv-02 20.21 3.51 1.78E-08 20.88  6.34E-12 200 609.6 104 

Inv-03 38.86 4.84 3.57E-08 20.46  6.10E-12 200 573.6 106.4 

Inv-04 81.50 9.05 1.52E-07 15.98  5.72E-12 196.8 497.6 116.8 

Inv-05 149.43 11.16 2.59E-07 15.07  5.31E-12 195.2 456.8 119.2 

Inv-06 213.52 13.14 3.78E-07 13.74  5.22E-12 192 436 124.8 

Inv-07 266.86 14.85 5.18E-07 12.74  5.14E-12 192 426.4 125.6 

Inv-08 317.07 15.84 6.33E-07 12.32  4.82E-12 188.8 412 124 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 



39 

 

Table 3. Relevant dimensionless numbers and variables related to the melt pool in positive thermo-capillarity. 759 

 Dimensionless numbers  Melt pool morphology 

case Ma (-) Re (-) Ec (-) δT (-) Pr (-)  Vmelt (m3) 
Width 

(µm) 

Length 

(µm) 

Depth 

(µm) 

Norm -01 10.09 3.47 1.71E-08 19.54 

0.161 

 6.74E-12 206.4 632 52 

Norm -02 19.94 3.28 1.55E-08 19.26  6.77E-12 217.6 622.4 50.4 

Norm -03 38.37 5.90 5.24E-08 18.39  6.59E-12 227.2 588 46.4 

Norm -04 86.97 8.88 1.36E-07 16.43  5.91E-12 241.6 538.4 42.4 

Norm -05 157.64 12.22 2.92E-07 14.81  5.41E-12 265.6 532 40.8 

Norm -06 217.88 13.88 4.18E-07 13.42  5.07E-12 256 521.6 31.2 

Norm -07 269.55 14.87 5.21E-07 12.24  4.94E-12 241.6 531.2 28 

Norm -08 315.34 15.52 6.09E-07 11.46  4.88E-12 219.2 560 28 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 
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Table 4. Calculated average melt pool temperature using CFD, conduction and conduction with effective conductivity. 769 

   Inverse thermo-capillarity Positive thermo-capillarity 

|γ| (N.m-1.K-1) 
Tavg

cond
 

(K) 

Tavg
CFD

 

(K) 

Tavg
keff

 

(K) 

errkeff 

(%) 

errcond 

(%) 

Tavg
CFD

 

(K) 

Tavg
keff

 

(K) 

errkeff 

(%) 

errcond 

(%) 

2.50E-05 

2087.83 

2012.85 2013.47 0.03 3.73 2002.51 2013.47 0.55 4.26 

5.00E-05 2009.45 2012.14 0.13 3.90 1998.62 2010.20 0.58 4.46 

1.00E-04 2001.14 2004.90 0.19 4.33 1989.62 2002.49 0.65 4.94 

2.50E-04 1957.19 1975.66 0.94 6.67 1971.78 1983.71 0.60 5.89 

5.00E-04 1941.18 1961.29 1.04 7.55 1953.25 1977.87 1.26 6.89 

7.50E-04 1930.78 1954.01 1.20 8.13 1938.14 1957.08 0.98 7.72 

1.00E-03 1917.08 1944.72 1.44 8.91 1922.30 1946.00 1.23 8.61 

1.25E-03 1910.58 1937.45 1.41 9.28 1908.52 1936.60 1.47 9.40 

 770 


