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A comparative assessment is done on the effectiveness of some developed and reported
macroscopic and mesoscopic models deployed for addressing the three-dimensional
thermo-fluidic transport during high-power laser surface alloying process. The macro-
scopic models include the most celebrated k–ε turbulence model and the large eddy
simulation (LES) model, whereas a kinetic theory-based lattice Boltzmann (LB) approach
is invoked under the mesoscopic paradigm. The time-dependent Navier–Stokes equa-
tions are transformed into the k–ε turbulencemodel by performing the Reynolds averaging
technique, whereas a spatial filtering operation is used to produce the LES model. The
models are suitably modified to address the turbulent melt-pool convection by using
a modified eddy viscosity expression including a damping factor in the form of square
root of the liquid fraction. The LB scheme utilizes three separate distribution functions to
monitor the underlying hydrodynamic, thermal and compositional fields. Accordingly, the
kinematic viscosity, thermal and mass diffusivities are adjusted independently. A single
domain fixed-grid enthalpy-porosity approach is utilized to model the phase change
phenomena in conjunction with an appropriate enthalpy updating closure scheme. The
performance of these models is recorded by capturing the characteristic nature of the
thermo-fluidic transport during the laser material processing. The maximum values of
the pertinent parameters in the computational domain obtained from several modeling
efforts are compared to assess their capabilities. The comparison shows that the predic-
tion from the k–ε turbulence model is higher than the LES and LB models. In addition, the
results from all three models are compared with the available experimental results in the
form of dimensionless composition of the alloyed layer along the dimensionless depth of
the pool. The comparison reveals that the LB and the LES approaches are better than
the k–ε turbulence approach in reproducing the experimental results.

Keywords: laser surface alloying, transport phenomena, numerical simulation, k–εεε turbulence model, large eddy
simulation, lattice Boltzmann model

INTRODUCTION

Laser surface alloying is a surface modification process, where the intense heat from a laser source
causes local melting of the engineered surface thereby producing a molten pool with simultaneous
addition of some alloying materials in the form of powder into the laser generated melt pool. The
alloyingmaterial alsomelts along with the substrate material andmixes with it and after the removal
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of heat by removing the laser, the molten pool gets solidified with
formation of an alloyed layer on the surface of the base material.
The thermo-fluidic transport in themelt pool actually dictates the
mechanical and metallurgical characteristics of the final alloyed
layer on the substrate. Hence, a thorough understanding of the
molten pool transport is required in predicting the behavior of the
alloyed layer accurately.

Such transport process is characterized by a dynamic evo-
lution of the interface between two phases, namely, solid and
liquid. Hence, this class of problems is commonly referred to
as the “moving boundary problems.” The mathematical mod-
eling for such problems becomes further complicated due to
the complex boundary conditions and temperature-dependent
variable thermal and physical properties. Laminar flow theo-
ries were used in earlier studies to address the thermo-fluidic
transport in laser melted pools (Chan et al., 1984; Kou and
Wang, 1986; Sarkar et al., 2002). However, it was not quite
successful in predicting the experimental behavior. In fact,
it has been emphasized that depending on the surface ten-
sion Reynolds number or Marangoni number (given by the
ratio of surface tension gradient force to viscous force as
Ma = (ρlref,vΔT|∂σsur/∂T| + ρlref,cΔC|∂σsur/∂C|)/μ2, where
lref,v is the characteristic length given by the viscous boundary
layer thickness, the other terms are defined later), the transport
in the molten pool may become turbulent in nature. As such, it
has been observed that in case of surface tension-driven flows, the
flow becomes turbulent if the surface tension Reynolds number
is greater than 100 (Aboutalebi et al., 1995). It can be shown
that typically for a high-power laser melting, the surface tension
Reynolds number is much greater than 100. Accordingly, in most
laser melting situations where the power input is high, the melt-
pool convection can be turbulent. Accordingly, research has been
directed to address the turbulent transport for the solid–liquid
two-phase flow encountering in the high-energymaterial process-
ing application such as a laser surface alloying process (Mohanraj
et al., 2002; Chakraborty et al., 2004). Majority of the turbulence
models in this regard follow the simple and most celebrated k–ε
model. It should be emphasized that the k–ε turbulence model
uses the Reynolds-averaged Navier–Stokes (RANS) equations for
the mean flow quantities, where all the scales of the turbulence
are apparently modeled. In some cases, the model performs very
accurately, however, it might not be very much appropriate for all
kind of time-dependent flows, since the averaging techniquewipes
out most of the important characteristics of the transient and
large-scale coherent flows. On the contrary, the large eddy simu-
lation (LES) model provides an alternative to the RANS approach
where the large eddies are computed in a transient flow by using
a set of filtered equations. Filtering operation is applied to the
exact Navier–Stokes equations to remove the eddies only that are
smaller than the filter size, which is commonly taken as the mesh
size. The smaller eddies are having a more “universal” behavior
since they contain less turbulent kinetic energy. This makes them
more isotropic in nature and hence easier to be modeled (Chat-
terjee and Chakraborty, 2005; Chatterjee, 2011). Furthermore, it
can be observed that often, the solidification-melting phenomena
occur in varying scales between the subatomic micro to macro.
Hence, the macroscopic modeling may not be always the best

practice since they are incapable of capturing the complex micro-
scopic phenomena. Themultiscalemesoscopic approach based on
the lattice Boltzmann (LB) method has recently emerged to offer
great potential for solving complicated fluid dynamic problems
with morphological development (Chen and Doolen, 1998). The
approach is very simple in implementation, having good numer-
ical stability and accuracy, and inherently parallelizable. Hence,
the method can be used as a powerful tool to solve complicated
phase change problems, characterized by the evolution of complex
interfacial topologies (Chakraborty and Chatterjee, 2007).

In view of the above, there is a need for comparative assessment
of various macroscopic and mesoscopic models developed for
addressing the transport characteristics during laser material pro-
cessing. Such comparison can provide an appropriate prediction
of the numerical model to be used for simulating the transport
phenomena associated with the high-energy material processing
applications. This should be categorically mentioned here that
the models have already been developed and reported in the
contemporary literature by the same author group. Hence, the
details in regard to the various categories of modeling are not
given here for the purpose of brevity. Only some salient features
are mentioned, and the major emphasis is given to understand
the comparison of the different modeling strategies for solving a
common problem and predict the best possible method for such
class of problems. The intricate modeling details can be had from
the respective works published in the literature as mentioned in
Section “Physical Problem and Mathematical Models.”

PHYSICAL PROBLEM AND
MATHEMATICAL MODELS

Figure 1 shows schematically the underlying processes of a typical
laser surface alloying technique.Apart of the energy from the laser
source (specified by a laser heating efficiency) heats the surface of
the substrate material and forms a molten pool. Simultaneously,
an alloying material in the powder form is added to the melt
pool. The powder melts by the heat from the laser and mixes with

FIGURE 1 | Schematic diagram of a typical laser surface alloying
process.
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the molten base material by convective and diffusion dominated
transport. When the laser source moves away (with a constant
scanning speed, uscan in the negative x-direction), the molten
materials get solidified and forman alloyed layer over the substrate
surface.

Following the macroscopic paradigm, the pertinent governing
equations for the thermo-fluidic transport inside the laser gen-
erated molten pool essentially constitutes the mass, momentum,
energy, and species conservation equations. The governing equa-
tions considering the laminar fluid flow theory (Sarkar et al., 2002)
for the problempresented inFigure 1 can be given in a generalized
form as follows:

∂(ρφ)
∂t +

∂

∂xi
(ρuiφ) =

∂

∂xi

(
Γeff

∂φ
∂xi

)
− ∂

∂xi
(ρuscanφ)+ςφ , (1)

where φ is a vector of conserved quantities, such as mass, momen-
tum, or energy, xi is the coordinate in the Cartesian system, ui
is the component of mean velocity in the direction xi, Γeff is
the effective diffusion coefficient for the variable φ, and ςφ is
the source term for the dependent variable φ. The second term
on the r.h.s. of Eq. 1 comes from the coordinate transformation
x= x′ − (−uscan)t, where (x′, y, z) are the stationary coordinates
and (x, y, z) are coordinates in a frame moving with the torch.

Following the Reynolds averaging technique, the equivalent
single-phase governing equations (Chakraborty et al., 2004) for
the k–ε turbulence model can be constructed in a Cartesian
coordinate system fixed with the moving laser source (since it
is a moving heat source problem, a moving coordinate system is
adopted to formulate the governing equations and consequently,
source terms will arise as a result of the coordinate transforma-
tion) and the corresponding values of φ, Γeff, and ςφ for various
conservation equations are given in Table 1. In Table 1, g is the
acceleration due to gravity, βT and βC are the volumetric expan-
sion coefficient of heat and solute, respectively, Tref is taken to be
equal to the melting temperature of the base material, and Cref is
taken to be equal to the concentration of the alloying species at that
reference temperature. Adopting an enthalpy formulation for the
energy transport equation, one can express the total enthalpy in
terms of sensible heat

(
H̄ =

∫
cpdT̄

)
and the variable nodal latent

heat of fusion (ΔH). Furthermore, μ is the dynamic viscosity, μt
is the eddy viscosity, c represents the specific heat of the material,

K is the thermal conductivity, C̄ represents the concentration of
the alloying element, and D represents mass diffusivity of the
same in the substrate material, σt is the turbulent Prandtl number,
σc is turbulent Schmidt number, σk = 1 and σε = 1.3, Cμ = 0.09,
Cε1 = 1.44, and Cε2 = 1.92.

A single domain fixed-grid enthalpy-porosity approach (Brent
et al., 1988) in conjunction with an appropriate enthalpy updating
closure scheme (Voller et al., 1989) is utilized for modeling the
phase change phenomena in presence of a continuously evolving
solid–liquid interface. In this method, the morphology of the
phase change domain can be treated as an equivalent porous
medium that offers a frictional resistance toward fluid flow in
that region. This resistance can be conveniently formulated using
Darcy’s model in association with the Kozeny–Carman relation-
ship, which leads to the source term Aūi in the momentum
equation, where A is given as follows:

A = −Km

[
(1 − fl)2

f 3l + b

]
ūi, (2)

where fl is the liquid fraction given by ΔH/L, with ΔH being the
latent enthalpy content of a control volume, and L being the latent
heat of fusion. The term ΔH can be expressed as follows:

ΔH = f(T) = L :T̄ > Tl

= flL :Ts ≤ T̄ < Tl

= 0 :T̄ < Ts, (3)

where Ts and Tl are the solidus and liquidus temperatures,
respectively. It is assumed that the liquid fraction within the
mushy region varies linearly with temperature as fl = (T̄ − Ts)/
(Tl − Ts). In Eq. 2, Km is a large number (~108) and b is a small
number (~10−3) to avoid division by 0. The above formulation
effectively ensures that the velocity undergoes a smooth transition
from a 0 value in the solid region to a finite value in the liquid
region.

The governing equations employed for LES are obtained by
filtering the time-dependent Navier–Stokes equations in either
Fourier (wave number) space or configuration (physical) space.
The spatially filtered Navier–Stokes equations along with the
detailed schemes for subgrid closures are available in Chatterjee
and Chakraborty (2005) and Chatterjee (2011).

TABLE 1 | Diffusion coefficients and source terms for various conservation equations.

Governing equations φφφ ΓΓΓeff ςςςφφφ

Continuity 1 0 0

x-Momentum ū μ + μt
∂

∂xj

(
Γeff

∂ū
∂xj

)
− ∂p

∂x − Aū

y-Momentum v̄ μ + μt
∂

∂xj

(
Γeff

∂v̄
∂xj

)
− ∂p

∂y − Av̄ + ρg
[

βT

(
T̄ − Tref

)
+ βC

(
C̄ − Cref

)]
z-Momentum w̄ μ + μt

∂
∂xj

(
Γeff

∂w̄
∂xj

)
− ∂p

∂z − Aw̄

Energy T̄ K
c + μt

σt
− 1

c

[
∂(ρΔH)

∂t +
∂

(
ρujΔH

)
∂xj

]
Species C̄ ρD + μt

σc
0

Turbulent kinetic energy k μ + μt
σk

μt

(
∂ūi
∂xj

+
∂ūj
∂xi

)
∂ūi
∂xj

− gβT
μt
σt

∂T̄
∂y − gβC

μt
σc

∂C̄
∂y − ρε

Dissipation rate of turbulent kinetic energy ε μ + μt
σε

[
μt

(
∂ūi
∂xj

+
∂ūj
∂xi

)
∂ūi
∂xj

− gβT
μt
σt

∂T̄
∂y − gβC

μt
σc

∂C̄
∂y

]
Cε1 ε
k − ρ Cε2 ε2

k
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The transformed boundary conditions both for the k–ε andLES
models along with the fixed-grid enthalpy-porosity approach for
modeling phase change in conjunctionwith the enthalpy updating
closure scheme, details of numerical procedures, grid require-
ments and its sensitivity, and all the special attentions needed for
capturing the near wall turbulence are available in Chakraborty
et al. (2004), Chatterjee and Chakraborty (2005), and Chatterjee
(2011).

In the mesoscopic paradigm of computation, we deploy the
kinetic theory-based LB method for obtaining the macroscopic
flow, thermal and compositional variables. The LB scheme utilizes
three separate distribution functions in such cases following the
passive scalar approach (He et al., 1998). These three scalars are
introduced to address the fluid flow velocity, the temperature,
and the composition (mass fraction) for complete description of
the momentum, energy, and mass transport. This feature of the
passive scalar approach in the LB paradigm helps in adjusting the
kinematic viscosity, thermal and mass diffusivities independently
making the approach suitable for a wide variety of solid–liquid
phase change problems. Appropriate source terms are added in
the respective kinetic equations of the LB model to handle the
phase changing aspects along with an enthalpy updating proce-
dure (Chatterjee and Chakraborty, 2006) following the enthalpy-
porosity approach. The mathematical details of the LB model, the
applied boundary conditions, and the implementation procedure
can be found elsewhere (Chatterjee, 2012).

TRANSPORT CHARACTERISTICS

The general transport characteristics obtained from various mod-
eling strategies are presented here in a concise manner. The sim-
ulation domain for the laser surface alloying process is fixed as,
8mm× 4mm× 8mm. Numerical results are presented for the
following pertinent controlling parameters: laser power= 2.4 kW,
laser efficiency= 15%, laser torch radius= 0.9mm, scanning
speed= 0.012m/s, and powder feed rate= 0.02 g/s. Iron is taken
as the substrate material, and aluminum powder is chosen as the
cladding material for the purpose of numerical computation. The
thermophysical property values used in the computation can be
found in Chakraborty et al. (2004).

The flow and the thermal fields obtained from the k–ε
turbulence model studies are shown in Figure 2, the LES model
predictions are depicted in Figure 3, and the LB model results
are presented in Figure 4. Since the surface tension coefficient
of temperature (defined as ∂σsur/∂T) is negative (taken as
−0.00049N/mK) for the present case, a fluid element located in
the vicinity of the laser source will have a lower surface tension
than another fluid element located further away from the source,
both fluid elements being located on the top (free) surface. This
differential of surface tension gives rise to a radially outward fluid
flow at the top surface. It can easily be observed from the above
figures that among all the influencing forces, surface tension
force is predominant and the most important one in terms of
governing the melt-pool dynamics, since it initiates the flow
within the molten pool. This kind of pool shape is a consequence
of a rather anisotropic nature of an enhanced diffusion process
in case of turbulent molten pool. In the present case, the net
thermal energy available to the pool is predominantly transported

A

B

FIGURE 2 | (A) Velocity and (B) temperature fields on the top surface of the
substrate obtained from the k–ε turbulence model.

along the longitudinal and sidewise directions by the Marangoni
advection along with molecular as well as eddy thermal diffusion
process. The downward advection of heat is small compared to
longitudinal and spanwise advection because of much smaller
magnitude of downward velocity component, as compared to
magnitudes of longitudinal and spanwise components. In case
of turbulent transport, due to an enhanced mixing process, the
mean advection strength goes down, which results in a decrease
in longitudinal and sidewise advection strength. On the other
hand, an enhanced effective diffusion process due to interactions
between fluctuating velocity components of eddies in a turbulent
pool tries to increase the length and width of the pool by prop-
agating the influence of thermal disturbance across a relatively
larger distance. The resultant pool geometry is, therefore, a
consequence of the above two counteracting effects active in
tandem.
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FIGURE 3 | (A) Velocity vectors and (B) temperature contours at the top
surface of the substrate obtained from the large eddy simulation.

COMPARATIVE ASSESSMENT

The various macroscopic and mesoscopic model predictions are
first presented in Table 2 to understand the capabilities and
shortcomings of the models. In a latter attempt, the modeling
predictions are compared with the available experimental results.
It can be observed that the LES model predictions are found less
compared to the results form the k–ε turbulence model. This is
attributable to the more realistic consideration of the energy cas-
cadingmechanisms and the subsequent dissipation over the diffu-
sive length scales. The LB model predictions are, however, found
close to those predicted by the LES model. This is an extremely
important observation in regard to the potential applicability of
the LB model for such class of problems. The LB model is intrin-
sically based on the kinetic theory, which accounts for the particle
transport. These particles are assumed to be composed of thou-
sands of molecules constituting the system under consideration.
Hence, the model is virtually accounting for the intricate micro-
scopic details. Although in the molecular dynamics simulation
strategy each and every individual molecule are modeled, which

FIGURE 4 | Velocity and temperature profiles on the top surface of the
substrate obtained from the lattice Boltzmann simulation.

TABLE 2 | Comparison from various models.

Maximum temperature
rise (K)

Maximum velocity
prediction (m/s)

k–ε model (Chakraborty et al.,
2004)

2,310 1.85

Large eddy simulation model
(Chatterjee and Chakraborty,
2005; Chatterjee, 2011)

2,250 1.50

LBM (Chatterjee, 2012) 2,220 1.55

is not the case with the LB model. Still, it is quite capable of
addressing the microscopic issues in a macroscopic framework.
Accordingly, the LB predictions are much better compared to the
laminar flow model, and also it is observed that to some extent it
predicts better than the standard k–ε model and it is at par with
the LES model predictions at least for the present problem under
consideration.

In the laser surface alloying process, the most important aspect
is the distribution of the alloying element along the depth of
the substrate since this finally characterizes the microstructural
behavior of the alloyed layer. A comprehensive comparison of the
various modeling strategies with the available experimental result
(Mohanraj et al., 2002) is shown in Figure 5 for the dimensionless
composition of the solidified layer along the dimensionless depth
of the pool. The depth is non-dimensionalized by the maximum
depth of the alloyed layer. It is evident from Figure 5 that the
k–ε turbulence model qualitatively captures the correct trend.
However, the LES model as well as the LB model provides more
accurate matching with the experimental data. It can also be
observed from the figure that the composition of the solute is the
highest at the top surface and decreases gradually toward the sub-
strate. The numerical results based on the k–ε turbulence model
overestimate the solute concentration, whereas the predictions
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FIGURE 5 | Composition of the solidified layer along the depth of the
pool obtained from different models and experiment.

from the LES and the LB models are closer to the experimental
results.

To understand the capabilities and limitations of various mod-
els adopted for simulating the transport phenomena occurring
during the high-power laser surface alloying process, a final dis-
cussion is presented here. At the ouset, it is imperative to say that
the laminar flow theory has purposefully been omitted here since
the flow is believed to be turbulent with a surface tensionReynolds
number greater than 100. Ideally, a direct numerical simulation
(DNS) would turn out to be the best choice, because of its inherent
capability to solve for all time and spatial scales associated with
the turbulence. However, from a practical perspective, DNS is
virtually ruled out for most of the complicated computational
fluid dynamics (CFD) problems, such as the laser surface melting
problem referred to here, since it is too computationally intensive.
In practice, to resolve all spatial and temporal scales in a laser
surface melting problem, the time and space resolutions would
need to be extremely refined, resulting in a discretization that
would take an extraordinarily long time to solve, even with the
best of computational facilities available these days. Accordingly,
to address the turbulent nature of the problem, first, the standard
k–ε model is used with a modified eddy viscosity expression
including a damping factor in the form of square root of the liquid
fraction. The k–ε model simply attempts to capture the turbulence
by performing time or space averaging. Under certain conditions,
this method can be very accurate, but it might not be very suit-
able for all transient flows, since the averaging process wipes out
most of the important characteristics of a time-dependent and
large-scale coherent flow structure. Further, the k–ε model may
not perform satisfactorily in recirculating flows, since it is based
on the Boussinesq hypothesis that does not take into account
the rotationality in motion and turbulence anisotropy. LES is
thought to be a more realistic approach that computes the larger
eddies occurring in the computational domain. This approach
addresses the underlying physics in a much more mathematically
consistent manner. It should, however, be emphasized here that

the application of LES to phase change materials processing simu-
lations is currently at its infancy. Typical applications to date have
been only documented for simple geometries, without involving
any changes in phase. This is mainly because of the extremely rich
computational resources required to resolve the turbulent eddies.
Till date, most successful LES simulations have been executed
using high-order spatial discretization schemes, with great care
being taken to resolve all scales larger than the inertial subrange.
The degradation of accuracy in the mean flow quantities with
poorly resolved LES is, however, not well documented. Significant
research needs to be executed in this regard to standardize LES-
based models for simulation of transport phenomena in phase
change materials processing with a greater level of confidence. On
the other hand, the kinetic theory-based LBmethod has proved to
have extremely encouraging potential to solve complex thermo-
fluidic problems characterized by complicated phase boundaries
such as the problem of phase separation of two immiscible fluids.
Since it is based on the kinetic theory, it can be useful for predict-
ing the intricatemicroscopic issues evolving in case of solid–liquid
phase transformation. However, this approach is often suffering
from the numerical instability, which develops when the viscosity
becomes small.

CONCLUSION

A comparative study is performed to assess the performances of
variousmodeling strategies commonly employed in predicting the
thermo-fluidic transport in case of a high-energy laser surface
alloying process. Two different paradigms are chosen, namely,
macroscopic and mesoscopic modeling. In the macroscopic
paradigm, the conventional CFD technique is used that involves
solution of the RANS equations and the filtered Navier–Stokes
equations in capturing the turbulence following the celebrated
k–ε model and the LES model, respectively. The kinetic theory-
based LB technique is used in the mesoscopic paradigm that
involves solution of three kinetic equations to address the fluid
flow, heat transfer, and species transport. All these models have
already been used to solve a generic case of a laser surface alloying
process. The k–ε turbulence model overpredicts all the pertinent
hydrodynamic, thermal and mass transfer quantities. In predict-
ing the experimental trends, it is observed that the LES and the LB
models are closer compared to the k–ε turbulence model. Hence,
the LES model or alternatively the LB model can be successfully
used for simulating the real-life moving boundary phase change
problems.
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