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Abstract: This paper presents a 3D numerical 

model to predict the whole process of coaxial 

powder flow, including the particle stream flow 

in and below the nozzle and also the laser-

particle interaction process. The Particle Tracing 

Module of Comsol Multiphysics® is used to 

solve the coupled momentum transfer equations 

between the particle and gas phase while 

incorporating particle temperature evolution. A 

turbulence k-ε model is employed to describe the 

behavior of the gas flow. The trajectory of the 

discrete phase particle is calculated by 

integrating the force balance on each particle 

while taking into account gravity and drag 

forces. Heating of powder particles accounts for 

laser intensity, convection and radiation losses. 

The powder concentration and particle heating 

process are analyzed for two materials: Ti-6Al-

4V alloy and 316L stainless steel. The influence 

of laser power distribution is analyzed. The 

numerical results are compared with 

experimental data.  
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1. Introduction 
 

Direct Metal Laser Deposition (DMLD) has 

received significant attention due to its 

diversified potential. In this process, a thin layer 

is obtained through melting metallic powder 

coaxially delivered on the substrate. The layer-

by-layer deposition of the material makes it 

possible to produce 3D metal objects of complex 

shapes. However, the quality and efficiency of 

DMLD largely depend on the powder stream 

structure below the nozzle. The development of 

numerical models has proven useful for 

improving the process. In the past decade, many 

analytical and numerical models have been 

developed by researchers, revealing the process 

dependences on related parameters. Pinkerton [1] 

proposed an analytical model of the powder 

stream and particle heating using the geometry of 

the nozzle. No account was taken of the particle 

drag and loss of momentum. More realistic 

models have been developed taking into account 

the interaction between gas flow and particle 

stream. These models use generally a turbulent 

two-phase flow model solved with the software 

FLUENT. This has been done by Lin [2] and 

Zhu [3] for a two-dimensional axial symmetry 

model and Zekovic [4] who proposed a 3D 

model. However, beam attenuation and powder 

heating were not considered in these works. 

Ibarra-Medina [5] has proposed a single fully-

coupled model of laser cladding process. This 

model simultaneously calculates the powder 

motion by gas drag and collisions with nozzle 

and substrate walls, thermal interactions between 

the powder stream and laser beam, particle 

catchment and ricocheting, melt pool formation 

and melt pool flows, heat transfer from powder 

to melt pool and mass addition. The volume of 

fluid method is applied to determine the free 

surface of the clad. In this work, the commercial 

code CFD-ACE+ is used. Tabernero [6] has 

recently proposed a 3D model of powder stream. 

This model estimates the attenuation suffered by 

the laser beam due to the interaction with the 

powder flow during the laser cladding process. 

This model is calibrated and validated 

experimentally for two different materials. 

However, the reported literature does not include 

much work on the improvement of surface 

finish. 

In this paper, a numerical model is developed 

to predict metal powder flow in coaxial nozzle 

for DMLD. This model is used to better 

understand the influence of the operating 

parameters on the surface finish. The Particle 

Tracing Module of Comsol Multiphysics® is 

chosen to solve the coupled momentum transfer 

equations between the particle and gas phase 

while incorporating particle temperature 
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evolution. The powder concentration and particle 

heating process are analyzed for two materials: 

Ti-6Al-4V alloy and 316L stainless steel. The 

influence of the distribution of the laser beam is 

studied. The choice of 2D axial symmetry or 3D 

geometry is discussed. The numerical results are 

compared with experimental data. 

 

2. Governing equations 
 

A schematic of the DMLD process is shown 

in Fig. 1. The metal powder is injected through a 

coaxial nozzle into a melt pool obtained by a 

moving laser beam. With laser scanning, the melt 

solidifies rapidly and a track is formed. The 

whole part is obtained by the layer-by-layer 

deposition of the material. A continuous wave 

disk Yb:YAG laser is used as a heat source.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic of DMLD process. 

 

The gas flow at the nozzle exit is produced 

by the combination of argon streams from the 

central, middle and outer channels. The central 

and outer gas streams ensure the optics 

protection and oxidation protection respectively. 

In the middle inlet, argon is used as a driving 

gas, in order to convey the powder to the melt 

pool (Fig. 2). The shape of the nozzle is chosen 

in order to produce a converging annular stream 

of powder particles which are focused towards 

the substrate. Indeed, travelling along the nozzle, 

particles collide with the nozzle walls. These 

collisions determine the concentration 

distribution and dispersion of particles. After 

exiting the nozzle, the powder particles are 

drawn downward by the action of gravity and 

drag force from the different gas flows. The time 

and the spatial characteristics of the interaction 

between the powder and the laser beam are 

critical for the process. Indeed this interaction 

determines how much additional thermal energy 

the particles will bring when hitting the melt 

pool. The present model simulates the gas flow 

and heat transfer phenomena occurring in the 

powder stream. The computational domain 

comprises the inner geometry of the nozzle 

annular channels and the space between the 

nozzle exit and the substrate. The first step starts 

by calculating the gas flow. As the powder 

particles volume fraction is less than 10%, a 

dilute gas-particle stream is assumed. This 

assumption allows the application of one-way 

coupled discrete phase modelling. During the 

second step, the motion of the particles is 

determined. Finally, the heating of powder 

particles is treated using a lumped capacitance 

approach.   

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. 2D axial-symmetry geometry for powder 

flow model 

 

2.1 Gas flow 

 

The steady turbulent gas flow in the powder 

stream is described by the standard k-ε model. In 

such model, the governing equations for laminar 

flows are modified using the time-averaging 

method known as Reynolds averaging. All the 

equations can be found in [2-4]. The values of 

the empirical constants describing the turbulent 

model are taken from the default values proposed 

by COMSOL Multiphyscis®. The equations are 

expressed with a compressible formulation 

(Mach number < 0.3), as recommended by 

Kovalev et al [7]. 
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2.2 Powder stream 

 

Immersed in the surrounding gas, each 

particle is treated by the Lagrangian approach. 

Discrete phase model is used to solve each 

particle’s dynamic behavior. Particles are driven 

by the forces of gas flow drag and gravity. This 

force balance equates the particle inertia with the 

forces acting on the particle, and can be written 

as: 
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where ρp, dp, up,i are the density, diameter, and 

velocity in the i-direction of each particle, 

respectively. ρg, µ and ug,i represent the density, 

the dynamic viscosity and the velocity in the i 

direction of the gas, respectively. Re is the 

Reynolds number, gi is the i-component of 

gravity force. CD is the drag coefficient and is 

detailed in [8]. A shape factor of 0.8 is assumed 

to account for non-spherical particles, which is 

classical when the particles are obtained by gas 

atomization. The additional term 32kξ  gives 

a random motion of the particle which represents 

turbulent effects. The parameterξ is a normally 

distributed random number with zero mean and 

unit standard deviation and k is the turbulent 

kinetic energy. No collision between each two 

particles is considered due to the very low 

powder feed rate. The particles are injected 

randomly at each time step. To describe the size 

distribution of particles comprised between 45 

and 75 µm, a Normal low is considered for both 

materials (stainless steel 316L and Ti-6Al-4V 

alloy). 

 

During their flight, the particles will travel 

through the laser irradiation zone where they are 

heated up. The heating of powder particles is 

modeled using the lumped capacitance approach, 

as the Biot number is less than 0.1. To consider 

the process of phase change for a particle, the 

energy equation is proposed as follows: 

( ) ( ) 24422* 44)( ppppppl

p
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where mp is the particle mass, cp* is the 

equivalent specific heat capacity which includes 

the latent heat, Tp and rp are the temperature and 

the radius of a particle, respectively. Il denotes 

the laser intensity, ηp the particle absorptivity of 

laser power, ε the emissivity of particle, σ the 

Stefan-Boltzmann constant, and T∞ the 

temperature of the surrounding gas. h is the 

convective heat transfer coefficient, which is 

determined from Nusselt number correlations 

[8]. This coefficient depends on the gas and 

particle velocities. The material properties are 

taken from [9] and [10] for 316L and Ti-6Al-4V 

alloys respectively. The gas properties for argon 

come from [11]. 

Two laser distributions are studied: an uniform 

and a Gaussian distributions. The uniform 

distribution is given by: 
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where Plaser represents the laser power (320 W) 

and rlaser is the radius of the laser beam (0.65 

mm). 

The Gaussian distribution is as follows: 
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with N = 5. 

The values of N and rlaser have been obtained 

using a laser beam analyzer. 

Concerning the boundary conditions of the 

turbulent problem, velocity is set for the three 

inlets based on the experimental gas flow rates 

(Fig. 2). Wall function is chosen for the interior 

walls of the nozzle and the substrate surface. An 

open boundary is set for the lateral boundary 

between the substrate and the nozzle exit. A 

condition of symmetry is applied for the other 

boundaries. 

Concerning the problem of particle flow, an inlet 

condition is chosen for the middle channel entry. 

A powder feed rate of 1 g.min
-1

 for both 

materials is used. An outlet condition with a 

“freeze” wall condition is set for the substrate 

surface and a “disappear” wall condition for the 

lateral outlet. A “bounce” wall condition is 

chosen for all the walls of the nozzle. 

 

The calculations are performed using Particle 

Tracing Module and CFD Module. The 

computation time for the 3D model is around 3 

hours (4 x 3.33 GHz, 96 Go RAM) using linear 

tetrahedral finite elements of 0.5 mm for the 

boundaries and 1 mm inside the domain.  
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3. Results and discussion 
 

Figure 3 depicts the simulated powder stream 

structure formed by multi-particle trajectories for 

316L and Ti-6Al-4V alloys. At the nozzle exit, 

the particles have a convergent trajectory for 

both materials. The particle streams merge into a 

main stream to form a waist, at a distance of 6.6 

mm below the nozzle tip for the 316L steel and 

9.9 mm for the Ti-6Al-4V alloy. After traveling 

further distance, the main stream diverges. The 

difference between focus plane locations is due 

to a higher particle mass for 316L steel. The 

heavier particles are less influenced by the axial 

gas flow and reach the nozzle axis at a higher 

position than the Ti-6Al-4V particles. Note that 

the gas velocities and particle size are identical 

for both materials. Moreover, in order to obtain 

the same powder feed rate, the number of 

injected particles for 316L steel is reduced. It is 

worth to mention that the surface finish in direct 

metal deposition is improved when the substrate 

surface is located at the focus plane of the 

powder stream [12, 13]. 

 

 
Figure 3. Particle stream structure obtained with Ti-

6Al-4V (left) and 316L (right) alloys. 

 

Figure 4 illustrates the velocity of the gas and 

powder particle calculated for Ti-6Al-4V. The 

substrate is a disk of 30 mm diameter and 

located at 4 mm from the nozzle exit. Due to the 

symmetry of the problem, only a quarter of the 

nozzle and substrate is modeled. It can be 

observed that the maximum gas velocity is 

reached at the exit of the channel containing the 

carrier gas and is 1.2 m.s
-1

 whereas the 

maximum velocity of particle is 1.1 m.s
-1

. The 

gas velocity drops down rapidly before it reaches 

the substrate. 

 

 
Figure 4. Velocity field and streamlines obtained for 

Ti-6Al-4V alloy. 

 

Figure 5 compares the measured and modeled 

powder distributions at the substrate 4 mm below 

the nozzle exit. The powder distribution was 

measured by displacing a plate with a hole in a 

radial direction. The mass of the powder 

particles having crossed the hole is measured in 

order to determine the particle concentration 

profile.  
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Figure 5. Measured and calculated particle 

concentration profiles at the substrate surface 

 

The figure 5 compares also the numerical results 

obtained with the 3D model and a 2D axial 

symmetry model. The experimental results show 

clearly a Gaussian concentration distribution, 

which is less visible in the calculated results, 

especially for the Ti-6Al-4V alloy. This effect is 

due to the location of the substrate which is 

above the focus plane, as previously reported by 

Pinkerton [1]. It can be seen that the peak 

concentration values are greater with the 2D 

axial symmetry model than with the 3D model. 

Focus plane 
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Vgas Vparticle 
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This is due to the 2D assumption which forces 

the particles to cross the axis. The concentration 

peak is then overestimated.  
 

Figure 6 compares the calculated powder 

temperatures at the substrate surface obtained 

with both materials (Ti-6Al-4V and 316L) and 

two laser distributions (uniform and Gaussian). 
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Figure 6. Calculated powder temperatures at the 

substrate surface for Ti-6Al-4V and 316L alloys using 

uniform or Gaussian laser distribution 

 

For both materials, it is observed, as expected, a 

sharper temperature distribution with the 

Gaussian distribution. The peak temperatures are 

also higher for the Gaussian distribution and are 

above the melting point except for the stainless 

steel using a uniform temperature. It is worth to 

mention that the surface finish in direct metal 

deposition is better when the particles reaching 

the melt pool are melted.  

Moreover, it can be noticed that the powder 

temperature of 316L steel is lower that the 

temperature of Ti-6Al-4V alloy near the axis but 

becomes higher far from the axis. The lower 

heating near the axis can be explained by the 

high thermal inertia of steel. However, the 

greater heating far from the axis is due to a 

longer interaction time between 316L particle 

and laser beam. As observed in Figure 3, some 

particles of 316L steel have a divergent 

trajectory at 4 mm from the nozzle exit. These 

particles interact with the laser beam during a 

longer time, inducing an excessive heating. This 

explains why some particles have a temperature 

higher than ambient temperature in the region 

away from the laser beam radius. 

 

 

 

 

4. Conclusions 
 

A numerical model that describes the dynamic 

and thermal behavior of the coaxial powder flow 

for direct metal deposition processes has been 

presented. The model accounts for phenomena of 

powder motion by gas drag and collisions with 

nozzle and substrate walls and thermal 

interactions between the powder stream and laser 

beam. This model is used to predict the location 

of the powder focus plane, which corresponds to 

the position where the substrate needs to be 

placed for an optimal deposition quality. Two 

materials are compared: a stainless steel 316L 

and a Ti-6Al-4V alloy. It has been shown that 

the focus point of the powder stream is located at 

a distance closer to the nozzle exit with the 

stainless steel. The heating of steel particles is 

lower at the center of the stream due to their 

inertia, but higher at the outers, because the 

interaction time with laser is greater. Two energy 

distributions of the laser beam have been 

analyzed. With a Gaussian distribution, the 

melting temperature is easily reached, compared 

to a uniform distribution, which leads to a more 

uniform temperature distribution. A good 

agreement between the numerical and 

experimental concentration profiles confirms that 

the model is capable of predicting the powder 

flow behaviour during the coaxial powder 

feeding of the direct metal deposition process. 

The future development will take into account 

the collisions between particles and the laser 

beam attenuation due to powder stream. The 

coupling of this model with a melt pool model 

will also be considered in order to account for 

heat transfer from powder to melt pool and mass 

addition.  
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