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Abstract  
Laser-directed energy deposition is a fast-growing method for manufacturing complex 
geometries and materials that are hard to shape with conventional manufacturing methods. 
However, there are some aspects of this process that need more researches and experiments 
to be completely understood. One of these is laser attenuation and laser intensity 
distribution on the workpiece surface. In this paper, a new method is proposed for 
calculating laser attenuation without simplification applied in previous works. Despite 
other studies that consider a predefined powder distribution, the result of a developed 3D 
CFD model of the powder stream is utilized for defining the position of particles in the 
powder stream. The divergence and spatial distribution of the laser beam are considered by 
dividing the laser beam in a radial direction. A GUI has been developed in MATLAB to 
take CFD model output as input for calculating laser attenuation with Beer-Lambert law 
and plotting the laser intensity on the workpiece surface after being attenuated. The 
influence of powder mass flow rate, powder size, and workpiece position on laser 
attenuation and its intensity distribution is investigated. It is shown that increase in powder 
flow rate would increase laser attenuation almost linearly. It has also indicated that smaller 
particles would attenuate more energy than larger ones while the powder mass flow rate is 
kept constant. More specifically, decreasing powder size from 100 μ to 20 μ, increases 
attenuation from 18% up to 55%. The size of powder particles affects powder stream 
distribution and consequently, this affects the laser intensity profile on the workpiece 
surface. The result of investigating the workpiece position shows that the position of the 
workpiece influences the laser attenuation, powder catchment, and maximum intensity of 
laser energy. 

Keywords: Laser Directed Energy Deposition, Gas-Powder model, Laser 
attenuation, Laser energy distribution 
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1. Introduction 
Laser Directed Energy Deposition (LDED) is an additive manufacturing process 

which is attaining so many interests recently. Parts with complex geometry and with 

materials that are hard to shape by conventional manufacturing methods can be made 

by LDED [1-8]. In this process, a laser beam melts the workpiece surface and makes 

a melt pool in which the injected powders from a nozzle, fall into and melt. By the 

laser beam passing the melt pool, it cools and solidifies to form a layer[9](Fig. 1). 

 
Fig. 1 Schematic of LDED process 

There are many studies investigating LDED process experimentally or 

computationally from various aspects. Despite all the studies on this process, there 

are so many aspects of it that are not completely known to us. One of the most 

effective parameters on the process and quality of the final part is the laser beam 

energy and its intensity distribution on the workpiece[10-15]. Insufficient heat input 

may cause ineffective melt of substrate surface and powders, which may cause lack 

of fusion and failure of the process or poor quality of the manufactured part[16, 17]. 

On the other hand, high energy can induce powders' evaporation[18-20]. So it is 
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important to know that how much energy and with what distribution is delivered to 

the surface and the melt pool. It should be considered that some of the laser energy 

becomes extinct as the laser beam passes through the powder's cloud. Thus, the 

amount of energy reaching the workpiece surface is not equal to the initial energy 

that was set on the machine. The amount of laser energy extinct by the powders is 

called “laser energy attenuation”. Laser energy attenuation is of great importance 

and it could not be ignored, as Lin[21] indicated in his study, more than 50% of the 

laser energy could be lost in the interaction of laser beam with powder stream. The 

powder stream distribution has great impact on laser energy attenuation and 

subsequently on the energy flux to the melt pool [22, 23]. Zhang et al. [24] 

investigated the effect of nozzle dimension on powder stream structure by the use of 

computational fluid dynamics (CFD) and showed that this distribution is dependent 

on the nozzle dimension.  Liu et al. [25] studied the effect of both geometries and 

process parameters on powder flow distribution. Guan et al. [26] simulated spatial 

distribution of the flying powder particles by combining CFD and discrete element 

methods. Kovalev et al. [27] modeled the transportation of powder during LDED 

process and investigated particle trajectories for various nozzles. 

Despite the importance of powder flow distribution, most of the studies on laser 

energy, tried to calculate laser attenuation by implementing simplifications on the 

powder stream structure and used Gaussian or other pre-determined distribution.  

There are also some simplifying assumptions on the shape of the laser beam, the way 

laser beam, and powders interact, and the method of calculating laser attenuation.  

Diniz Neto[28] calculated laser attenuation in laser surface processing by assuming 

the laser beam as a cylinder of the constant radius with Gaussian spatial distribution. 

In this study, the particles of the powder jet from a lateral nozzle were treated as 

originating from a point source and traveling at a constant velocity. In his other study 

[29] he considered the divergence of the laser beam but still assumed two density 
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distributions for the powder stream, Gaussian and varying with the inverse of the 

square of the distance. Pinkerton [30]proposed a laser attenuation model based on 

the shadow model. He considered that, at each position in t the powder concentration 

distribution across a stream centerline is Gaussian and ignored the effect of drag and 

gravity on the powder stream. Tabernero et al. [31] also presented a laser attenuation 

model based on the shadow model. It was considered that attenuation in laser 

cladding, with an annular nozzle, is produced only after the consolidation plane of 

the annular powder stream and assumed that the powder concentration distribution 

is Gaussian after this plane. This study revealed that smaller particles cause more 

attenuation while other parameters in the process are constant. Wu et al. [32] 

investigated the effects of beam profiles on laser attenuation by assuming that all 

powder particles injected from a discontinuous coaxial nozzle have the same 

magnitude of velocity when they leave the nozzle exit and their trajectory is a line. 

He also considered the powder stream from each of the four nozzles has Gaussian 

distribution. Deves[33] has done one of the most accurate studies on calculating laser 

attenuation during laser cladding with an annular nozzle.  He utilized the ray-tracing 

method and studied the effect of powder flow profile on the laser energy distribution 

that reaches the workpiece surface. This is despite all other literature that proposed 

statistical distributions for powder stream and did not take into account the complex 

powder flow profile that is present in a practical system. It was a complicated and 

time-consuming method and did not investigate the influence of the position of the 

workpiece and laser focal plane on attenuation. 

 

In this paper, a new method is proposed for the calculation of laser attenuation in 

laser directed energy deposition process without simplification in laser beam 

properties and powder stream distribution. The divergence of the laser beam and its 

energy density distribution is being considered by partitioning the laser beam in the 
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radial direction. A powder flow model is developed in ANSYS Fluent to define 

powder particles' position. A GUI has been created in MATLAB to get the 3D 

powder flow model result as input for the calculation of laser energy attenuation. 

The influence of powder size, powder feed rate, and position of the workpiece on 

laser attenuation and intensity distribution on the workpiece is investigated. 

2. Gas-Powder Flow Model 
In the LDED process, powder particles are usually carried by argon gas. So, the 

powder trajectory could be solved using the discrete phase model (DPM) available 

in ANSYS FLUENT software, In this software the gas is treated as a continuum and 

the powder is simulated as discrete phase dispersing in the continuous argon gas 

phase[19, 23]. 

2.1. Modeling of Gas-phase 

The gas-powder flow is characterized by turbulence and described by the standard −  model which is the most popular turbulence model in practical use. The 

turbulent kinetic energy k, and the viscous dissipation rate of turbulent kinetic 

energy  , characterize the turbulent filed. This model includes continuity equation 

of mass, momentum conservation equations, and −  kinetic energy equations. 

The governing equations are[34-36]:  

Continuity equation: = 0 (1) 

Conservation of mean momentum (Navier-Stokes): + ( ′ ) =  − ̅ + ( + )  (2) 

where . = 1.2.3.  is the mean velocity vector in the th direction,  is the 

pressure,  is the dynamic viscosity,  is the density and ′  is the Reynolds 

stress. 
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Conservation of the kinetic energy of turbulence: = + + −  (3) 

Conservation of the dissipation of kinetic energy of turbulence: = + ( + )−  

(4) 

= +  (5) 

= −  (6) 

where . = 1.2.3. = + , ( - molecular viscosity, - turbulent viscosity), 

and  is the turbulent Prandtl number of energy. . .  and  have the 

following default values[37, 38]. These default values have been determined for 

fundamental turbulent flows including frequently encountered shear flows like 

boundary layers, mixing layers, and jets as well as for decaying isotropic grid 

turbulence[37, 39]. = 1.44; C = 1.92; = 1.0; = 1.30 (7) 

2.2. Modeling of powder flow 

The trajectory of the discrete phase of a particle is solved by integrating the force 

balance on the particle in a Lagrangian reference frame. By considering drag and 

gravity force, governing equation on the motion of each particle with density  and 

diameter  is as[34, 35]: = − +   (8) 

where = 1.2.3.  is the particle velocity, and  is the velocity of the carrier phase. 

 is the fluid phase dynamic viscosity and  is Reynolds number and  is the drag 

coefficient. 
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2.3. Gas-powder flow simulation results 

In order to simulate the gas-powder stream, without laser radiation, as it is shown in 

Fig. 2, a 3D model of the turbulent gas-powder flow-based on the nozzle setup, has 

been developed in ANSYS FLUENT software.  

 
Fig. 2. 3D model of nozzle. Left: Bottom view, Right: Top view 

The nozzle setup is based on the setup used in experimental study done by Moradi 
[40, 41]. As shown in Fig. 3 the brass nozzle has four annular channels which are 
designed to focus the powder particles in the powder concentration plane. The argon 
shielding gas is flowing through the axial channel. 
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Fig. 3. Nozzle setup in Moradi study[40, 41] 

The geometric domain and boundary condition for simulated gas-powder flow is 

shown in Fig. 4.  

 
Fig. 4. geometric domain and boundary condition for simulated gas-powder flow 

The simulation is applied on experimental setting of Moradi[41] study to verify the 

result of modeling. The particles with an average size of 23 μm with a density of 8 

gr/cm^3 and 20 g/min mass flow rate were injected to the nozzle inlet. The coaxial 

gas flow rate and annular gas flow rates are 3 and 6 lit/min. As shown in Fig. 5 , the 
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simulation result for the position of the concentration plane of powder flow is in 

good agreement with the experimental results. 

 
Fig. 5. Left: powder flow and concentration plane position in Moradi’s[40] Study; Middle: powder flow 

in 3D simulation in ANSYS FLUENT software, Right: Particles’ position in powder flow from 3D 
simulation in ANSYS Fluent software 

 

3. Laser Attenuation 
For calculating laser attenuation, a Gaussian spatial distribution of radiation intensity 

is assumed for the laser beam, the intensity being given by[22]: ( . . ) = ( ) (−2 ( ) )  (9) 

where . .  are the Cartesian coordinates,  is the laser beam power, ( ) is the 

beam radius at the height of  and it is assumed to be linear. 

Laser energy attenuation is calculated due to the Beer-Lambert equation[32]: = − ∆   (10) 

where  is the energy intensity before being attenuated in a powder stream, ∆  is 

the length that beam passes through powder stream,  is particle concentration of 

the volume element.  represents the extinction cross section of a particle given 

by =  and  is the extinction coefficient. As the particle size is much 

bigger than the laser wavelength in the LDED process, it could be assumed that the 
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extinction coefficient = 1 and the extinction cross section equals to cross 

section of the particle [14, 18, 42]. 

To consider the Gaussian distribution and also beam divergence in determining  in 

Eq. (10), the laser beam has been split radially into truncated cones as shown in Fig. 

6. 

 

 
Fig. 6 Splitting of the laser beam for considering laser intensity distribution in attenuation calculation 

As it is shown in Fig. 6, any plane perpendicular to the laser beam axis, is divided 

into some concentrated rings. The attenuated laser energy distribution can be 

obtained from the attenuated energy on these rings. To calculate attenuated laser 

energy on each ring, a fixed amount of energy intensity could be assigned to the 

beam reaching the ring by following equation: 

= ∫ ∫ ( ) ( ( ) )
  

(11) 

where  is energy intensity reaching the th ring (  in Eq. (10)),  is the height of the 

plane on which the laser energy distribution is being calculated,  and  are the 
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inner and outer radius of the ring and  is the area of the trapezius plane with ( −) and L as its sides. It is worth mentioning that as the laser beam is axisymmetric 

it is no need for integrating on rotational direction. 

In most of the studies, powder distribution is considered as Gaussian, however, the 

assumption of the standard Gaussian model may not always be accurate, since it may 

deviate from Gaussian depending on powder properties, configurations of nozzle, 

gas settings, and standoff distances [43] .Therefore, in this study, instead of 

considering a predefined pattern for powder distribution, the powder stream 

distribution is derived from the 3D model of powder stream. As shown schematically 

in Fig. 7, the powder particles in each partition of the split laser beam could be 

defined from the output of the 3D model of gas-powder flow. 

 

 
Fig. 7 schematic of defining the powder particles in each partition of the laser beam from the 3D model of powder 
stream 

3.1MATLAB GUI 

A GUI has been created in MATLAB to calculate laser attenuation for any 

configuration of the laser beam, powder stream distribution, and workpiece distance 
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from the nozzle head. The GUI is shown in Fig. 8. It gets laser properties and powder 

distribution profile and uses equations (9) to (10) to calculate laser attenuation on 

any ring on the workpiece surface, made by a split laser beam. And at the end, the 

output of the program would be a plot of attenuated laser intensity distribution on 

the workpiece and also the original laser intensity for comparison. 

 
Fig. 8 GUI created in MATLAB for calculating laser attenuation in the LDED process 

4. Results and discussion 
The laser attenuation calculation was carried out on a laser with properties similar 

to Moradi [40, 41] experimental study. The laser beam profile is assumed as 

Gaussian with power of 400W. The laser beam radius at nozzle head position is 0.35 

mm and the minimum focal spot size is of 0.2 mm. The focal plane position of the 

laser can be placed between 14 and 17 mm below the nozzle head.  

For modeling the gas-powder flow, the carrier gas and shielding gas flow was set to 

6 lit/min and 3 lit/min and powder density was considered to be 8 gr/cm^3. 
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 The effect of powder mass flow rate, powder size, workpiece distance from nozzle 

head on laser attenuation, and its intensity distribution was investigated in this study. 

4.1Powder mass flow rate 

To survey the influence of powder mass flow rate on laser attenuation, the 

calculation was applied on the result of the 3D model for the powder flow rate of 

0.04, 0.08, 0.12, and 0.15 gr/s and particles with a constant diameter of 70 μm. It 

was assumed that the workpiece and laser focal plane are at the same position as the 

powder flow concentration plane at 15 mm below the nozzle head. The attenuated 

laser energy distribution on the workpiece in comparison to its original amounts is 

shown in Fig. 9. 
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Fig. 9  Laser intensity distribution on the workpiece surface for powder flow rate of (a) 0.04 gr/s, (b) 0.08 

gr/s, (c) 0.12 gr/s and (d) 0.15 gr/s 
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The average attenuation of laser energy for different powder mass flow rates can be 

seen in the diagram of Fig. 10. 
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Fig. 10 Average attenuation percent via powder mass flow rates. 

As it is shown in Fig. 9 and Fig. 10, an increase in powder mass flow rate would 

increase the energy attenuation almost linearly. It is due to more powder particles 

being in the way of the laser beam to absorb its energy. 

4.2 Powder size 

Another parameter that affects the energy amount and distribution on the workpiece 
surface is powder particles size. To understand this effect, the GUI was run for the 
result of the 3D model for a particle diameter of 20, 50, 70, and 100 μm and a 
constant mass flow rate of 0.08 gr/s. It was assumed that the workpiece and laser 
focal plane are at the same position as the powder flow concentration plane at 15 
mm below the nozzle head. The attenuated laser energy distribution on the 
workpiece in comparison to its original amounts is shown in Fig. 11. As it can be 
seen, laser intensity distribution on the workpiece surface differs from its original 
Gaussian shape. It is the result of powder distribution pattern which is affected by 
particle size as is illustrated in Fig. 12. Since smaller particles are lighter than bigger 
ones, they are more affected by the central shielding gas, and they are blown off 
from the central axis more. And also the weight of the particles is one of the 
parameters that defines their trajectories. So as the particle diameter decreases, the 
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powder stream structure deviates from Gaussian shape more and causes the 
attenuated laser intensity distribution also deviates from its original Gaussian profile. 

 

-0.2 -0.1 0.0 0.1 0.2
0

1000

2000

3000

4000

5000

6000

-0.2 -0.1 0.0 0.1 0.2-0.2 -0.1 0.0 0.1 0.2
0

1000

2000

3000

4000

5000

6000

-0.2 -0.1 0.0 0.1 0.2

0

1000

2000

3000

4000

5000

6000
-0.2 -0.1 0.0 0.1 0.2

1000

2000

3000

4000

5000

0

6000 Original Laser Energy
Attenuated Laser enegry

La
se

r I
nt

en
si

ty
 (W

/m
m

^2
)

(a)

La
se

r I
nt

en
si

ty
 (W

/m
m

^2
)

(b)

La
se

r I
nt

en
si

ty
 (W

/m
m

^2
)

Radial Distance (mm)

(c)
La

se
r I

nt
en

si
ty

 (W
/m

m
^2

)

Radial Distance (mm)

(d)

 
Fig. 11. Laser intensity distribution on the workpiece surface for a particle diameter of (a) 100 μm, (b) 70 

μm, (c) 50 μm (d) 20 μm 
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Fig. 12 Powder distribution in laser powder stream interaction zone 

The average attenuation of laser energy for different powder sizes can be seen in the 

diagram of Fig. 13. 



17 
 

20 40 60 80 100

15

20

25

30

35

40

45

50

55

60

A
ve

ra
ge

 L
as

er
 A

tte
nu

at
io

n 
(%

)

Powder Particle Diameter ( )
 

Fig. 13 Average attenuation percent via powder particle diameter. 

It can be seen that the attenuation increases as the particles become smaller. 

For a constant mass flow rate, a decrease in diameter leads to an increase in particle 

numbers by an order of three (Eq. (12)). Furthermore, as illustrated in Eq. (10), the 

diameter of the particle appears in this equation by order of two and the number of 

particles affects the equation by order of one.  Thus, the exponential term in this 

equation grows as the diameter increase and the minus sign of the exponential term 

eventually results in larger attenuation. Therefore, the nonlinear increase in 

attenuation by a decrease in powder particle diameter could be seen in Eq. (12). ̇ = ̇ × × (43 2 ) (12)  

4.3Workpiece position 

As it was discussed before, the laser beam is not a constant radius cylinder and its 

radius varies in the longitudinal direction, so where the workpiece is placed would 

define the laser beam radius at the workpiece surface. The position of the workpiece 

would also affect the number of particles that interact with the laser beam on their 

way to the melt pool[10, 44]. However, to understand the effect of workpiece 
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position on the laser energy and its distribution, the GUI was run for powder stream 

with a constant mass flow rate of 0.08 gr/s, the constant particle diameter of 70 μm, 

and for 4 different positions of the workpiece as shown in Fig. 14. The focal plane 

of the laser was set on a powder stream concentration plane 15 mm below the nozzle 

head. 

 
Fig. 14 Workpiece location, (a) 14 mm, (b) 15 mm, (c) 16 mm (d) 20 mm below nozzle head. 

The attenuated laser energy distribution on the workpiece in comparison to its 

original amounts is shown in Fig. 15. 
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Fig. 15 Laser intensity distribution on the workpiece surface for workpiece placed (a) 14 mm, (b) 15 mm, 

(c) 16 mm (d) 17 mm below nozzle head 

The average attenuation of laser energy for different powder sizes can be seen in the 

diagram of Fig. 16 . 
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Fig. 16 Average attenuation percent via workpiece distance from nozzle head. 
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It can be concluded from Fig. 15 and Fig. 16 that when the workpiece is above the 

powder stream convergence plane and laser focal plane, the attenuation would be 

trivial. The four powder streams have not crossed each other yet and they are on the 

perimeter of a circle with a larger radius than the laser beam radius and melt pool 

dimensions. Therefore, there are few numbers of powder particles interacting with 

the laser beam and dropping into the melt pool. It should be considered that in this 

case, the powder catchment and so the process efficiency would also be very low. 

Moreover, the maximum laser intensity on any plane would be smaller than the 

maximum intensity on the focal plane due to the minimum laser spot on the focal 

plane. Another conclusion to be noted is that by increasing the workpiece distance 

from the laser focal plane and powder stream consolidation plane, Figure 11-d, 

attenuation remains almost constant. This is because powder streams start to diverge 

after the consolidation plane, hence, they lost their interaction with the laser beam. 

However, when the workpiece is placed farther from the concentration plane, the 

radius of the powder stream gets larger and consequently the number of particles 

dropping in the melt pool decreases, and the powder catchment declines. 

 
5. Conclusion 
In the present study, laser energy intensity on the workpiece surface, in the LDED 

process is figured by considering laser attenuation. The attenuation was calculated 

without common simplification on laser beam shape and powder stream structure. 

The laser beam divergence angle is taken into account and powder distribution is 

defined from a 3D model of gas-powder flow. The effect of powder mass flow rate, 

powder size, and workpiece position on laser attenuation is studied, and the results 

are as follow: 
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 For constant powder size, an increase in mass flow rate would increase laser 

attenuation almost linearly due to the presence of more powder particles in 

the way of the laser beam to extinct its energy. 

 Powder particle size has an influence on powder stream distribution in laser 

and powder stream interaction zone, so the laser attenuation and consequently 

laser intensity distribution on the workpiece surface would be affected by 

powder size. 

 For constant mass flow rate, smaller powder particles attenuate laser energy 

more than bigger ones, as it was shown in section 4.2, for a constant mass 

flow rate decreasing powder size from 100 μ to 20 μ, increases attenuation 

from 18% up to 55%. 

 If the workpiece places above the laser focal plane and powder stream 

concentration plane, the attenuation is almost zero, but it is not a good setup 

for the process due to low powder catchment. 

 When the workpiece is below the laser focal plane and powder stream 

concentration plane, the distance does not affect the laser attenuation since the 

number of powders in the interaction zone of laser and powder stream is 

constant as the powder stream diverges after the convergence plane, and they 

don’t have interaction with laser beam anymore. 

 If the workpiece locates on the laser focal plane, the workpiece surface would 

experience the maximum laser energy intensity due to the smallest spot size 

of the laser beam on this plane. 
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