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The supplying powder jet conditions in a direct deposition process greatly influence the quality and prop-
erty of deposition products. Coaxial powder flow provides the means of precise deposition due to its
omnidirectional nature in a direct deposition process. In this paper, a comprehensive numerical model
is presented to predict the whole process of coaxial powder flow, including the particle stream flow in
and after the nozzle and laser-particle interaction process. By solving the coupled momentum transfer
equations between the particle and gas phase while incorporating particle temperature evolution, the
dynamic and thermal behavior of multi-particles in the stream is completely modeled. Calculated and
measured results are well matched. The model is capable of predicting the powder stream structure
and multi-particle phase change process with liquid fraction evolution throughout the entire process
while considering the particle morphology and size distribution in real powder samples.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The laser direct deposition process is used for rapid freeform
fabrication of fully dense components with good metallurgical
properties. In this process, powder is usually fed into a laser-
heated spot to form a melt pool, which solidifies quickly after the
laser beam moves away. One of the challenging issues is to under-
stand how the material powder is supplied to the target surface
since it influences the particle utilization efficiency, track dimen-
sions, and even the final properties of the product.

Coaxial nozzles, which allow the powder stream to flow coaxial-
ly with the laser beam, provide the capability of precise deposition
due to omnidirectional nature. Although coaxial powder supply
has been popularly used for deposition, comprehensive modeling
is still lacking due to the complex physics involved, such as two-
phase powder-gas flow and laser-powder interaction.

The coaxial powder flow concentration mode was studied with-
out considering thermal behavior of the particles [1-11]. The
importance of the nozzle arrangement and gas flow settings to
the powder concentration mode has been revealed through the
coaxial powder distribution calculation [1-3]. Pan and Liou [4]
numerically studied the metallic powder flow in a coaxial nozzle
by considering the effect of non-spherical collision with the nozzle
wall and quantitatively predicting the concentration variation of a
coaxial gravity-driven powder flow with various powder passage
configurations and gas settings [5]. Pinkerton and Li [6-8] pro-
posed a unique mathematical model, which directly relates coaxial
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powder structure to nozzle dimensions and flow rates. Zekovic
et al. [9] presented a computational fluid dynamics method to ob-
tain the multi-phase gas-powder flow structures for radially sym-
metrical nozzles. The laser attenuation process during coaxial
powder flow was also considered by some of earlier studies
[2,7,10,11]. However, for a complete model of a coaxial powder
flow process, it is also necessary to consider the particle heating
process under laser irradiation since it determines the thermal
conditions of particles before they reach the melt pool.

A single particle heating process has been separately considered
without modeling the powder stream structure [12-14]. A simple
melting model based on the energy balance of a particle with given
in-flight direction was considered in Ref. [12] to optimize the depo-
sition process. A single spherical particle heating problem has been
numerically studied by Lin [13] and further developed by Liu and
Lin [14] with consideration of heating, melting and evaporation
processes under irradiation of a CO, laser beam in a coaxial laser
cladding process.

In the studies that considered both powder concentration and
laser heating process, some simplifying assumptions about the
powder flow were made and its structure was predefined [15-
23]. Assuming an average particle radius, powder flow tempera-
ture from coaxial nozzles was calculated and also experimentally
investigated by Vetter et al. [15] and Pinkerton [16]. Using prede-
fined stream spread and speed for powder particles, an analytical
model was presented [17-19] to study the particle temperature
distribution in the powder flow and the attenuation of the laser en-
ergy distribution. Gaussian powder distribution was assumed by
Han et al. [20,21], Qi et al. [22], and He and Mazumder [23] in their
direct deposition models for the powder heating process and laser
attenuation.
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Nomenclature

Latin symbols
ay, ap, as, ag constants

A area (m?)
Cp heat capacity (J/kg/K)
Co drag coefficient

Cy, Gy, C,, coefficients in turbulent transport equations
diameter (m)

particle size constant (m)
characteristic width (m)

liquid fraction (%)

mass fraction (%)

gravitational acceleration (m/s?)

rate of production of kinetic energy (kg/m/s>)
convection coefficient (W/K/m?)

laser intensity (W/m?)

kinetic energy of turbulence (m?/s?)
laser field of depth (m)

fusion heat (J/kg)

mass (kg)

mass flow rate (kg/s)

number of particle trajectories

spread parameter

Nu Nusselt number

p pressure (N/m?)

r radial coordinates (m)

R radius (m)

Re Reynolds number

P laser power (W)

Pr Prandtl number

s surface area of a sphere having the same volume as the
particle (m?)

actual surface area of the particle (m?)
Stokes number

time (s)

temperature (K)

velocity (m/s)

volume (m?)
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X axial coordinates (m)
X position vector

Greek symbols

density (kg/m?>)

response time (s)

angle (°)

ratio of properties

rate of dissipation of turbulence energy (m?/s>)
thermal conductivity (W/K/m)

absorptivity (%)

source term (kg/m?/s?)

shape factor

dynamic viscosity (Pa s)

parameter

parameter

Flag for different temperature range
coefficients in turbulent transport equations
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Subscripts

laser beam
cell

diameter
laser focus
iteration level
number
direction
laminar

liquid
liquidus

laser output
particle

radial direction
solidus
turbulent
axial direction
density
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As seen from the above discussion, the comprehensive model-
ing that simultaneously considers both dynamic and thermal
behaviors of multiple particles distributed in the coaxial powder
flow is still lacking. The assumption of standard Gaussian mode
may not always be accurate, since it may deviate from Gaussian
depending on powder properties, configurations of nozzle, gas set-
tings, and standoff distances. To be more rigorous, in this paper, a
comprehensive model is presented to predict the powder flow
structure and laser particle heating process in terms of multi-par-
ticle behavior, thus revealing the characteristics of powder supply
for the coaxial deposition process.

2. Model development
2.1. Background description

A typical coaxial nozzle configuration is characterized by inner,
middle, and outer nozzles [1-7]. Driven by the carrier gas or grav-
ity force, the powder of certain material is fed through the middle
nozzle. The inner nozzle also provides a passage shared by the laser
beam and inner gas that helps prevent the particles from attaching
to the laser optics. The middle and outer nozzles together provide a
passage for the outer gas used for shielding. However, there is an-
other novel type of coaxial nozzle that does not use outer gas. The
coaxial powder flow with this nozzle (Precitec YC50), used in the

present study, is schematically illustrated in Fig. 1, which shows
the cross-section of the conical shape nozzle. The blue lines repre-
sent the outer nozzle contour, while the green lines represent the
inner one.!

In the deposition process, the powder, whose feed rate is pre-
cisely controlled by a powder feeder, is uniformly fed into the con-
ical channel via a powder distributor in the supply path. After
passing through the nozzle, the particles will travel through the la-
ser irradiation zone (Nd:YAG laser in this study), in which the par-
ticles will be rapidly heated up as illustrated in Fig. 1. The goal of
this study is to conduct a numerical study to reveal the complex
and detailed phenomena of powder-gas two phase flows within
and below the nozzle and the associated laser—particle interaction
process.

2.2. Calculation domain

Fig. 2 describes the calculation domain used in the numerical
model. Due to the assumption of uniform powder flow at the inlet,
the calculation domain in Fig. 2 displays a radial 2D slice of the 3D
domain with the center line as the axisymmetric axis. The powder

! For interpretation of the references to color in text, the reader is referred to the
web version of this paper.
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Laser Beam

Fig. 1. lllustration of coaxial powder flow.

passage, which is formed by the inner and outer nozzle, has a cen-
ter diameter of 57.47 mm at inlet and 10.34 mm at outlet. The
powder passage width changes from 3.47 mm at inlet to 1.2 mm
at outlet. The heights of the passage walls are 55.00 mm and
56.00 mm, respectively. The ambient space below the nozzle is
chosen to be 50 x 100 mm?, which is large enough to make the
boundaries not affected by the powder stream. The origin point
is located at the center point of the bottom tip circle of the inner
nozzle, with the positive x-axis in downward direction and r-axis
in outward direction.

2.3. Solution technique

As discussed above, the gas-powder flow with laser-powder
interaction is a complex two phase problem. In this paper, the
gas phase is treated as continuum, while the particle flow is simu-
lated as a discrete phase that consists of particles dispersed in the
continuum phase. The behavior of continuous gas phase is mod-

5;{
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Inner nozzle wall fif/
f— Outer nozzle wall
o f
v/
----» Inner gas inlet
+— Powder & carrier gas inlet

" Other unlabeled: Ambient boundaries

Axisymmetric axis

Fig. 2. Schematic calculation domain.

eled by solving the time-averaged Navier-Stokes equations, while
the dispersed phase is solved in a Lagrangian frame of reference by
tracking a certain number of particles through the calculated flow
field. The coupling between these two phases will be seen from the
governing equations in Section 2.4.1. The coupling is accomplished
by alternatively solving the continuous and discrete equations (in
Section 2.4.2) until the convergence for both phases. While pow-
ders flow through the gas, they interact with the laser beam. A un-
ique user defined function described in Section 2.4.3 is
incorporated to solve the thermal behavior of the particle phase
as calculation continues.

2.4. Governing equations and boundary conditions

2.4.1. Gas turbulent flow
Since the gas-powder flow is characterized by the turbulence
[1-8], a turbulent model has been set up to solve the momentum
and turbulence equations of the gas phase (argon in this study),
and to calculate the particle motions based on the gas flow field.
For an axisymmetric, steady, and turbulent continuous gas flow
with homogeneous chemical composition and no body force or
swirl velocity, the governing equations are given as follows
[24,25]:
Continuity equation of mass:
INpuy) 10
e o (rou) =0 (1)
where x and r are, respectively, the axial and radial coordinate, u, is
the axial velocity, u, is the radial velocity, and p is the density of the
continuous gas.
The axial momentum conservation equation:
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The radial momentum conservation equation:
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and u is the effective dynamic viscosity of the continuous gas.
oi(i=x, r)is the source term, which herein represents the coupled
momentum transport from the particle phase:

g 13~ 31CoRe
i~y 2
Ve 5 4p,d,

(p; — )1, AV ()

where 1, is the particle mass rate for the jth trajectory passing
through a cell C; V¢ is the volume of the cell; Afis the time that a
particle on the jth trajectory takes to pass through the cell; nc is
the total number of particle trajectories passing through the cell;
Re and Cp are Reynolds number and the drag coefficient of a particle
expressed in Eqs. (14) and (15); pp, dp, and u,; are the density, diam-
eter, and velocity in i direction of a particle, respectively.

Since it is a turbulence flow, characterized by fluctuating veloc-
ities, extra equations are needed to solve the above ones in a time-
averaged manner. So far, the most popular turbulent model is the
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two-equation model, or k-¢ model proposed by Launder and Spal-
ding [26], which describes the turbulence behavior by introducing
two additional variables, the turbulent kinetic energy k, and the
viscous dissipation rate of turbulent kinetic energy ¢. These two
equations are expressed as [24]:

Conservation of the kinetic energy of turbulence:

d(puyk) +1 o(rpurk) 0 K 1+&> a_k} +1
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Conservation of the dissipation of kinetic energy of turbulence:
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where y; and p, are laminar and turbulent viscosity, respectively,
(1=t pe) e = pCﬂkZ/s, and G represents the rate of production
of kinetic energy. The above equations contain four empirical con-
stants, which are selected as follows [26]: C;=1.44, C,=1.92,
C,=0.09, 0,=1.0, and 6,=1.30. The commercial computational

fluid dynamics (CFD) code, FLUENT, is used to solve the set of equa-
tions presented in Eqgs. (1)-(8).

2.4.2. Modeling particle flow

The powder used is Stellite 6, a wear resistant alloy, whose
physical and thermal properties are shown in Table 1. The size dis-
tribution of the powder is displayed by the sieve analysis in Table
2.To describe the size distribution of particles, Rosin-Rammler dis-
tribution, frequently used for representing particle/droplet size
distribution in sprays, was used. Basically, this approach is to di-
vide the whole range of particle sizes into an adequate number
of discrete intervals, with each represented by a mean diameter
d for which trajectory calculations will be conducted. According
to Rosin-Rammler distribution, the mass fraction of droplets with
the diameter greater than d is expressed by Eq. (9) [25],

Fy = exp(—(d/d)") 9)

where d is the size constant and n is the size distribution parameter
(spread parameter). Both of these two parameters need to be deter-
mined. Based on the sieve analysis in Table 2, the particles can be
classified into different size ranges with different mass fractions
in each range as shown in Table 3. The curve fit of the data in Table
3 allows one to determine the size constant d, which is the d value
at Fy=e! ~ 0.368 and turned out to be 96 um. In Eq. (9), the spread

parameter n can be rewritten:
_In(—InFy) (10)
~ In(d/d)

By substituting the given data pairs in Table 3 for F; and d/d into Eq.
(10) and taking an average, the spread parameter n of 4.23 was ob-

Table 1

Physical and thermal properties of Stellite 6 powder.
Density, p, (kg/m?) 8380
Specific heat, c, (J/kg/K) 421
Thermal conductivity, k, (W/mK) 14.82
Latent heat, L (J/kg) 2.92 x 10°
Liquidus temperature, T;q (K) 1630
Solidus temperature, T, (K) 1533

tained. For the powder used in this study, the minimum and maxi-
mum diameters were chosen to be 45 and 150 pm, respectively,
because particles beyond this range are in very low percentage
(<1%). The number of diameters is chosen to be same as the number
of diameter ranges shown in Table 2. All the size distribution
parameters are summarized in Table 4.

Another practical issue is that the shape of the particles is not
exactly spherical [6,7], as can be seen from Fig. 3. It can be noticed
that particles are not perfectly spherical but some satellite spheres
are attached, which often happens to fine powders during an inert
gas atomization process if a small cold particle hits a hot near
solidified droplet [27]. Therefore it is necessary to consider the
shape effect of the particles in terms of shape factor ¢, which is
used to describe how spherical a particle is and expressed as
[25,28],

- an

where s is the surface area of a sphere having the same volume as
the particle, and S is the actual surface area of the particle. The
shape factor is one for a spherical particle, while always less than
one for non-spherical particles.

The dynamic governing equations for each particle are repre-
sented by [25],

dx

a= W (12)
du, 18u CpRe &p,—p)

—P = u—uy) + 2 13
Re:pdp‘llluf uP‘ (14)

where p,, d,, up, are the density, diameter, and velocity of each par-
ticle, respectively. Basically the particles are driven by the main
forces of both gas flow drag and gravity. The drag coefficient expres-
sion with the four coefficients accounting for non-spherical parti-
cles are written as [25,28]:

24 o asRe
CD—R—e(1+a1Re )+a4+R€ (15)
a; = exp(2.3288 — 6.4581¢ + 2.4486¢?)
a, = 0.0964 + 0.5565¢
(16)

as = exp(4.905 — 13.8944¢ + 18.4222¢? — 10.2599¢?)
as = exp(1.4681 + 12.2584¢ — 20.7322¢?* + 15.8855¢°)

Based upon the pictures shown in Fig. 3, a value of 0.8 is chosen as
the shape factor for the satelliting shape particles [5].

Since the gas flow is turbulence, it is necessary to determine if
the particles are heavy enough not to be influenced by the fluctu-
ating velocities of the gases. This effect can be checked by the
Stokes number, a very important parameter in fluid-particle flows
[29], which measures if the particle has enough time to respond to
the instant changes in flow velocity. The Stokes number related to
the particle velocity is defined as [29]:
Tp
T

St = (17)
in which 7, is the velocity response time of the particles and t is
some time characteristic of the gas flow. A practical expression of
the particle’s Stokes number is given by [30]:

1.5
St:ﬁmpRe (18)
where y4 = dp/D, 7, = pp/p, Re is the Reynolds number, and D is some

characteristic dimension of the powder flow and was chosen to be
the channel width of the powder passage. After entering the values
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Table 2

Sieve analysis of Stellite 6 powder.
Sieve type 80 mesh 100 mesh 140 mesh 200 mesh 270 mesh 325 mesh Pan
Size (um) (>180) (150-180) (106-150) (75-106) (53-75) (45-53) (<45)
Results (%) 0.0 1.0 254 36.5 32.7 3.8 0.7

Table 3 temperature has been modeled [13-15,19-22], there have been

Mass fraction in particle diameter range.

Diameter, d (pm) Mass fraction with diameter greater than d, Fy (%)

45 99.3
53 95.5
75 62.8
106 26.3
150 1.0
180 0.0
Table 4
Summary of powder size distribution parameters.
Minimum diameter (pm) 45
Maximum diameter (pm) 150
Mean diameter (pum) 96
Number of diameters (#) 6
Spread parameter 423

Fig. 3. Non-spherical (Satelliting) particles.

of the given parameters into Eq. (17), a rough calculation showed
that for the powder flow conditions of the present study, the value
of St is much larger than 1. Therefore it indicates that the particles
are heavy enough such that they do not respond to the fluctuation
of the gas velocities, which means the gas velocities in Egs. (12)-
(14) are time-averaged ones.

Within the nozzle, each particle is assumed to retain its normal
and tangential momentums. Another assumption is that there is no
collision between each two particles, which is based on the fact
that the powder feed rate is very small such that the possibility
of two particles collision is very low. In this study, the Lagrangian
approach of the discrete phase model (DPM) in FLUENT has been
used to solve each particle’s dynamic behavior described by Egs.
(12)-(16).

2.4.3. Modeling particle heating process

During the flight of particles, they will travel through the laser
irradiation zone where the particles are heated up by the laser. This
thermal behavior is important since it determines how much addi-
tional thermal energy the particles will bring when hitting the melt
pool. Although the particle melting process with constant melting

very few studies reported on liquid fraction evolution during the
alloy material particle heating process. This paper presents a model
that is capable of modeling liquid fraction evolution for the alloy
particles during the phase change under laser irradiation.

To consider the process of phase change for a particle, an energy
equation is proposed as follows:

6 = hay(T. 1)+ % o, & (19)
where m, is the total mass of a particle, ¢, is the specific heat capac-
ity, Ay is the particle surface area, A,/4 denotes the effective projec-
tion area of a particle visible by the beam, and T, and T, are the
temperatures of the particle and surrounding gas, respectively, I is
the laser intensity on the particles, ¢ is the particle absorptivity of
laser power, which is assumed to be constant, and Ly is the latent
heat of the particle material. h is the convection coefficient, which
is determined from Nusselt number [31,32]:

 hd,
Nu ==

where 1 is the thermal conductivity of the surrounding gases, and
Pr(= cpu/2) is the Prandtl number. f is the liquid fraction, which is
expressed as:

my

=2+ 0.6Re*>Pr®3 (20)

0 Tp < Tsol
m _
f=t={ e Ta<T,<Ti0<f<1) (21)
mp ig— ! sol
1 Tp > Tliq

where T, and Tjq are, respectively, solidus and liquidus tempera-
tures for the alloy particles. For Stellite 6 powder used in this study,
an absorptivity of 0.47 for Nd:YAG laser [33,34] was taken. m; is the
mass of liquid part of a particle during its phase change. Within the
phase change, fis increased from O to 1, that is, from completely so-
lid to totally liquid. Basically, how the particle temperature evolves
is dominated by the laser heating, ambient gas convection and la-
tent heat of its phase change rate as indicated by Eq. (19).
From Eq. (21), one can obtain

g _ { (Tﬁqlrml) dditp Tsal < Tp < Tliq (22)
dt o Ty <Tw or T,>Ti
Substituting Eq. (22) into (19) yields
5mpo dTp _ Ap
(mpcp + m) qa - hA, (T — Tp) + HZ (23)
5= 1 Tsol < Tp < T“‘q (24)
0 Tp < Tsol Oer > Tliq

which can be rewritten as
d(T, -«
AT, — ) pdt 2 —By(Tp — 0tp) (25)
where

o = To + 5

B, = L‘ZW (26)

MpCp +Tlxq ~Tsol

Integrating Eq. (25) from t to t + At yields
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Tp(t+At) d(Tp _ O(p) /t+At
bk Sl A —pdt 27
/ -, 7)

p(t) TP — %
The iteration form of particle temperature finally becomes

T," = oy + (T, — o) €Xp(—B,At) (28)

where T:, denotes the particle temperature at time step level i with
At as the time step value, which is very small (~107° s) so that laser
intensity varies little during each time step. This particular algo-
rithm has been incorporated into FLUENT as a user defined function
to calculate the particle temperature evolution in the powder
stream along with the simulation of Lagrangian particle dynamic
model discussed in Section 2.4.2.

Since the laser beam is Gaussian, the following equation has
been used to describe the distribution of the laser intensity:

2P r
I(x,1) = m exp {2 Ri(x)} (29)

in which Ry, is the effective radius (0.75 mm) of the laser beam and P
is the laser power. The laser intensity profile and its position with
respect to the nozzle are shown in Fig. 4 for P=300W. The laser
beam converges with a half angle of 3.7° to the focal point at
x ~ 8.5 mm, followed by a 5 mm DOF (depth of field), and then di-
verges by the same angle. The center black line in Fig. 4 is due to
the mirror stitching of the two calculation domains. Because of
the very small powder feed rate which results in a very dilute pow-
der cloud, the laser power attenuation effect was neglected. This
assumption is reasonable according to the research in [35,36].

The laser intensity value defined in Eq. (29) is numerically
stored in the user-defined memory [37] of a local cell. In this
way, the spatial laser intensity field value can be assigned to each
cell in the calculation domain. As calculation continues, the simu-
lation of the particle heating process is accomplished via the iter-
ation form in Eq. (28) by retrieving the stored value in a cell into
the variable I as the particle travels through the cell.

\ /

10 mm Laser Intensity
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Fig. 4. Laser intensity profile. Laser power, 300 W; beam radius, 0.75 mm.

3. Results and discussion
3.1. Powder stream structure

The operating parameters have been set such that the powder
feeding rate was 3 g/min with 7.86 x 10> m3/s (10 SCFH) of
shielding (inner) gas and 7.86 x 10> m>/s (10 SCFH) of carrier
gas. Fig. 5 depicts the simulated powder stream structure formed
by multi-particle trajectories. It can be seen that the powder
stream begins to expand at the exit of the nozzle. Such expansion
is due to gravity and the mixed flow field of inner and carrier gases.
The particle streams merge into a main stream to form a waist, at
the distance of around 9 mm below the nozzle tip. After traveling
further distance, the main stream diverges, because the particles
flow in different directions naturally. According to the characteris-
tics of the powder stream structure, the powder flow below the
nozzle may be approximately categorized into three distinct
stages, pre-waist, waist, and post-waist, which are labeled by
(a-c), respectively, in Fig. 5. To get the detailed information about
each stage, three particle concentration plots of nine different
planes below the nozzle are shown in Fig. 6.

As seen in Fig. 6(a), before stream convergence, the particles’
peak concentration increases as x increases and the position of
the peak value is shifting towards the center, which indicates that
the particle stream is converging but not yet converged. After par-
ticles’ merging (approximately at x =~ 9.0 mm), the concentration
on the centerline first increases to the maximum at around
x =~ 12.0 mm and then decreases. The waist is about 2 mm in diam-
eter as can be seen from Fig. 6(b). The waist stage ends approxi-
mately at x=18mm. In the post-waist stage, the peak
concentration at the center decreases fast and eventually the pow-
der stream diverges.

It is worth to note that this distinct three-stage powder stream
structure of the present study is different from the typical ones,

Fig. 5. Particle stream structure: (a) pre-waist stage; (b) waist stage; (c) post-waist
stage. Powder flow rate, 3 g/min; inner gas flow rate, 7.86 x 107> m?[s; carrier gas
flow rate, 7.86 x 107> m>/s.
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Fig. 6. Particle concentration profiles of the three distinct stages for coaxial powder
stream: (a) pre-waist stage; (b) waist stage; (c) post-waist stage. Powder flow rate,
3 g/min; 7.86 x 107> m>/s; carrier gas flow rate, 7.86 x 107> m?[s.

which were characterized by a convergence of powder streams to a
point of maximum concentration, followed by a single expanding
stream with a Gaussian powder concentration profile [1-7]. The

I
I
!';

difference may be due to the different coaxial nozzle configura-
tions. For the nozzle used in this study, it has no outer gas, and
therefore the powder flow is not restricted by the outer gas that
may keep the powder jet from diverging after its convergence in
those coaxial nozzles. The predicted powder stream structure has
been validated by the experimental measurement, and a reason-
able match can be seen from Fig. 7.

3.2. Deposition zone prediction

The deposition zone can be predicted at the same time accord-
ing to the local particle concentration and laser intensity distribu-
tion, the combination of which depends on the user requirements.
In this paper, the desirable deposition zone, which was chosen to
be the overlap zone of the powder stream waist and the depth of
field of the focused laser beam, has been predicted and displayed
to be in the range of x ~ 10-14 mm as shown in Fig. 8.

3.3. Powder stream temperature distribution

In addition to the powder stream structure, another important
issue is the powder heating process. The powder temperature pro-
file has been predicted as in Fig. 9. As seen in Fig. 9, indicated by
the steep color transition, the particles experience a sharp increase
of temperature at the moment they enter the laser particle interac-
tion zone. The particles are quickly heated up from ambient tem-
perature to around 1000 K or even higher when passing through
the laser irradiation zone. It is worth to note that the particle tra-
jectory is critical to determining the particle temperature history
because it determines the laser particle interaction time and the la-
ser intensity that the particle experiences, thus influencing the
powder temperature distribution. Since each particle trajectory
may be different, the heating-up process for multi-particles is com-
plex. To reveal the detailed thermal behavior of multi-particles in
the particle stream, three planes at different x positions have been
selected to study the particle temperature distributions, which are
displayed in Fig. 10. As seen in Fig. 10(a) at x = 10 mm, the temper-
atures of the particles at the center are the highest and decay in the
radial direction. However this temperature distribution changes

Fig. 7. Validation of the predicted powder stream structure: (a) predicted (cross-section view); (b) experimental (front view). Powder flow rate, 3 g/min; inner gas flow rate,

7.86 x 107> m?/s, carrier gas flow rate, 7.86 x 10~> m°/s.
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Particle Concentration

kg/m®
25 mm (kg/m")

Fig. 8. Desirable deposition zone predictions (x1=10mm, x2 =14 mm). Laser
power, 300 W; beam diameter, 1.5 mm; powder flow rate, 3 g/min; inner gas flow
rate, 7.86 x 107> m?/s, carrier gas flow rate, 7.86 x 10~> m?/s.

when the plane moves down as seen in Fig. 10(b) and (c). The tem-
peratures of powders become bi-modal within a radial distance of
about 1.5 mm.

An important mechanism explaining the above interesting phe-
nomenon may be schematically illustrated in Fig. 11. In Fig. 11, the
range of the laser beam is represented by the dashed red lines. As
seen in Fig. 10(a), the plane of x = 10 mm is located where particles
have just converged. Therefore the particles falling on some point
of the plane are mostly from one sub-stream whose heating length

3.10e+03 Particle Temperature

2960403 (K)
2.82e+03
2.68e403
2.54e403
240e403
2266403

is indicated by the green part of the particle trajectory. It is evident
that the particles that travel to the points closer to the center are
subject to a longer laser irradiation time along with higher laser
intensity. This explains the trend that the particle temperature is
high at the center while deceasing in the radial direction as in
Fig. 10(a). However, in Fig. 11(b), the plane of x = 14 mm is located
at some distance below the converging point. The particles falling
on this plane have another source, that is, the mirror sub-stream.
Both the streams are contributing to the particle temperatures at
some point as indicated in Fig. 11(b). As seen in Fig. 11(b), the laser
heating lengths are different, and hence particle temperatures be-
come bi-modal as shown in Fig. 10(b) and (c). It can be expected
that after the stream totally diverges, the particle temperature dis-
tribution will become single-modal again. This bi-modal character-
istic was also noted earlier by Pinkerton [16].

3.4. Experimental validation

An experiment was carried out to validate the calculated re-
sults. The experimental setup is schematically shown in Fig. 12,
where a thermal camera (SprayWatch-2i, temperature measure-
ment range 1000-4000 °C) was used to measure the powder flow.
The SprayWatch camera detects particle traces and particle tem-
peratures. The particle velocity is measured by dividing the length
of trace with the known camera shutter time. Temperatures of the
particles are measured by two-color pyrometry [38]. The powder
material was Stellite 6.

Before the experiment, a ruler was placed underneath the noz-
zle tip along the center axis of the nozzle. The SprayWatch camera
was adjusted to focus on the ruler so that a sharp image could be
obtained in the actual measurement. Thus the center position of
the image could be determined based on the ruler scale. As de-
picted in Fig. 12, the SprayWatch camera was placed on a stage,
the height of which could be adjusted to obtain a desired height
position. During the experiment, when the powder flow rate be-
came stable, measurement of the powder flow heated by the laser
beam was taken by the SprayWatch and its software processed the
particles’ information and automatically stored measured average

2.12e+403
1.98e+03
1.84e+03

1.70e+03
= 1.56e+03
1.42e+03

1.28e+03
1.14e+03
1.00e+03
8.60e+02
7.20e+02
5.80e+02
4.40e+02
3.00e+02

Fig. 9. Powder jet temperature profile. Laser power, 300 W; beam diameter, 1.5 mm; powder flow rate, 5 g/min; inner gas flow rate, 7.86 x 107> m>/s, carrier gas flow rate,

7.86 x 107> m’/s.
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Fig. 10. Powder temperature distribution at different planes: (a) x =10 mm; (b)
x=12 mm; (c) x=14 mm. Laser power, 300 W; beam diameter, 1.5 mm; powder
flow rate, 5g/min; inner gas flow rate, 7.86 x 107> m?/s; carrier gas flow rate,
7.86 x 107> m’[s.

velocity and temperature data in the log file [39]. Three distances
were chosen for the measurement: 22.5, 32.5, and 42.5 mm away
from the nozzle tip. At each distance, the recorded data were aver-
aged over time so that a steady-state value could be obtained.
Fig. 13 shows an example of predicted distributed particle tem-
perature and velocity data in the measurement window at
22.5 mm distance. Note that the temperature distribution in
Fig. 13 looks different than those in Fig. 10, mainly because at
22.5mm distance, the powder stream almost totally diverges,

Nd: YAG Laser

Laser Optics

Coaxial Nozzle

Powder Flow! | Spray Watch Camera
—
Laser Beam Stage

Workstation

Fig. 12. Experimental setup for powder velocity and temperature measurement.

resulting in a transition from the bi-modal powder temperature
distribution to a single-modal distribution again. A small amount
of particles whose temperatures are above the evaporating tem-
perature 2800 °C [14] are considered evaporated and not plotted.
The corresponding average temperature and velocity values with
variations at the three distances are plotted with experimental
data in Figs. 14 and 15, respectively. The predicted average values
agree with the experimental data well.

The average powder temperature decreases from 1800 to
1500K as the distance increases from 22.5 to 42.5 mm, which is
due to the convection effect. The powder velocity is around
1.15 m/s. Although the experimental velocities do not show a clear
trend, the simulated velocity decreases slightly when the distance
increases. This is due to the loss of the driving force as the gas ex-
pands beneath the nozzle tip and becomes slower further away
from the nozzle.

4. Conclusions

A systematic model that describes the dynamic and thermal
behavior of the coaxial powder flow for direct deposition processes
has been presented. Predicted particle temperatures and velocities
have been verified by experimental results. By solving the coupled
momentum transfer equations between the particle and gas phase
while incorporating a unique subroutine for particle temperature
evolution, the dynamic and thermal behavior of multi-particles

Fig. 11. Schematic of the mechanism for particle temperature distribution at different planes: (a) x =10 mm; (b) x = 14 mm.
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Fig. 13. Calculated particle (a) temperature and (b) velocity distribution values at
distance x=22.5mm away from the nozzle tip. Laser power, 300 W; beam
diameter, 1.5 mm; powder flow rate, 5g/min; inner gas flow rate,
7.86 x 107> m?[s; carrier gas flow rate, 7.86 x 107> m?/s.

3000+

oPredicted
mExperimental average

2500 4

[~

o

o

o
L

1500

1000

Temperature (K)

500 A

0 T T
225 325 425
Distance from the nozzle tip (mm)

Fig. 14. Comparison between the experimental and calculated particle tempera-
tures at distances of 22.5, 32.5, and 42.5 mm away from the nozzle tip. Laser power,
300 W; beam diameter, 1.5 mm; powder flow rate, 5 g/min; inner gas flow rate,
7.86 x 107> m®[s; carrier gas flow rate, 7.86 x 10~ m>/s.

in the stream has been completely modeled. The modeling results
show that the coaxial powder jet may be categorized into three
distinct stages: pre-waist, waist, and post-waist, with different
particle concentrations for each. According to the combination of
powder concentration and laser beam conditions, a desirable depo-
sition zone was predicted, thus offering an approach to the selec-
tion of a desirable deposition plane for laser direct deposition. In
addition, the laser heating process of alloy particles has been mod-
eled and the multi-particle temperature distribution at different
deposition planes has been revealed. It has been shown that at
the plane very close to the jet converging point, the particle tem-
perature is high in the center and deceases in the radial direction,
while in those planes below the converging point, it becomes
bi-modal. After the powder stream totally diverges, its tempera-

16- oPredicted
mExperimental average

1.4

l

]
l

Velocity (m/s)
<]
o]

225 325 425
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Fig. 15. Comparison between the experimental and calculated particle velocities at
distances of 22.5, 32.5, and 42.5 mm away from the nozzle tip. Laser power, 300 W;
beam diameter, 1.5 mm; powder flow rate, 5g/min; inner gas flow rate,
7.86 x 107> m?/s; carrier gas flow rate, 7.86 x 107> m?[s.

ture distribution becomes single-modal again. The underlying
mechanism has been explained based on particle trajectories and
consequent laser-interacting lengths at different planes. The model
is capable of predicting the powder stream structure and multi-
particle phase change process with liquid fraction evolution for
various coaxial nozzle designs while considering the particle mor-
phology and size distribution in real powder samples. Therefore,
the presented model can be used to optimize powder flow condi-
tions, thus helping controlling direct deposition processes.
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