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Abstract High power direct diode laser (HPDDL) offers a rectangular laser beam with
top-flat intensity distribution making it an ideal tool for wide-clad deposition. In the
HPDDL-based cladding process, the powder is commonly fed laterally through a wide
nozzle into the molten pool by means of a carrier gas. In order to successfully utilize
this cladding technique, the powder feeding behavior needs to be carefully controlled.
In this study, based on an investigation of commercial powder feeding nozzles, a 3D
computational fluid dynamics (CFD) based gas-powder flow model was developed.
The effects of the nozzle exit geometry, powder properties (particle size, density and
shape), and powder feeding parameters (powder feeding rate and carrier-gas flow rate)
on the characteristics of the powder flow were studied. A high-speed CCD camera was
used to capture the powder flow characteristics such as the particle velocity and particle
distribution. Deposition experiments are also performed to verify the predicted powder
catchment efficiency and to check the clad geometry.

Keywords High power direct diode laser (HPDDL) . Gas-powder flow. Computational
fluid dynamics (CFD)

Introduction

Laser cladding is a promising technique for surface quality enhancement. A metallic or
ceramic layer can be added locally to the surface of a workpiece to improve its
hardness, wear, or corrosion resistance. Several tracks can be overlapped to cover a
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large area, and the excess material can be removed by grinding or machining. Most of
the previous research on laser cladding used CO2 and Nd:YAG lasers. The high power
direct diode laser which is characterized by high electricity efficiency, a long lifetime,
and low capital and operation costs, has found wide application in laser cladding [5].
With its short wavelength, HPDDL has an increase of beam absorption to metal with
respect to CO2 and Nd:YAG lasers [12]. Its wide laser beam with nearly uniform
intensity distribution minimizes the dilution value as low as 0.2 % [5] and is ideal for
large area deposition.

Powder injection cladding is a one-step process that possesses the most versatility
and highest accuracy for controlling the geometry of the clad and the deposition of the
clad on complex surfaces. Powder can be fed laterally [8] or coaxially [3] into the laser
beam. The major advantage of coaxial powder injection is its directional independence,
which makes it suitable for the production of complex components. For large area
cladding using a rectangular laser beam, the powder is usually fed laterally from a wide
nozzle. The shape of the gas-powder stream, the interaction between powder stream
and laser beam, and the molten pool play an important role in determining the clad
geometry, clad quality, and powder catchment efficiency. Cladding processes require
the understanding of numerous parameters, such as the nozzle geometry and its
position, the beam shape with its intensity distribution, the carrier-gas flow rate, the
powder feeding rate, the particle properties, and the substrate position. In-situ moni-
toring and numerical modeling were applied to improve the clad quality. Several online
monitoring methods have been tried. Meriaudeau et al. [14] used one CCD camera to
detect the temperature distribution of molten pool and another to detect the information
related to the shape of the clad, in order to develop a closed-loop control to compensate
the variation in the process. Doubenskaia et al. [6] used an infrared camera to visualize
the thermal phenomena of the molten pool to get the information including the
temperature distribution, thermal gradient, and cooling rate. Hu and Kovacevic [11]
used a CCD camera to monitor the size of the molten pool to ensure the constant width
of the deposition wall in laser additive manufacturing process. However, it is difficult
for on-line monitoring of the cladding process due to the high intensity of the laser
beam irradiating small area and while interacting with fine powder particles at a high
speed. Hence, numerical modeling offers a cost-effective way to better understand the
related physics in the laser cladding process and also provides guidance on optimizing
the process parameters.

In the past decades, a significant amount of experimental, analytical and numerical
modeling efforts have been dedicated to the development of cladding technology. Lin
and Steen [13] were the first to carry out some work on the characteristics of the
powder flow structure. They found that the coaxial powder stream was characterized by
a Gaussian distribution. The powder catchment efficiency could be optimized by
controlling the shielding- and carrier-gas flow rate. Pinkerton and Li [17, 18] proposed
an analytical model to estimate the powder concentration distribution and its attenua-
tion effect on laser beam. The powder flow visualization system was also developed to
validate the predicted results. Zekovic et al. [25] built a computational fluid dynamics
(CFD) model to simulate the gas-powder flow of coaxial powder injection. The
developed model was used to estimate the optimal distance from the nozzle tip to the
molten pool. Yang [24] found that the powder properties, nozzle geometry, and
shielding gas had large influences on the powder concentration distribution. Balu
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et al. [3] modeled the powder flow behavior of mixing particles of Ni-WC. However,
most of investigations so far have concentrated on the coaxial powder feeding system
with a circular laser beam. A few reports studies on off-axis powder injection with
respect to a rectangular laser beam. Wen et al.[23]) predicted the thermal behavior of
the powder stream based on the assumption of uniform powder ejection from a
rectangular outlet.

In order to make good use of the HDPPL cladding with off-axis powder injection, in
this study, the effects of the nozzle geometry, particle properties (particle density, size,
and shape), and powder feeding parameters on the characteristics of powder
flow(including particle velocity, particle trajectory, and powder concentration distribu-
tion) were investigated by using FLUENT software. The numerical model was vali-
dated with the experimental results based on the powder flow images captured by a
CCD camera and the deposited clad geometry.

Experimental Investigation

The experimental setup was comprised of an 8-kW Coherent HPDDL at a wavelength
of 980±10 nm, a 6-axis KUKA robot, and an AT-1200 high-pressure-rotary powder
feeding system, and the laser head tilted equipped with a set of powder feeding nozzles,
as shown in Fig. 1a. The HPDDL was focused into a 12×3 mm rectangular spot. The
divergence angle for the x (fast) axis and z (slow) axis were α=23° and β=19°,
respectively. The powder flow ejected out from the nozzle was illuminated by
a 532-nm wavelength green laser, as shown in Fig. 1b. The image was captured
by a CCD camera at the exposure time of 0.02 s. In order to reduce the effects
of the random movement of particles, an average image was obtained from 25
continuous images. According to Mie theory (the scattering of light by small
particles), the luminous intensity was proportional to the concentration of the
powder flow. The particle velocity at the nozzle exit was obtained by a CCD
camera at the exposure time of 0.0002 s.

Powder nozzle

Powder flow

Green laser

CCD camera

(a)
(b)

Fig. 1 (a) Experimental setup for laser cladding process and (b) vision system to study powder flow dynamic
behavior
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Figure 2a schematically illustrates the configuration of the laser head installed with
the powder-delivery nozzle. In order to protect the lens from the reflection of laser
beam and the ricochet particles, the entire laser head was tilted 10° with respect to the
vertical axis. The position of the nozzle could be adjusted to obtain a good coupling
between the powder stream and the diode laser beam. The powder was fed into the
powder nozzle by the carrier gas. The existing nozzle design had an exit of seven
distinct channels and as such was used for modeling as well as for the experiments. The
channel was a square slot with the dimensions of 1×1 mm. The total exit area is 7 mm2.
To investigate the effect of the nozzle exit geometry on the convergence of the powder
flow, two types of nozzles (one with a closed exit shape and the other with an open exit
shape) were tested, as shown in Fig. 2b-c.

Argon was used as carrier gas. An Fe-based alloy powder was used during the
experiments, in which the particle size Dp ranged from 45 to 150 μm in diameter, as
listed in Table 1. A36 mild steel was used as the substrate.

Two sets of experiments were performed to study the characteristics of powder flow.
The first set of experiments was designed to capture the powder flow characteristics by
image analysis. In the second set of experiments, the clads were deposited on the mild
steel. The clad geometry and powder catchment efficiency were identified. The powder
feeding and net clad weights were measured to determine the powder catchment
efficiency under different process parameters.

Mathematical Model of Gas-Powder Flow

Modeling Approach and Assumptions

Gouesbet and Berlemont [9] made a comprehensive review of the turbulent two-phase
modeling methods and found that the Eulerian–Lagrangian model was one of the most
powerful tools that could be used to predict the dispersed particle behavior in the
continuous turbulent flow. The gas flow phase calculation was based on the time-

Fig. 2 (a) Configuration of the powder feeding nozzle with the laser head [22], and the exit geometry of the
nozzle: (b) closed and (c) opened on one side
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averaged Navier–Stokes equations together with the k-ε turbulence model, while the
discrete phase calculation was based on the particle track model which predicts the
particle trajectory by integrating the force balance on the particle. Two-way coupling
between the two phases was calculated alternatively by solving the continuous and
discrete equations. Several assumptions were made in the model: (1) the powder and
the gas flow had the same inlet velocity, (2) the gravitational, drag and buoyant forces
were included, and (3) the inter-particle collision was ignored.

Modeling of Turbulent Flow

A time-averaged turbulent gas model was set up to solve the governing equations
expressed as [19, 20]:

Conservation of mass:

∂ ρuið Þ
∂xi

¼ 0 ð1Þ

where ui and xi represent the velocity and position.
Conservation of momentum:

∂
∂xi

ρuiu j

� �þ ∂
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iu
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j

� �
¼ −

∂p
∂xi

þ ∂
∂x j

μ
∂ui
∂x j

þ ∂uj

∂xi

 !" #
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where i, j=1,2,3, ρ is the density of gas, ui the velocity in the i-th direction, p is the

pressure, ρu0
iu

0
j

� �
is the Reynolds stress, and ∅i is the source term that represents the

coupled momentum transport from the particle phase [2]:

∅i ¼
X
j¼1

nC 3μCDRep
4ρpD

2
p

up;i−ui
� �

m
�
p; jΔt j ð3Þ

is the particle mass rate for the j-th trajectory passing through a cell,Δt j is the time that
a particle on the j-th trajectory takes to pass through the cell, nC is the total number of
particle trajectories passing through the cell, Rep and CD are the Reynolds number and
drag coefficient of a particle, and ρp, Dp and up;i are the density, diameter, and velocity
in i-th direction of a particle, respectively.

μ is the effective dynamic viscosity of the continuous phase:

μ ¼ μl þ μt ð4Þ

μl is the laminar viscosity:

μl ¼
ρV∞l

Re
ð5Þ
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μt is the turbulent viscosity:

μt ¼
Cμρk

2

ε
ð6Þ

Modeling of Particle Phase

The dispersed particles were treated as a continuous flow in the Lagrangian model and
the kinematic change of powder was considered by calculating the particle-gas inter-
action and particle-wall collision. In FLUENT, the trajectory of each dispersed particle
was predicted by integrating the force balance on the particle in a Lagrange coordinate
system. The force balance can be written as [19]:

dup;i
dt

¼ cFD þ
gi ρp−ρ
� �

ρp
þcFi ð7Þ

wherecFi is the additional force acting on the particles and cFD is the drag force, both on
a per unit particle mass in the i-th direction.

cFD ¼ FD ui−up;i
� �

FD ¼ 3μCDRep
4ρpD

2
p

ð8Þ

where Rep is the particle Reynolds number defined by:

Rep ¼
Dp ui−up;i
�� ��
μ

ð9Þ

andCD is the drag coefficient. Generally,CD depends on the shape and conditions of the
flow. For non-spherical particles, the drag coefficient CD was defined by Eq. (10) [10]:

CD ¼ 24

Rep
1þ b1Rep

b2
� �þ b3Rep

b4 þ Rep
ð10Þ

Where

b1 ¼ exp 2:3288−6:4581φþ 2:4486φ2
� �

b2 ¼ 0:0964 þ 0:5565 φ
b3 ¼ exp 4:905−13:9844φþ 18:4222φ2−10:2599φ3

� �
b4 ¼ exp 1:4681þ 12:2584φ−20:7322φ2 þ 15:8855φ3

� �
ð11Þ

where φ is surface factor:

φ ¼ s

S
ð12Þ
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where s is the surface area of a sphere with the same volume of the particle and S is the
actual surface area. The particle velocity can be acquired by:

dxi
dt

¼ up;i ð13Þ

Then a particle trajectory could be obtained by using Eqs. (7) and (13).
In FLUENT the particle size distribution could be described by a Rosin-Rammler

function:

Yd ¼ e
− Dp=Dp

� �n

ð14Þ

where Yd is the mass fraction of the particles with a diameter greater than Dp,
Dp is the mean diameter, and n is the spread parameter. According to the

powder properties listed in Table 1, Dp was calculated to be 95.36 and n was
3.14. The particle size distribution in weight is shown in Fig. 3. The column
chart was plotted based on the powder sieve analysis in which each column
represented the weight of the particles blocked by that mesh size. The black
line was plotted using Rosin-Rammler function.

In order to accurately predict the powder concentration distribution, a non-uniform free
mesh is adopted to the zones of high powder concentrations. Hexahedral finite elements
are utilized in this analysis. The finest element size is set to 0.2mm and a coarse meshwith
element size up to 0.8 mm is used in the domain far from the powder flow.

The powder catchment efficiency in the simulation is counted by the ratio of the
mass of particles which were trapped by the molten pool area to the total fed particles.
The molten pool size is defined to be 12×5 mm measured from the CCD image shown
in Fig. 4.

Results and Discussion

Powder Flow Structure

Figure 5a-b depict the powder stream structures formed by the nozzles with the closed
and open exit, respectively. The front views of the powder flow in simulation and
experiment look similar at the closed and open exits, while the side view of the powder
flow in simulation and experiment shows that the powder flow expanded more at the
closed exit due to the opening at the nozzle exit releasing the gas pressure. Conse-
quently, the velocity of the particles was slow down and the trajectory of the particles

Table 1 Size distribution of Fe-based alloy powder

Powder size (μm) >45 45~53 53~75 75~106 106~150 150~180 >180

Mass fraction, % 1.11 4.56 28 44.96 20.6 0.77 0
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dispersed in the gas was changed. The opening at one side of the nozzle exit was
beneficial for reducing the divergence of the powder. In the following study, the nozzle
with an open exit was selected.

The velocity of the powder particles was an important variable that influenced the
powder flow characteristics. At a powder feeding rate (m) of 50 g/min and a carrier-gas
flow rate (CG) of 15 SCFH (0.425 m3/h), Fig. 6 represents the gas and particle velocity
distribution. The inlet velocity of the gas vg and particles vp were assumed to be the same

and set to be 9.4 m/s Vg ¼ Vp ¼ 4
� CGð Þ

πd2i Þ
, where di is the diameter of the inlet, which is

4 mm. Due to the features of the structure inside the powder nozzle, the gas flow
carrying the particles tended to exit from the side channels. It was predicted that the
velocity of gas near the exit was in the range of 6~10 m/s, while the velocity of the
particles was in the range of 2.8~4.5 m/s. These results indicated that the dynamic

Fig. 4 Image of molten pool
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Fig. 3 Comparison between measured and Rosin-Rammler particle size distribution
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behavior of the particles was closely related to the gas field, whereas replacing the
powder velocity with the gas velocity was not accurate for the quantitative analysis. The
numerical model was verified by the experimental measurements with respect to the
powder particle velocity. In the imaging technique, the particle velocity was measured
based on the trace length of the particle captured by a CCD camera at an exposure time
of 0.2 ms, as shown in Fig. 7. The particle velocity, Vp, could be expressed in terms of
the trace length of the particle (l) divided by the exposure time (t) as:

Vp ¼ l

t
ð15Þ

Lengths of the traces of particles near the nozzle exit were measured. The measured
results matched very well with the predicted velocity of the particles.

Figure 8 presents the powder concentration distribution from the front view and the
cross-sections at several distances from the nozzle tip. The powder concentration near the
edges of the nozzle was higher than at the center, which related to the characteristics of the
gas field as described above. The powder was pushed out of the nozzle from the row of
seven channels with a dimension of 10×1 mm. At the distance of 20 mm from the nozzle
exit the powder stream expanded to 14×4 mm. Given that the powder stream began to
diverge after exiting the nozzle, the deposition distance should have been as small as
possible in order to achieve the highest powder catchment efficiency. However, due to the
heating of the nozzle tip caused by the large reflection of laser beam, the powder nozzle

Fig. 5 The particle track after injection from the nozzle with (a) a closed exit and (b) an open exit
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was easily clogged by the ricochet of powder particles. Since the laser spot size was 12×
3 mm, the optimal position of intersection between laser beam and powder flow was
determined to be at a distance of 8 to 12 mm from the nozzle tip.

The powder flow image captured by the CCD camera is shown in Fig. 9a with a
color legend in which red indicated a high powder concentration and blue indicated a
diluted powder concentration. Similar distributions of powder concentration were
found from numerical results. Figure 9b shows the cross section of the clad deposited
at the distance of 10 mm with a laser power of P=3.5 kW. The concave surface profile
of the clad was associated with the surface tension of the molten pool and the

(a) (b)

Fig. 6 Velocity field of (a) the carrier-gas flow and (b) the powder flow

5
 m

m

Fig. 7 Particle track image corresponding to model verification case
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distribution of the feeding material. One method to obtain a flat clad surface could be
performed via optimization of the carrier gas flow rate. Increasing the carrier-gas flow
rate could improve the full mixing of the powder inside the nozzle and mitigate the
difference of the powder concentration over the width of the nozzle after exiting the
nozzle. Figure 10 shows the powder flow image and the resulted clad when the carrier-
gas flow rate was increased to 20 SCFH. The clad surface became flatter but its height
was decreased, which indicats that the powder catchment efficiency was decreased at a
high carrier-gas flow rate.

Effects of Particle Properties on the Powder Feeding Behavior

The powder properties (particle size, density, and shape) largely influence the spatial
distribution of the particles [16]. In order to investigate the effects of individual factor
like particle size, density, and shape, each factor was studied independently from each
in the simulation. In practical application, the powder properties are more dispersive.
Numerical analysis would provide guidance for analyzing the experimental results and
give a better understanding for the efficient use of powder.

Effects of Particle Size on the Powder Feeding Behavior

In order to study the effects of particle size, the size of Fe-based particles was
discretized to be 10, 50, 100, 200, and 300 μm, respectively. The particle velocity
was decreased with an increase in the particle size, as shown in Fig. 11. With a constant
inlet velocity of 9.4 m/s (CG= 15 SCFH), the particles with the size of 10 μm reached

Y
5 mm

10 mm

15 mm

20 mm

5 mm

10 mm

15 mm

20 mm

kg/m3

12 × 3 mm2

11 × 2 mm2

13 × 3 mm2

14 × 3 mm2

(a) (b)

Fig. 8 Powder concentration distribution of single nozzle at (a) the front view and (b) cross-sectional view at
several distances from the nozzle tip
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the averaged velocity of 9.24 m/s at the exit of the nozzle, whereas the averaged
velocity of the particles with the size of 300 μm was of 1.25 m/s. The particle velocity
represented the combined effects of the drag force by the carrier gas, the gravity of the
particle and the collision with the walls. The restitution coefficients of the particles were
mainly affected by the particle shape and the impact angle [21]. Here, a constant
restitution coefficient of 0.5 was selected [15]. From Eq. (7), it was found that the
variation of the particle size had a dominant effect on the drag force, which was in an
inverse-proportional relationship. The smaller the particle, the larger the drag force is.

Figure 12 shows the streamline plot of the carrier gas. The single nozzle was angled
45° such that the carrier gas impact the back of the molten pool. The particles at track 2
would be trapped by the molten pool, while particles at track 1 and 3 would be reflected
by the solid substrate. Figure 13a-c represent the particle tracks of some selected
particle size after ejected out of the nozzle. It can be observed that the fine particles
were more vulnerable to the influences of the turbulent gas flow. A few particles were
suspended above the molten pool. Most of the fine particles following closely to the
main gas stream were carried to the front of the molten pool along track 1 and reflected.
With an increase in particle size, the particles were more dispersed after collision with
the nozzle walls. In addition, because of the effect of gravity, more particles tended to
move along tracks 2 and 3. Most of the particles with the size of 100 μm entered the
molten pool along track 2. Remaining particles were reflected away from the surface.
The particles with the size of 300 μm slid down against the wall of the nozzle slowly.
Most of them travelled along the track 3 and reached the front of the molten pool.
Large-sizedparticles that were not trapped by the molten pool remained on the substrate
surface. Figure 13d shows their corresponding powder concentration distribution at a

1
0

 m
m

dense

dilute 2.00 mm

(a)

(b)

Fig. 10 (a) powder flow image captured by CCD camera (b) cross-section of the deposited clad produced at a
distance of 10 mm between the outlet of the nozzle and the molten pool (m=50 g/min and CG=20 SCFH)

1
0

 m
m

dense

dilute

(a)

(b)

Fig. 9 (a) powder flow image captured by CCD camera (b) cross-section of the deposited clad produced at a
distance of 10 mm between the outlet of the nozzle and the molten pool (m=50 g/min and CG=15 SCFH)
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Fig. 11 Particle velocity versus particle size
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Fig. 13 Particle track at different particle sizes of (a) 10 μm, (b) 100 μm and (c) 300 μm and powder
concentration (d) at the plane of Y=−8 mm
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distance of 8 mm from the nozzle tip. For the small particles that followed the gas flow
more closely, the powder concentration was low and their distribution was more
uniform below the exit of the nozzle. For the particles larger than 100 μm, the effects
of gravity and inertia were more pronounced, resulting in a distinct separation of the
powder flow after expulsion from the nozzle.

For the powder flow comprised of Fe-based powder with particle sizes ranging from
45 to 180 μm, it can be inferred that the small particles tended to travel at the upside of
the powder flow with high velocity, while the large particles tended to travel at the
downside of the powder flow with low velocity. Moreover, particles were more
concentrated near the side than the center over the nozzle width. The particles with
the sizes around 100 μm were the main contributor to the powder catchment efficiency,
as shown in Fig. 14.

The Effects of Particle Density on the Powder Feeding Behavior

Three types of particles with constant particle sizes of 100 μm were ejected out of the
powder nozzle. The density of Fe, Ni and WC was 8030, 8900 and 15,600 kg/m3,
respectively. From Eq. (7) it is clear that the force acting on the particle is proportional
to the gravity while inversely proportional to the drag force. Hence, the larger the
particle density, the more pronounced the effect of gravity. Figure 15 shows that the
particle velocity decreased with an increase in the particle density.

Figure 16a-c shows the particle tracks and Fig. 16d shows the powder concentration
distribution at different densities. With an increase in the particle density, the particles
were more dispersed. An amount of the particles that were not trapped by the molten
pool bounced off the substrate back into the air over the molten pool. This would
increase the attenuation of the laser beam by the powder particles and decrease the
powder catchment efficiency. It can be inferred that in the matrix metal composite
composed of the particles with different densities, the particles with the density close to
WC would be lost more, as shown in Fig. 17. Moreover, due to the difference in the
other physical properties of these particles (Fe, Ni, WC) would dramatically change the
clad properties. Anandkumar et al. [1] found that the particle velocity had a large
influence on the microstructure of the clad in the Al-Si metal matrix composite
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reinforced with SiC. This work was helpful for better understanding of the mechanism
of the mass and heat transfer in the deposition and for building a base to optimize the
microstructure of metal matrix composites.

Effects of Particle Shape on the Powder Feeding Behavior

In the production of the powder, particles were usually not purely spherical, as shown
in Fig. 18. Here the irregularity of the particle shape was described by the concept of
surface factor (Eq. 12), which for the non-spherical particle was less than 1. The particle
shape had a significant effect on the interaction between the solid particle and the gas
field. Previous work had demonstrated that the particle shape mainly affected the drag
coefficient [4] and the smooth powder delivery [7]. From Eq. (10), it was confirmed
that the non-spherical particle had a much higher drag coefficient, resulting in a higher
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Fig. 15 Particle velocity versus particle density (Dp=100 μm)
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Fig. 16 Particle tracks of different particle densities of (a) 8030 kg/m3, (b) 8900 kg/m3 and (c) 15,600 kg/m3
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velocity, as shown in Fig. 19. The tracks of the particles and the powder concentration
for different shape factors are shown in Fig. 20. Due to the angular shape of the non-
spherical particles, the powder flow was not as free-flowing as the spherical particles.
Moreover, due to the collision between the wall and particles, the directions of the non-
spherical particles at the exit of the nozzle are more scattered. Some particles escaped
from the main powder stream at the exit of the nozzle. For the remaining particles, they
impact the substrate in a narrower zone, but the total powder catchment efficiency was
low, as shown in Fig. 21. It can be inferred that for the powder mixed with different
particle shapes, the spherical particles made the main contribution for the powder
catchment efficiency.
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Effects of the Powder Feeding Parameters on the Powder Feeding Behavior

In the investigation of the effects of the powder feeding parameters on the powder flow
characteristics, the feeding material of Fe-based alloy with a surface factor of 1.0 is
simulated. The effect of the carrier-gas flow rate and the powder feeding rate on particle
velocity is shown in Fig. 22. The averaged particle velocity was increased from 2.5 to
4.9 m/s when the carrier-gas flow rate was increased from 10 to 20 SCFH. The average
particle velocity was almost constant with the variation of the powder feeding rate. That
implied that the inter-particle collision had little effect on the motion of the particles due
to a very low volume fraction of the particles.

Figure 23 presents that the powder catchment efficiency decreased with an increase
in powder feeding rate. The powder catchment efficiency decreased with an increase in
carrier-gas flow rate at m=30 g/min and 50 g/min. However, at m=70 g/min, the
powder catchment efficiency was very low at CG=10 SCFH. The low efficiency was
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caused by the nozzle clogging. The kinetic energy of the gas field at a low flow rate was
not high enough to press such an amount of mass out of the nozzle and ultimately
affected the powder delivery, and was thus not accurately predicted by simulation under
the same conditions.

Conclusions

Several powder delivery issues associated with the HPDDL cladding process were
studied by both numerical and experimental methods. The conclusions were drawn as
follows:

(1) The exit shape of the nozzle affected the powder flow structure. The opening at
one side of the nozzle exit controlled the pressure distribution and was beneficial
in providing more coherent powder flow.

(2) The powder concentration distribution over the nozzle width was not uniform and
affected the deposited clad geometry. The powder concentration at the side region
of the nozzle was higher than at the central region. A clad with a flat surface could
be obtained by adjusting the carrier-gas flow rate which will provide more
uniform powder distribution across the outlet of the nozzle.

(3) The particle properties including particle size, density, and shape factor and the
powder feeing parameters including powder feeding rate, and carrier-gas flow rate
had effects on the particle velocity, its trajectory, powder concentration and
catchment efficiency.

(4) It was found that higher particle velocities would be observed with fine particles,
while the larger particles were more dispersed and tended to be separated into two
powder streams near the side region of the nozzle. With the increase of particle
density, the particle velocity decreased. Non-spherical particles had higher veloc-
ities and were more vulnerable to the effect of the turbulent gas field.

(5) The particle velocity was increased with an increase in carrier-gas flow rate, while
nearly unaffected by the powder feeding rate. The powder catchment efficiency
was increased with a decrease in carrier-gas flow rate. However, the carrier-gas
flow rate needed tostrong enough to push the particles out of the powder nozzle.
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