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In order to clarify the transportation mechanism of particles in continuous coaxial powder feeding (CCPF)
process, a trial-and-matching method is developed to quantify the restitution coefficient which is used to de-
scribe the inelastic collision between the particle and the nozzle wall. The consistency of the outlet velocity
and the spatial concentration distribution of particles between the experimental statistic and the numerical cal-
culation shows that the restitution coefficient of 0.9 can be used to measure the inelastic collision behavior be-
tween particles and the nozzle wall. Employing the determined restitution coefficient, a semi-quantitative
method based on optical diagnostic and quantitative analysis derived from numerical calculation are proposed
to study the powder-gas flow transport characteristics from single-layer to multi-layer jet flow. It is found that
the outer shielding gasflow(OSGF) has a great influence on themulti-layer jetflowfield, and it ismost conducive
to powder focusing at the OSGF of 20 L/min. The velocity distribution of CGF determined by the inner structure of
CCPFN and the inelastic collision between the particle and thewall are the twomutually coupled factors that de-
termine the outlet velocity of particles. Frequent inelastic collisions and the decrease of the CGF velocity lead to
velocity dispersion and trajectory fluctuation of particles. When the inlet velocity of particles is 1.33 m/s, the
outlet velocity ranged from 0.4m/s to 0.9m/s. This paper aims to provide a generalmethod to determine the res-
titution coefficient and offer a comprehensive understanding of transportation mechanism of power particles
both inside continuous coaxial powder feeding nozzle (CCPFN) and multi-layer jet zone between substrate
and the CCPFN outlet.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Laser directed energy deposition (LDED) with the production mode
of adding material is a promising technology, which is capable of
manufacturing wear-resistant coatings [1], composite parts [2], func-
tionally graded components [3] and repairing parts [4]. In LDED process,
a laser is focused on the substrate and then the substrate melts. In the
meantime, the powder is transported to the molten pool by pneumatic
transportation. Through the rapid melting and solidification process,
metallurgical bonding layer is formed between substrate and additive
materials [5,6]. Stable and controllable powder feeding is of great
Chinese Academy of Sciences,
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importance to achieve smooth surface and defect-free manufactured
parts or deposited layer [7]. Continuous coaxial powder feeding
(CCPF) is the most widely used method to transport particle materials.
Powder jet with circular distribution can be achieved by using continu-
ous coaxial powder feeding nozzle (CCPFN), which consists of an annu-
lar wedge-shaped channel. Powders are transmitted in the wedge-
shaped channel under the drag force of single-layer jet of carrying gas
flow (CGF). After several collisions between particles and the wedge-
shaped wall, the particles are emitted from the CCPFN, and spatial con-
centration distribution can be formed between substrate and the CCPFN
outlet. There are also other two kinds of shielding gas flow in CCPF pro-
cess, namely, the inner shielding gasflow (ISGF) and the outer shielding
gas flow (OSGF). The ISGF is emitted from the center of the CCPFN,
protecting the lenses from the powder particles rebounding from the
substrate. The OSGF is emitted from the periphery of the powder flow
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to prevent powder particles and deposited layer from oxidation. When
the powder is ejected from the CCPFN, the velocity and the trajectory of
particles are affected by the coupling effect of multi-layer jet flow.

The outlet velocity of particles just ejected from the CCPFN is an im-
portant feature of powder transport behavior, which determines the
transportation trajectory and spatial concentration distribution of parti-
cles in multi-layer jet zone. Moreover, the powder transport behaviors
in space between the CCPFN and the subtract not only dominate the
mass of powder particles reaching the melt pool and the thermal state
of those particles, but also determine the laser power attenuation [8].
So it is very necessary to clarify the process mechanisms of the gas-
powder flow from single-layer to multi-layer jet in CCPF process. Most
researchers have carried out extensive studies [9–15] on transportation
mechanisms of particles in CCPF process based on simulation and opti-
cal diagnostic methods. Lin et al. [9] studied powder flow under various
arrangements of the nozzle exit through 2D simulation. It was found
that a higher powder concentration can be achieved through a specific
nozzle arrangement. The influence of two nozzle exits on the powder
concentrationwas studied without considering thewhole wedge struc-
ture. Zhang et al. [10] built a 2D axisymmetric model to investigate the
concentration distribution and then suggested an optimal shielding gas
flow. Zhu et al. [11] used gas-solid two-phase flow theory to build 2D
axisymmetric model of coaxial powder feeding flow field. The effect of
deposited layers and focus distance from nozzle outlet to convergence
point on the powder concentration distribution was studied. From the
view of whole CCPFN structure, the CCPFN is not completely symmetri-
cal and the gas turbulence occurs in thewhole three-dimensional space.
Furthermore, the particles move along the three-dimensional trajec-
tory. Hence, 3D simulation method is more suitable for the research of
particle transport trajectories and spatial concentration distribution.
Tabernero et al. [12] employed the turbulence k-ε model and the
Euler-Lagrange approximation to simulate the powder flux distribution.
The simulation results were confirmed by selective weight measuring
method. In reference [13], the computational fluid dynamics (CFD)
method was used to study particle trajectories and the interaction be-
tween particles and laser. Zhang et al. [14] investigated the effect of en-
vironment pressure and nozzle dimensions on distribution and velocity
of particles. It was found that the nozzle dimensions have significant ef-
fect on particle distribution and velocity. Zhang et al. [15] established a
3D numerical model to analyze the aerodynamics characteristics and
particle transport behavior of the nozzle. The results showed that the
gas dynamic characteristic of the nozzle is the key factor affecting the
powder flow field. In above research [12–15], the OSGF channel for
theCCPFNusedwas neglected,which has important effect on the trajec-
tory of particles ejected from the nozzle actually.

In the process of particle transportation, the trajectories of particles
leaving the nozzle are strongly influenced by their collision behaviors
and cannot be predicted accurately from the passage angles only
through trigonometry and geometrical methods [16]. Moreover, the
collision process between particles and wall is actually inelastic, and ac-
companied with the kinetic energy loss of particles. However, the effect
of inelastic collision between the particles and the nozzle walls on the
profile of particle transportation behavior was not included in the
above study [9–15].

Generally, restitution coefficient, defined as the ratio of velocity be-
fore and after collision, is used to describe the inelastic collision process
[17–21]. Pan et al. [17] developed a 3D stochastic non-spherical particle
collision model for simulating the dispersion behavior of powder parti-
cles in and out the CCPFN. In this work, the effect of carrying gas and
shielding gas on the spatial concentration of particles were not taken
into consideration. Kovalev et al. [18,19] numerically investigated
mechanisms of elastic and non-elastic reflection of the particles from
the nozzle walls. They found that collisions of particles and walls of
the transport channel impose the governing effect on the particle trajec-
tories. There is only a comparative study of powder motion trajectories
under two restitution coefficients and there is no theoretical guidance
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for the determination of the restitution coefficient. It was found in refer-
ence [20] that the powder concentration in the focus plane increases
with the decrease of restitution coefficient by means of simulation. Li
et al. [21] studied the incident direction and concentration distribution
of powders for discontinuous coaxial powder feeding head. It was
found that the collision of the powders with the inner wall of the pas-
sage is the reason for the powder streamdivergence at the nozzle outlet.
Notably, all the above studies on particle-wall collision were lack of ex-
perimental verification.

Optical diagnosis and image processing technology are important
means to study particle behavior in CCPF process. Tan et al. [22] devel-
oped a photographic system to describe the powder feeding behaviors
based on the powder flow images. In reference [23], schlieren-imaging,
high-speed imaging and laser doppler anemometry were used for opti-
cal diagnostics of the flows. Wu et al. [24] developed a general powder
distribution model based on an image-based powder measurement
(IBPM) technique. Sergachev et al. [25] developed a noncontact registra-
tion methods to measure particle velocity and temperature in a coaxial
jet gas flow.

In summary, there are twomain problems to be addressed in study-
ing powder transport behavior. First, the transportation behavior of
powders in the CCPFN is determined by the mutual effect of drag force
exerted by CGF and the inelastic collision between particles and the
wall, which cannot be observed directly. Secondly, the restitution coef-
ficient characterizing inelastic collision between particles and the inner
wall of CCPFN cannot be accurately determined. This is due to the diver-
sity of particle size distribution, particle morphology, the continuous
changes of incident angle and velocity in the process of collision. As a re-
sult, the restitution coefficient cannot be specified by a single scientific
principle. Hence, it is urgent to establish a model that can be used to
deeply elaborate the powder transport behavior, including the physical
processes of the interaction between particles and gas jet flow, the col-
lision behavior between particles and the nozzle wall, and the impact of
multi-layer jets on powder transport.

In this paper, experiments for capturing the exit behavior of particles
and experiments for recording the transport morphology of particles
are carried out to study the powder feeding behavior. Outlet velocity
distribution of particles and semi-quantitative spatial mass concentra-
tion distribution are studied by using optical diagnosis and particle
tracking method. Subsequently, a 3D computational fluid dynamics
(CFD)- discrete phase model (DPM) coupling model for pneumatic
transport of particles in CCPF process is built. The trial-and-matching
method for experimental and numerical outlet velocity distribution of
particles and spatial concentration is used to determine the restitution
coefficient. Based on the determined restitution coefficient, dynamic
pneumatic transportation characteristics, spatial concentration distri-
bution controlled byOSGF are studied. Finally, the turbulence character-
istics of jet flow from single-layer to multi-layer are analyzed
quantitatively. This paper aims to provide a general method to deter-
mine the restitution coefficient and offer a comprehensive understand-
ing of transportation mechanism of powder particles both inside CCPF
and multilayer jet zone.

2. Experimental method

2.1. Nozzle structure

As shown in Fig. 1(a), a copper machined CCPFN consisting of three
gas flow channel, namely the inner shielding gas flow (ISGF) channel,
the carrying gas flow (CGF) channel and the outer shielding gas flow
(OSGF) channel, was used in this study and its two-dimensional dia-
gramwas shown in Fig. 1(b). The structure tagged in red was the chan-
nel for cooling water, which was used to dissipate heat of the CCPFN.
The detailed structure parameters were shown in Table 1.

The coordinate system (x, y, z) established based on the structure of
the CCPFN was shown in Fig. 1(c). The center point O of the horizontal



Fig. 1. Structure of CCPFN (a) Actual CCPFN (b) Two-dimensional diagram (c) Coordinate system established in CCPFN.

Table 2
Process parameters in capturing the exit behavior of particles.

Variable Value

ISGF rate 0 L/min
OSGF rate 0 L/min
CGF rate 4 L/min
Powder feeding rate 30 g/min
Type of protective gas argon
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section of the CCPFN outlet was the origin of the coordinate system, and
the central section along the gravity direction of the CGF channel was
established as the Oxz plane. The horizontal plane of the powder-gas
flow outlet was defined as the Oxy plane. The transportation behaviors
of powder-gas flow from multi-layer jet to single-layer jet can be dis-
cussed clearly.

2.2. Process for observing the powder transportation

The method of optical diagnosis provides an intuitive and qualitative
analysis for studying the transportation behavior of powders in LDED
process. Combinedwith the imageprocessingmethod, the particle trans-
portation behavior (such as velocity and concentration of particles) can
be obtained from the optical diagnosis image. In this study, two groups
of experiments were carried out to study the powder feeding behavior,
namely, experiments for capturing the exit behavior of particles and ex-
periments for recording the transport morphology of particles.

In the experiments of capturing the exit behavior of particles, both
the ISGF and OSGF were set to zero to ensure that the exit state of
particles was only affected by CGF and inelastic collision. Detailed
Table 1
Structure parameters of CCPFN.

Variable Symbol Value

ISGF inlet diameter dis 6 mm
OSGF inlet diameter dos 4 mm
CGF inlet diameter dc 4 mm
ISGF channel angle θis 38.5°
CGF channel inner angle θci 55.5°
CGF channel outer angle θco 62.5°
OSGF channel inner angle θosi 77.0°
OSGF channel outer angle θoso 85°
Number of CSGF inlet 4
Number of OSGF inlet 2

3

parameters in the powder feeding process were shown in Table 2. In
the experiments of recording the transport morphology of particles,
the ISGF and CGF were fixed during the experiments, and the transport
morphology of particleswas only affected byOSGF and the detailed pro-
cessing parameters were shown in Table 3.

In this paper, a high-speed photography system (shown as Fig. 2)
was developed to capture the powder transportation behavior. It
consisted of a pneumatic powder feeder, a quadruple coincidence set,
two strong LED light sources, a high-speed camera(i-speed210, iX Cam-
eras, United Kingdom), and a CCPFN with its support frame. The high-
speed camera was placed perpendicular to the symmetrical plane of
inlet. The two strong LED light sources provided light for the whole
powder flow field from two symmetrical positions, which was
Table 3
Process parameters in recording the transport morphology of particles.

Variable Value

ISGF rate 10 L/min
OSGF rate 0,5,10,15,20,30 L/min
CGF rate 4 L/min
Powder feeding rate 30 g/min
Type of protective gas argon



Fig. 2. Schematic diagram for capturing spatial morphology of powders.

Table 4
Size distribution of 316 L particles.

Parameters Value

Minimum diameter(μm) 48.09
Maximum diameter(μm) 157.71
Mean diameter(μm) 84.97
Shape factor 0.9
Spread parameter 3.78
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perpendicular to the shooting direction of high-speed camera. In the ex-
periments of capturing the exit behavior of particles, the high-speed
camera was set with the frame rate of 1500 per second, the frame size
of 992 × 540 and the exposure time of 80 ms. In the experiments of
recording the transportmorphology of particles, the high-speed camera
was set with the frame rate of 1500 per second, the frame size of
768 × 1710 and the exposure time of 300 ms.
2.3. Material

Gas atomized, near-spherical 316 L powderswere used in this study.
For an accurate simulation of the particle characteristics, the size distri-
butions of the powders were studied by scanning electron microscope
(SEM) and sieve analysis. The morphology of the powders was shown
in Fig. 3 and the particle size by sieve analysis was shown in Table 4.
As shown in eq. (1), shape factor ϕs is employed to describe the
proximity of particle shape to sphere.
Fig. 3. Morphology of 316 L particles.
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ϕs ¼
Sv
Sp

ð1Þ

where Sp is the actual surface area of the particle, Sv is the surface area of
a sphere with the same volume as the particle.

Rosin-Rammler method is employed to fit the size distribution of
powder particles. In this method, the relationship between the mass
fraction of particles and the diameter can be describe as follows:

Yd ¼ e− d=dð Þn ð2Þ

where d is the diameter of the particle, d is the mean diameter of the
particle, Yd is the cumulative mass fraction of material with the
diameter less than size d. n is the spread parameter describing the
uniformity of the diameter distribution of the particles.

3. Mathematical model

Physical and mathematical descriptions of the particle transporta-
tion in LDED process include two main aspects: gas jet from single-
layer to multi-layer and particle behavior from inside to outside of the
CCPFN. The main assumptions in this study are as followed:

(1) The powder-gas flow is regarded as a viscous, incompressible,
and steady-state turbulent flow;

(2) The effect of laser beam on gas flow and powder flow is ignored;
(3) Only the gravity, buoyancy and drag force of powder particles are

considered;
(4) The size of particles is assumed to follow the general Rossin-

Rammler distribution.

3.1. Gas jet flow

In LDED, the flow state of gas jet is turbulent. The numerical simula-
tion of a turbulent flow involves the modification of the Navier-Stokes
equations using a time-averaging procedure [16]. For a turbulent flow
being steady, incompressible, isothermal, chemically homogeneous,
and without body forces, the governing equations for gas jet flow are
written as [26]:

Conservation of mass:

∂ ρuj
� �
∂xj

¼ 0 ð3Þ

where ρ is the gas density, xj and uj represent the position and gas
velocity component.

Conservation of momentum:

∂ ρuiuj
� �
∂xj

¼ −
∂p
∂xi

þ ∂τij
∂xj

þ ρgi þ Si ð4Þ

where gi is the gravitational acceleration, the subscripts i, j=1, 2, 3 are
tensor representation, Si is the source term representing the force
applied by the powder, τij is the viscous stress given by



Fig. 4. Grid distribution of calculation area.
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τij ¼ μ þ μ tð Þ ∂ui

∂xj
þ ∂uj

∂xi

 !" #
−

2
3
μ t

∂ui

∂xi
δij ð5Þ

where μ is themolecular viscosity.When i= j, δij=1, otherwise, δij=0,
μt is the turbulent viscosity expressed as:

μt ¼ ρCμ
k2

ε
ð6Þ

where k is the turbulent kinetic energy, ε is the dissipation rate of turbu-
lent kinetic energy.

The standard k-ε model here is used [26].
Conservation of kinetic energy of turbulence:

∂ ρujk
� �
∂xj

¼ ∂
∂xj

μt

σk

∂k
∂xj

 !
þ Gk þ Gb−ρε ð7Þ

Conservation of dissipation of kinetic energy of turbulence:

∂ ρujε
� �
∂xj

¼ ∂
∂xj

μt

σε

∂ε
∂xj

 !
þ C1

ε
k

Gk þ Gbð Þ−C2ρ
ε2

k
ð8Þ

Gk ¼ μt
∂ui

∂xj
þ ∂uj

∂xi

 !
∂ui

∂xj
ð9Þ

Gb ¼ −gi
μt

ρPrt
∂ρ
∂xi

ð10Þ

Prt ¼ μ tCp

kt
ð11Þ

where Gk represents the generation of turbulence kinetic energy
due to mean velocity gradients, Gb is the generation of turbulence
kinetic energy due to buoyancy, Prt is Prandtl Number,Cμ = 0.9,
C1=1.44, C2=1.92,σε=1.3 andσk=1.0 are empirical constants [16].

3.2. Discrete-phase particles

For discrete-phase particles, the moving trajectories model is de-
scribed based on Euler-Lagrange method, and the trajectory of powder
particles is solved by integrating the force balance equation in Lagrange
reference frame.

The force balance equation is written as:

dupi

dt
¼ FD ui−upi

� �þ gi ρp−ρ
� �
ρp

þ Fi ð12Þ

where upi is the particle velocity, ui is the gas phase velocity, ρp is the
particle density, Fi is an additional acceleration term and FD(ui − upi)
is the drag force per unit particle mass given as follows:

FD ¼ 18μ
ρpdp

2

CD Re
24

ð13Þ

where dp is the particle diameter, Re is relative Reynolds number
defined as follows:

Re ¼ ρdp upi−ui
�� ��
μ

ð14Þ

where CD is the drag coefficient expressed as [27]:

CD ¼ 24
Re

1þ a1 Re
a2

� �þ a3 Re
a4 þ Re

ð15Þ
5

where

a1 ¼ exp 2:3288−6:4581ϕs þ 2:4486ϕs
2

� �
a2 ¼ 0:0964þ 0:5565ϕs

a3 ¼ exp 4:905−13:8944ϕs þ 18:4222ϕs
2−10:2599ϕs

3
� �

a4 ¼ exp 1:4681þ 12:2584ϕs−20:7322ϕs
2 þ 15:8855ϕs

3
� �

ð16Þ

Based on the above, the model for the discrete-phase particles is
established.

3.3. Computational domain and boundary conditions

Numerical calculation is conducted to quantitatively analyze powder
behavior, such as powder velocity, concentration distribution and tra-
jectory in pneumatic transportation process. As shown in Fig. 4, the
structure of the CCPFN in region A ismeshedwith unstructured tetrahe-
dral and hexahedral elements and the structure in region B is meshed
with structured hexahedral elements. As a result, the total grid number
is about 4,200,000. The gas inlets of ISGF, OSGF and CGF are set as veloc-
ity inlet, which can be calculated based on the gas flow rate in Table 3
and Table 4. The outlet of the computational domain is considered as
pressure outlet with the pressure of 0MPa. In order to ensure the preci-
sion of the calculation, the convergence accuracy is set to be 10−5.

3.4. Inelastic collision between particle and nozzle wall

In LDED process, the collision between the particles and the nozzle
wall is an inelastic dynamic process, as the process is affected by impact
velocity, size and shape of powders, and the materials of particles and
wall. The momentum loss caused by inelastic collision of particle-wall
is expressed by restitution coefficient:

e ¼ Vr

Vi
ð17Þ

where e is the restitution coefficient, Vr is the rebound velocity of
particles, Vi is the incident velocity of particles. When e is 1, it means
that the collision between particles and wall is elastic and there is no



Fig. 6. Outlet velocity of particles at the OSGF rate of 4 L/min.
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momentum loss of the particles. When the collision is inelastic, e is less
than 1.

4. Results and discussion

4.1. Exit morphology and velocity of particles

The exit morphology and outlet velocity of particles just ejected
from the CCPFN, which is determined by the mutual effect of single-
layer jet and inelastic collision between particles and wall, are impor-
tant features of powder transport behavior. The exit morphology of par-
ticles is shown in Fig. 5. To obtain the exit velocity of the particles and
the focusing properties of the powder flow (such as focus position and
focus length), the powder flow image must be preprocessed by image
processing techniques. In this paper, in order to reduce the influence
of random movements of the particles in the gas flow, a normalized
image processing method is used to obtain the superposition of gray-
scale from 400 consecutive images of exit morphology, as shown in
Fig. 5 (b). The coordinate of powder focus can be accurately positioned
from the superimposed gray image. When the annular powder flow is
emitted obliquely, the particles focus at a position about 8 mm directly
below the CCPFN outlet.

Particle tracking using PIVlab tool [28] is employed to obtain de-
tailed characteristics of dispersion behavior of particles at the outlet,
providing in-depth measurement and physical explanations of particle
velocity dispersion on different transportation processes.

As shown in Fig. 5, the particles in the region with the width of
18 mm and the length of 10 mm are used for statistical evaluation of
outlet velocity. As shown in Fig. 6, when the CGF rate is 4 L/min, the out-
let velocity of particles ranges from 0.4m/s to 0.92m/s. Quantitative ex-
perimental analysis can provide practical guidance for theoretical and
simulation research.

In this study, the experimental outlet velocity distribution obtained
by particle tracking is employed to inversely calculate the restitution co-
efficient using trial-and-matching method. In this method, the restitu-
tion coefficients of 0.95, 0.9, 0.85 and 0.8 are used to calculate the
outlet velocity of particles base on the CFD- DPM two-way coupling
Fig. 5. Exitmorphology of particles (a) The original image (b) Grayscale image after super-
position.
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model established in Section 3.2, and the calculated outlet velocity of
particles is shown in Fig. 7. It is assumed that the inlet velocity of the
particle is equal to the velocity of the CGF. Obviously, when the restitu-
tion coefficient is 0.9, the outlet velocity distribution obtained by nu-
merical calculation is ranged from 0.4 m/s to 0.9 m/s and the
statistical velocity distribution is consistent with the experimental re-
sult by particle tracking method. Thus the restitution coefficient of 0.9
is determined to describe the loss of particle velocity in inelastic colli-
sion. In this way, the uncertain inelastic collision behavior between par-
ticles and the wall is expressed by a determined restitution coefficient.

In order to visualize the transportation process of particles after
being injected from the nozzle, image processing technique is used to
analyze the transportation trajectories, velocity and concentration of
the selected particles. Firstly, the transportation morphologies of five
moments with the interval of three frames are employed and the origi-
nal morphologies are shown in Fig. 8(a). Secondly, the threshold selec-
tion method [29] is used to process the powder flow image and the
binary morphologies are displayed in Fig. 8(b). The white dots in Fig. 8
(a) and Fig. 8(b) represent the transport positions of the particles.
Thirdly, the transport positions of the particles at different moments
are marked in color, as shown in Fig. 8(c). Finally, the colored morphol-
ogies of the particles at different moments are superimposed into one
image (shown as Fig. 8(d)). Therefore, the superimposed image can be
used to track the transportation trajectory and velocity of the particles.
As shown in Fig. 8(e), four particles are selected to visualize the trans-
portation process. The length of the white lines in Fig. 8(e) can be
used to quantitatively calculate the transportation velocities of particles
and the velocities of particleI, II, III and IV are 0.55 m/s, 0.43 m/s, 0.61
m/s, 0.53m/s, respectively. The velocities and directions of the particles
in transportation process are almost unchanged. The transportation di-
rection of particlesIand IVis almost parallel to the gravity direction, and
there is no convergence trend, resulting in the decrease ofmass concen-
tration of particles at the focus position. The transportation direction of
particles II and III is about 20° from the z direction and points to the con-
vergence center, which is conducive to the convergence of particles at
the focus position.

4.2. Mass concentration distribution

In this paper, optical diagnosis combined with image processing
technology is used to semi-quantitatively study the spatial concentra-
tion distribution of powder. Fig. 9 shows the transport morphology of
powder jet under different OSGF. The gray level in particle transport
morphology describes the powder mass, which can be used for the
semi-qualitative analysis of the powder concentration and focus



Fig. 7. Numerical outlet velocity of particles with the restitution coefficient of (a) 0.95 (b) 0.9 (c) 0.85 (d) 0.8.
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characteristics (such as focus position and focus length). When the
OSGF rate is small, a large number of particles escape from the focus tra-
jectory. With the increase of the OSGF rate, the number of escape parti-
cles decreases gradually. When the flow is 20 L/min, the focus
characteristic of powder for CCPFN is the best, with the fewest escape
particles and smallest focus radius. Under this powder feeding process,
the focus length is about 13 mm.When the OSGF rate is 30 L/min, most
particles can move on the focusing track before focusing, and there are
almost no dispersed particles. However, after focusing, most particles
diverges in an umbrella shape. This is because that the effect of the
extra drag force exerted by the excessive OSGF on the particles is greater
than the combined effect of other jet flows and particle gravity. After fo-
cusing, the particles continue to move along the direction of the drag
force exerted by the OSGF.

The semi-quantitative analysis of powder concentration at the OSGF
rate of 20 L/min is shown in Fig. 10. The grayscale image in Fig. 10(a) is
the spatial concentration distribution by superimposing 400 consecu-
tive pictures taken by optical diagnostic system. The variation of the rel-
ative gray level with the transverse direction at the positions of 6 mm
(z = 6 mm), 14 mm(z = 14 mm), 22 mm(z = 22 mm) under the
CCPFN outlet is shown in Fig. 10(b). At the position of z = 6 mm,
there is a bimodal distribution for the grayscale curve. At the center of
the powder flow, the gray level is much lower than the peak gray
level. At the positions of z = 14 mm and z = 22 mm, the gray value
can be described as Gaussian distribution, and the central axis of the
curve coincides with the central position of the powder flow. It is
7

worth noting that the peak gray level of z = 14 mm is slightly higher
than that of z = 22 mm, which means that the particles gradually
focus from position of z = 6mm to z= 14mm, and diverge from posi-
tion of z = 14 mm to z = 22 mm.

Spatial concentration distribution of powder particles under differ-
ent OSGF rate is calculated quantitatively and shown in Fig. 11. The res-
titution coefficient of 0.9 determined by trial-and-matching method is
used to measure the inelastic collision behavior of particles and the
inner wall of the CCPFN. The simulated mass concentration for the
same position and process parameters used in Fig. 10 is shown in
Fig. 12. By comparing the numerical mass concentration (shown in
Fig. 12) and that obtained semi-quantitatively by optical diagnosis
method (shown in Fig. 10), it is found that at the position of z = 6,
there is a bimodal mass concentrate distribution for the two method.
At the position of z = 14 and z = 22, mass concentration distributions
of particles are consistent and approximately obey by the Gaussian
function. In addition, it should be noted that at the position of z = 6,
there is difference between the experimental and calculated mass con-
centration at the center position. This is because that the cylindrical aux-
iliary light source is used in the experiment, and the particles in the
focus range of the high speed camera are photographed, which causes
the powder concentration higher than that from calculation. Consis-
tency of spatial concentration distribution further proves the correct-
ness of using the restitution coefficient of 0.9 to characterize the
inelastic collision behavior between the particle and the wall. The con-
sistency between the experimental and calculated mass concentration



Fig. 8. Pneumatic transmission process of particles (a) Originalmorphologies (b) Binarymorphologies (c) Coloredmorphologies (d) Superimposedmorphology (e) Particles transmission
tracking.
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provides a basis for the approximate simplification of the inelastic colli-
sion behavior between particles and wall.

The spatial concentration distribution of powders can be intuitively
and quantitatively obtained through the cloud map of concentration
field. The cloud map of concentration field under different OSGF is
shown in Fig. 11. When the OSGF changes, the initial position of the
powder focus is almost unchanged, but the concentration distribution
below the focus position is greatly affected by the OSGF. When the
OSGF is less than 15 L/min, there is a focused powder distribution
with the length of approximately 3.5 mm(length of l2 shown as Fig. 11
(c)) at the position of z = 8 mm(shown as the line l1 in Fig. 11(c)),
and the mass concentration of particles reaches 15 kg/m3. When the
OSGF is 20 L/min, the powder concentration field is obviously narrowed,
but the focus length reaches 13.5 mm (shown as the position of the line
l in Fig. 11(e)).
8

Quantitative analysis of powder concentration field provides a
prerequisite for controlling the forming shape and improving the
dimensional accuracy. The OSGF can be used to control the powder
concentrationdistribution, so that the concentrationdistributionof parti-
cles can meet the process requirement for part repairing, functional
coating cladding and additive manufacturing.

4.3. Numerical analysis of the gas jet flow

The velocity field distribution of CGF, which is determined by the
channel structure of the CCPFN, is an important determinant of the
powder transport in single-layer jet. When three channels of gas flow
is emitted from the CCPFN, it interacts in space to determine the trans-
portation behavior of powders in multi-layer jet. Fig. 13 represents the
partial views of fluid velocity field in the CGF channel. The structure of



Fig. 9. Transport morphology of powder jet under different OSGF rate.
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CGF channel consists of three parts. First, the gas is injected to the chan-
nel through four inlets with the direction of 30° from horizontal plane
(as shown in Fig. 1(c) from point A(p_A) to p_B). In the second stage,
CGF flows into the vertical downward annular channel (as shown in
Fig. 1(c) from p_B to p_C), of which the clearance is a constant. And
then, it enters the convergence interval with the angle of 30° to the hor-
izontal plane(as shown in Fig. 1(c) from p_C to p_D). As can be seen
from Fig. 13, in the internal flow field of CCPFN, the outlet velocity and
inlet velocity of the CGF are relatively high. The quantitative results of
CGF velocity are of great value to study the influence of drag force on
powder transport characteristics. Fig. 14 quantitatively shows the vari-
ation of CGF velocity along the direction of p_A → p_B → p_C → p_D
(as shown in Fig. 13). The incident velocity of the CGF is approximately
calculated by v = Q/4S, where Q is the CGF rate and S is the cross-
sectional area of powder inlet. When CGF rate is 4 L/min, the injection
velocity is about 1.33 m/s. After slight acceleration, the flow velocity
drops sharply to about 0.3 m/s. This is caused by the CCPFN structure
of vertical downward annular channel. The cross-sectional area of CGF
channel suddenly increases, resulting in a sharp decrease in flow veloc-
ity. The CGF gradually accelerates after flowing into the wedge gap, and
when reaching the outlet, the gas velocity is close to the velocity at the
inlet. It can be clearly seen fromFig. 15 that theCGF velocity at the outlet
is uniform in the circumferential direction of the outlet.

It can be seen from Eq. (12) that the acceleration of particles is
mainly determined by the difference between CGF velocity and particle
velocity. In the process of pneumatic transportation of particles, the gas
Fig. 10. Spatial concentration distribution described by (a)The gray scales of pow
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jet flow is steady. Therefore, when the velocity field of the CGF is ob-
tained, the process of particle transportation by gas flow field can be
fixed and solved.

When the ISGF is obliquely emitted, a multi-layer jet is formed be-
tween the CCPFN outlet and the substrate. Characteristics of multi-
layer jet under different OSGF are studied in this paper. Fig. 16 describes
the velocity field and streamlines of multi-layer jet flow under different
OSGF at the ISGF rate of 10 L/min, the CGF rate of 4 L/min, and the pow-
der feeding rate of 30 g/min. The white streamlines represent the direc-
tion of jet flow. The effect of OSGF onmulti-layer jet from p_E to p_F (as
shown in Fig. 1(c)) is studied quantitatively and shown in Fig. 17. The
influence of OSGF rate on gas jet flow includes two aspects: one is the
influence on the surrounding air flow, and the other is the effect on
multi-layer jet zone located in the central flow field. With the increase
of the OSGF rate, there is a pattern transformation of vortex for sur-
rounding air. Toroidal vortex of the surrounding air is formed under
the OSGF of 10 L/min. When the OSGF rate is greater than 15 L/min,
an outward vortex can be formed at the periphery of the central flow
field, which ensures the isolation of air during powder transportation.
When the OSGF is 30 L/min, the surrounding air flow forms a small in-
ward vortex at the jet outlet. Between the center of the multi-layer jet
flow and outward vortex is the diffusion zone, in which the gas jet
flow diffuses and the flow velocity drops in gradient. In the central jet
flow zone, under the influence of different OSGF rate, the gas flow re-
mains a vertical downward transportation. At the distance of 8 mm
from the CCPFN outlet, the velocity of multi-layer jet reaches the
der morphology (b) Gray scales distribution as a function of lateral position.



Fig. 11. Simulatedmass concentrationwith theOSGF rate of (a) 0 L/min (b) 5 L/min (c) 10
L/min (d) 15 L/min (e) 20 L/min (f) 30 L/min.

Fig. 12. Simulated mass concentration with the OSGF rate of 20 L/min (a) Simulated mass concentration field (b) Mass concentration as a function of lateral position.

Fig. 13. Gas velocity field and streamline diagram for CGF channel.

Fig. 14. Velocity of CGF along channel direction.
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Fig. 15. Velocity field of CGF in outlet section.

Fig. 17. Velocity of OGGF along channel direction under different flow rate.
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maximum.With the increase of OSGF rate, themaximummulti-layer jet
velocity gradually increases, which may play a positive role in improv-
ing the convergence characteristics of the powder.

Noteworthy, there are no reliable data about the relationship be-
tween dynamic transportation characteristic of powders and the
Fig. 16. Velocity field and streamline diagram in longitudinal section under the OSGF ra
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detailed structure of the CCPFN from single-layer to multi-layer jet
flow. It is of great value to study the gas jet transportation process
from single-layer tomulti-layer jet,whichprovides theoretical guidance
for explaining the particle transport mechanism and the optimal design
of CCPFN.
te of (a) 0 L/min (b) 5 L/min (c) 10 L/min (d) 15 L/min (e) 20 L/min (f) 30 L/min.



Fig. 18. Variation of particle velocity along the motion trajectories (a) Trajectories of thirty particles (b) Trajectories of six particles.
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4.4. Particle trajectory in the inner CCPFN

Although the transportation process can be intuitively studied
through the experimental research combined with image processing
method, neither the visualization of particles colliding with the wall,
nor the explanation of particle transportation mechanism in the inner
CCPFN can be realized directly from experiments. In this paper, based
on Euler-Lagrange theory, the velocity variation of the particles along
the motion trajectories in the inner CCPFN at the CGF rate of 4 L/min
and the powder feeding rate of 30 g/min, is calculated and the trajecto-
ries of thirty particles, whose velocity almost covers the whole range of
exit velocity, are shown in Fig. 18 (a). In order to clearly display the par-
ticle velocity history along the trajectory, six characteristic trajectories
of particles are selected and shown in Fig. 18 (b). Along the particle tra-
jectory, the particle velocity distribution gradually diverges, which is
due to the different degree of inelastic collision between the particle
and the inner wall of the CCPFN, and the effect of drag force of the CGF.

Before the first collision, there are three kinds of velocity variation
for particles, namely, acceleration, constant velocity and deceleration.
The reason is that the particles are subjected to different drag force,
which is caused by different entrance position and independent cylin-
drical entrance structure (as shown in Fig. 1(c) from p_A to p_B). After
the first collision, the particles enter a vertical downward circular chan-
nel (as shown in Fig. 1(c) from p_B to p_C), and the velocity of all parti-
cles decreases until the flight distance reaches about 20mm. This is due
to the decrease of CGF velocity causing the reduction of drag force and
the inelastic collision between the particles and the wall causing the ki-
netic energy loss of the particles. When the flight distance is about
20 mm to 30 mm, the particles enter the convergence channel (as
shown in Fig. 1(c) from p_C to p_D), the velocity of the CGF increases,
and the deceleration process of the particles slows down. At this time,
the drag force of CGF increases, but it is not enough to offset the kinetic
energy loss caused by inelastic collision.When the flight distance of the
particles reaches 30 mm, the drag force gradually plays a major role in
the movement of the particles, and the particles begin to accelerate
until they are emitted from the CCPFN. It is worth noting that when
the flight trajectory is over 30 mm, the motion of some particles devi-
ates greatly from the streamlinedirection of the gasfield. This is because
of the increase of collision frequency between the particles and thewall
caused by the reduction of the wedge-shape clearance, intensifying the
outlet velocity dispersion of particles and fluctuation of particle trajec-
tory, which results from coupling effects of drag force and inelastic col-
lision. Moreover, the structure of CCPFN determines the velocity field
distribution of CGF and affects the degree and frequency of particle col-
lision with the inner wall of CCPFN.
12
Numerical simulationmethod gives a quantitative analysis of the in-
fluence factors of pneumatic transportation of particles in LDED process
and fully proves the exit behavior of the particles from the perspective
of mechanism. The relationship between the particle transport process
and the structure of CCPFN is clarified, which provides theoretical guid-
ance for optimizing the structure design of CCPFN. It is advised to
shorten the structure of CCPFN, insidewhich the velocity of the particles
decreases. This is conducive to reducing the outlet velocity fluctuation
of particles and making the velocity distribution more uniform.

5. Conclusion

This paper investigated the powder flow distribution of CCPF in the
LDED using numerical analysis and experimental investigation. The
concentration distribution of powders and velocity field of gas at differ-
ent OSGF were obtained. Based on Euler-Lagrange theory, the velocity
variation of the particles along the motion trajectories has been calcu-
lated and the particle transportation mechanism has been deeply ex-
plained.The following conclusions can be drawn from the study:

(1) A trial-and-matching method has been developed to determine
the restitution coefficient, which can be used to describe the in-
elastic collision behavior between the particle and the wall. The
restitution coefficientwas determined to be 0.9, which is verified
from two aspects. One is that the simulated outlet velocity distri-
bution of particles is consistent with that obtained from particle
tracking method. The other is that the spatial concentration dis-
tribution of powders obtained through optical diagnosis method
is correspondent with simulated concentration distribution.

(2) With the increase of the OSGF rate, there is a pattern transforma-
tion of vortex for surrounding air. When the flow is 20 L/min, the
focus characteristic of powders for CCPFN is the best, with the
fewest escape particles, smallest focus radius and focus length
of 13 mm.

(3) The velocity distribution of CGF in the inner CCPFN and the resti-
tution coefficient are the two mutually coupled factors that de-
termine the outlet velocity of particles. Frequent inelastic
collisions and the decrease of the CGF velocity lead to velocity
dispersion and trajectory fluctuation of particles. When the
inlet velocity of particles is 1.33 m/s, the outlet velocity ranged
from 0.4 m/s to 0.9 m/s.

(4) It is conducive to reducing the outlet velocity fluctuation of par-
ticles and making the outlet velocity distribution more uniform
by shortening the structure of the vertical downward annular
channel and the convergence interval of the CCPFN.
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