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Abstract:  Laser cladding technology is used for coating deposition, worn surfaces repairing, 

and direct fabrication. However, the technological complexity and high cost prevents its wide 

industrial applications. In the present work, the gas-powder flux parameters are studding to 

optimise cladding conditions and the choice of appropriate nozzle. Using commercial Precitec 

(Germany) nozzles, the relations between the nozzle geometry and the powder flux 

parameters are analysed. The numerical simulation of gas and powder flux is compared with 

high-speed optical monitoring accompanied by post image treatment. Numerical simulation 

and experimental results have the same tendencies regarding the powder flux geometry, waist 

parameters and convergence angles. The difference is related to particle-particle collisions, 

which are neglected in simulation. The modelling results strongly depend on the energy loses 

in particle/nozzle wall collisions. It was found that for industrial cladding “short” nozzles with 

high-gap are more suitable. For 3D direct fabrication, the “medium” nozzles with low-gap are 

preferable. 
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1. Introduction 

Laser cladding is one of the perspective and demanded technologies. By coaxial powder 

injection, it is possible to deposit protective coatings, repair worn surfaces or even perform a 

3D direct fabrication. Despite several advantages over traditional spraying techniques, in 

particular metallurgical contact with substrate, laser cladding is still challenging and high cost 

[1]. A number of process parameters should be optimised. Particularly, it concerns powder 

flow problem, which is one of the important factors defining the geometry and quality of 

cladding layers. Therefore, it is necessary to study this field theoretically and experimentally 

including optimization of laser cladding nozzles, modelling of powder transport phenomena, 

application of different monitoring techniques, etc. [2-4]. 

Numerous efforts were applied to different study fields noted above. Whereas researchers 

proposed new nozzle designs to improve powder catchment efficiency [5-7], some of them 

investigated and optimized the existing ones. Based on the modelling results, Yan [6] 

determined and manufactured the optimal coaxial nozzle with suitable parameters for laser 

cladding regarding its high powder catchment and laser efficiency. In order to reduce the 

powder divergence, spot size and increase efficiency, 3D novel model was applied by Ju et al. 

[8].  

Large group of investigations was dedicated to numerical [9] and analytical [10] study of 

gas-powder phenomena.  The last one is versatile and reliable approximation instrument, 

however, depending on experimental results [11]. The most crucial and powerful field here is 

numerical modelling based on computational fluid dynamics (CFD). Starting from relatively 

simple models served to find powder concentration field assuming particles path and speed 

[12], researchers tried to implement more complicated models. These models included 

particle-particle and particle-wall interactions [13, 14], laser beam attenuation and particle 

preheating [15, 16], interactions near substrate [17] etc. Moreover, 3D models appeared 

within last few years, which are able to predict and explain numerous physical phenomena 
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and resolve assumptions normally proposed before. Despite the considerable time needed for 

simulation, several researchers are already applied them to study various problems including 

even solidification and convection of liquid metal. For example, Khamidullin et al. [18] 

studied the influence of technological parameters and powder properties on laser cladding 

performance. Zhang et al. [19] used 3D numerical modelling results to evaluate a novel 

coaxial nozzle and to find optimal cladding parameters.  

Particle-in-flight monitoring procedure is useful for cladding optimization by reducing 

experimental efforts. Among simple and popular methods of optical diagnostic one may note 

application of different cameras: CCD camera was used to observe powder flow and to study 

the influence of gas flow on particles velocity [20-24]. Tan et al. [25] using images acquired 

by a high-speed camera defined powder flow density and particle-in-flight speed. For powder 

flow long-term observation Tan et al. [26] used high-speed camera and line laser diode for 

more accurate measurements. Several researchers tried to add additional mirrors to visualise 

the flow from the side [27], powder weight measurements using containers of different 

diameter [28] and substrate with pinhole and high-precision balance [17].  

Despite of considerable number of papers analysing gas-powder flow problem, the 

comprehensive studies of cladding nozzle optimization are still not numerous. In particular, it 

concerns the study of commercial nozzles with different gap width, coincidence angle and, as 

follows; the nozzle choice for a specific technological objective: repairing, direct fabrication, 

etc. There is limited practical information concerning particle-in-flight for commercial 

nozzles widely applied in industrial laser cladding. 

The present paper contributes to the solution of this problem employing a set of industrial, 

commercial coaxial nozzles fabricated by Precitec (Germany). They are known by correct 

performance to cost ratio. By changing the nozzle’s gap width and coincidence angle, the 

differences and particularities of gas-powder flows were examined. However, prior to 



4 
 

experimental study of gas-powder flux a numerical analysis was performed to predict its 

parameters as velocity field, particles trajectories, their concentration, etc.  

Particular attention was applied for the analysis of nozzle geometry, which defines the 

conditions of gas and powder injection, on particles jet geometry.  

 

2. Numerical simulation of gas-powder flow  

Laser cladding problem includes two particular cases for consideration namely the carrier 

and shielding gases flows and particles motion inside this flow. Eulerian - Lagrangian Model 

is applied, several authors recommend this method specifically for the laser cladding 

technology [28, 29]. 

2.1 Gas flow governing equations 

The set of Navier – Stokes equations is solved for the fluid phase (carrier or shield gas). 

Assuming a compressible fluid, for example, carrier gas, one need to consider a Reynolds-

Averaged Navier-Stokes (RANS) formulation, which averages the velocity and pressure fields 

in time due to the turbulent nature of gas-powder flows. Particularly, the turbulent viscosity is 

evaluated using turbulence models. The most common one is the � − ε turbulence model. It 

consists of solving two additional equations for the transport of turbulent kinetic energy � and 

turbulent dissipation ε. The exact � − ε equations contain many unknown and unmeasurable 

terms, but the more applicable forms with minimum unknowns are shown below [28]. 

For the turbulent kinetic energy �: 
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In the abovementioned equations � is the density, $' is the velocity, &' is the position, -'% is 

a component of rate of deformation, �! is an eddy (turbulent) viscosity, *+, is the turbulent 

Prandtl number, )' is the gravitational acceleration, �� is the generation of turbulence kinetic 

energy due to the velocity gradients, and �� is due to buoyancy. �� = 0,09, 2� = 1, 2� =
1.3,  �6� = 1.44, ��� = 1.92 are the empirical constants obtained by numerical iterations for 

any turbulent flow.  

 

2.2 Powder flux modelling 

The dispersed phase flow problem basically stands for obtaining each particle trajectory by 

solving typical Newton’s second law of mechanics [30] where 9: or ;: is a particle’s mass 

and volume, <: is an acceleration and ∑ >''  is a sum of all acting forces, $: is the velocity, ? 

is the time and &@ is the position vector.   

   ∑ >'' = 9:<: = �;:
A$: A?" = �;: A�&@ A?�" ,        (6) 

While particle moves along with carrier gas through the nozzle channel towards the 

substrate it is subjected mainly to gravity and drag forces. Since the powder flow generally is 

not laminar a well suitable drag force description is the Haider – Levenspiel model which 
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takes into account the particles’ shape factor. It is known that, the main difference between all 

turbulent drag force models is related to drag coefficient, �B,  which is included in a general 

drag force equation where $: is a particle velocity, $ is the fluid phase velocity, A: is 

diameter and CD is the Reynolds number [28]. 

>B = 18��BCD 24�A:�( ∙ G$ − $:H,       (7) 

According to the Haider – Levenspiel model the drag coefficient �B can be presented like 

shown below. 

   �B = 24 CD" G1 + <6CD
I H + <JCD <K + CD" ,        (8) 

With coefficients <6LK written as follows [25]: 

   <6 = exp (2.3288 − 6.4581R + 2.4486R�),      (9) 

    <� = 0.0964 + 0.5565R,       (10) 

  <J = exp (4.905 − 13.8944R + 18.4222R� − 10.2599RJ),    (11) 

  <K = exp (1.4681 + 12.2584R − 20.7322R� + 15.8855RJ),    (12) 

Where shape factor R = T ⁄ V takes into account how spherical a particle is.  Basically, T is a 

surface area of a sphere having the same volume as a particle and V is an actual surface area 

of the particle. 

 

2.3 Model adjustment for laser cladding 

For laser cladding modelling the assumptions are as follows: 

• fluid phase (gas) is viscous, compressible (Mach number W < 0.3) and 

thermally-conductive; 
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• substrate and dispersed phase materials are homogenous and solid; 

• spherical powder particles with diameter 50 - 110 µm are concerned; 

• particles interact with nozzle walls elastically or nonelastically but not 

mutually; 

• the particles concentration in gas flow is low, so their influence on its 

parameters is negligible. 

The calculation procedure was realized by Comsol software and the stated problem was 

solved within an axisymmetric frame. The initial conditions at ? = 0 are set up according to 

parameters of an environment namely the initial pressure * = *Y = 1 atm = 0.1 MPa, 

temperature _ = _Y = 300K and initial velocity $Y = 0. The computational domain is filled 

with Argon (Ar) which is also used for shield/carrier gas with feed rate of 5 and 9 l/min 

respectively. The boundary condition between gas and nozzle wall was set up so that gas 

velocity vector equals zero and boundary itself is thermally isolated.  

Considering particles flux modelling, the particle-wall interaction is considered as elastic or 

inelastic depending on the coefficient of energy loses, α, which depends on particles shape, 

walls roughness, etc. It is proposed to use 0.7; 0.9; 1.0 as the values of α. 

 

3. Experimental setup 

3.1.Laser cladding equipment and powder properties 

For the cladding set-up the TRUMPF Lasma 1054 (Germany) workstation was used with 

YC52 Precitec (Germany) cladding laser head allowing the application of different coaxial 

nozzles which can be separated into 3 groups: “long”, “medium” and “short”. The present 

experiments were carried out for “medium” and “short” nozzles. Their geometry is presented 

in Figure 1 and Table 1. 
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Fig. 1. Geometry of Precitec coaxial laser cladding nozzle. 

Gap width is the width between inner and outer nozzles serving as the channel for powder 

injection. These nozzles have the possibility of changing the gap width between 0.5 and 1.0 

mm as well as outlet diameter and coincidence angle. The geometric parameters for short and 

medium nozzles are presented in the Table1.  

Tab. 1. Geometric parameters of the Precitec nozzles. 

Nozzle 

type 

Outer diameter, 

mm 

Inner diameter, 

mm 

Outer / Inner 

coincidence angle 

Gap width, 

mm 

Short 14 or 15 13 32° 0.5 or 1 

Medium 11 or 12 10 25° 0.5 or 1 

 

The powder feeder Sultzer Metco was used. It has two hoppers, a disk type of powder 

feeding system and embedded additional mixers with the maximum value of gas supply of 9 
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l/min and maximum rotating speed 90 rpm. The process parameters including gas/powder 

feed rates and powder material properties are presented in Table 2.  

Table 2. Process parameters and powder properties for experiment and modelling. 

Type of metal 

powder/supplier 

Particle 

shape 

Gas feed 

rate, (l/min) 

Powder feed 

rate, (g/min) 

Density, 

(kg/m3) 

Particle diameter  

range, (µm) 

Inconel 718 / 

TLS Technik 

Quasi-

spherical 

9 18 8190 50 - 110 

 

The powder SEM image and particle size distribution are shown in Figure 2a and Figure 2b 

respectively.  

 

(a)                                      (b) 

Fig. 2. SEM image (a) and particle size distribution (b) of the Inconel 718 powder. 

3.2.High-Speed camera 

Powder flux monitoring was carried out by the Phantom VEO - 710L high-speed camera. 

The VEO 710 model has a one-megapixel CMOS sensor which is able to record up to 7400 

fps at its full 1280 x 800 pixels resolution. For the illumination, four continuous light sources 
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were placed on shafts from the different sides to be on the same height with the nozzle (Figure 

3). These light sources consisted of diode lamps MultiLED LT (GSVITEC, Germany) and 

diodes projection system in near-field (EFFISHARP, France). In the experiments the optical 

monitoring system operating at 100 frames per second (fps) was used.  

 

Fig 3.  Experimental set-up. 

 

To analyse the particles flux geometry the camera was installed perpendicular to the jet axis 

(Figure 3, position 1); to visualise powder deposition on the glass substrate it was oriented 

coaxially to the jet (Figure 3, position 3).  

 

4. Results and Discussion 

4.1 Modelling results 
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The gas flow underneath the nozzle is affected by the two interacting flows transporting 

powder particles and protecting laser head’s optics (Figure 1). The external gas flow shapes 

the central one forming practically a one-dimensional coaxial flow. It can be seen on the gas 

flow velocity contours presented for the “short” and “medium” nozzles in the Figure 4a and 

Figure 4b. This is the typical solution used in another coaxial cladding heads with two internal 

and one external nozzles to shape the powder flux [31, 32]. 

 

(a)                               (b) 

Fig. 4. Gas velocity field for the “short” nozzle with 0.5mm gap (a) and the “medium” nozzle 

with 1.0 mm gap (b). 

The Ar gas flowing out of the nozzle interacts with ambient gas and creates a toroidal-

shaped vortex. Generally, the velocity fields have the similar structure but for the short and 

medium nozzles with the gap of 0.5 mm the mean gas velocity has its maximum value around 

7 and 9 m/s respectively. For the 1mm gap nozzles with identical Ar gas feeding rate the 

corresponding velocity values are 3.5 and 4.5 m/s. The highest gas velocity results in the 

highest particle velocity so one may expect the fast particles for the 0.5 mm gap nozzles.  
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The gas flow velocities shown before are used to solve another problem: influence of the 

coefficient of energy loses, a, in collisions of particles with nozzle walls. It is not clear which 

value of a is the appropriate one for the applied powder and nozzle. In general, the energy 

losses in collisions of particles with walls depend on many parameters: the carrying gas 

velocity, concentration and inertial properties of the particles, channel geometry, irregularities 

on particles and wall roughness, etc. [33]. In recent papers the value of alfa is varied in 

between 0.7 [14] and 1.0 [34], often the value of 0.9 is applied. In the present paper the value 

of a = 0.9 was chosen but several simulation results were obtained also for a = 1.0 and a =
0.7 values. The a = 1.0 means that there is no energy loses whereas a = 0.7 represents 30% 

of loses. The particles size and velocity distributions along the jet are shown in the Figure 5a, 

b for “short” nozzle and Figure 5c, d for the “medium” one. 

 

(a)                                                                     (b) 
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(c)                                                                   (d) 

Fig. 5. Particle size and velocities distribution along the jet: (a), (b) - “short” nozzle with 

0.5mm gap; (c), (d)  -  “medium” nozzle with 1mm gap, coefficient of energy loses a is 0.9. 

For the fixed value of the energy loses coefficient, a, but for different nozzle geometry, the 

number of particle/wall collisions is different, as well as the particle trajectory. That is why 

the results presented in Figure 5 (a, b) and (c, d) are different. The eventual variation of a 

value with nozzle geometry is the subject of additional study that is outside the scope of the 

present paper. Note that the variation of the coincidence angle for the results presented in 

Figure 5 is only 7° that is not large and probably does not influence too strong the a value. 

For the low-gap nozzles particles are distributed without any mixing and their velocity is 

almost two times lower than the gas velocity: between 1.6 - 2.8 m/s and 1.4 - 1.8 m/s for low 

and high-gap nozzles respectively. For “medium” nozzles these values are 2.2 - 3.4 m/s and 

1.5 - 2.2 m/s correspondingly. The light particles having the maximum speed are moving in 

front of the others. However, for high-gap nozzles particle flux represents a mixture between 

particles of different size. For “medium” nozzles the mixing of powder-in-flight is visible. 

This behavior may be explained by the high number of particle-wall collisions within a low-
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gap channel leading to a significant energy loses. Moreover, particles with different mass and 

velocity interacts differently with the carrier gas. 

The energy loses coefficient, a, drastically influences the powder flux as shown in Figure 

6a, b. Without any energy loses particles form a widest range of trajectories which depends on 

the gap value. This phenomenon is similar for both types of nozzles. By reducing the loses 

coefficient, a, the range of particles trajectories is decreased significantly and, as a 

consequence, the particle density is increased. The position of that stream along vertical axis 

Y is almost the same for each coefficient a so the difference only with a number of lesser 

streams. 

 

(a)                            (b)  

Fig.6. The range of particles trajectories for the “short” nozzle with 0.5mm gap, a = 1.0 (a), 

and the “medium” one with 1 mm gap, a = 0.9 (b). 

4.2 Comparison with the experimental results  

Gas-powder jet images were obtained by the high-speed camera (see chapter 3) at 100 fps 

which corresponds to 9.9 ms of exposure time. Each physical value used in further analysis 

was defined based on averaging of 20 measurements. Being repetitively reflected from the 

walls, the particles may fly out from the nozzle within a wide range of directions defining the 
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convergence angle. At a certain point the powder flow is converged and along short distance 

forms the waist zone with almost equal width. This zone may be defined as the zone with 

highest powder density and for cladding required narrow bead width the deposition zone must 

be positioned within this area [32]. 

The post-treatment of optical image is necessary to measure the geometry of flow’s waist 

and its position, particles concentration, etc. This post-treatment was realized using PCC 2.8 

software varying image parameters such as gamma, gain and sensitivity. One of the post-

treated images is shown in the Figure 7a as well as the flow scheme in the Figure 7b with 

certain geometrical parameters to be measured and compared with modelling results: A – 

waist diameter; b – waist lenght; c – waist position; defghi– the main convergence angle; 

defgh6and defgh�– the limit convergence angles. The flow divergence and convergence angles 

are supposed to be equal to one another (dj'hk ≈  defgh6). 

For dense particles flux with their multiple collisions in the waist zone, the divergence 

angle would be larger than the convergence one. One can separate the total flow into the 

“main” and “secondary” streams (Figure 7a). The first one can be seen in the Figure 7a as the 

“blue zone” characterized by the dense powder flux with relatively light and dark zones. The 

maximum convergence angle, defghi, (Figure 7b) is formed between particles trajectories 

shown in the Figure 7a (the “blue zone”) and the vertical axis Y.  The “secondary” stream 

consists of the particles flowing outside of the “main” stream with less regular trajectories and 

lower density (Figure 7а, the “rose zone”). The particles belonging to the “secondary” stream 

form the limit angles (defgh6and defgh� (Figure 7b)). 
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(a)                                                             (b)  

Fig. 7. (a) - General view of gas-powder flow by optical monitoring: 1 – “main” stream; 2- 

“secondary” stream. (b) - Scheme of gas-powder flow with geometrical parameters.  

Images of particle flux for the “middle” and “short” nozzles with 0.5 mm gap are recorded 

by high-speed camera and presented in Figure 8. The experimental results are limited by the 

red line, the simulation ones (for coefficient a = 1.0) – by the blue line. The superposition of 

experimental and simulation results are used for the convergence angles comparison.  

In the simulation results the variation of the waist zone position with coefficient a is not 

significant, that is why the value of a =1.0 was chosen for further analysis. 
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(a)       (b) 

Fig 8. Comparison of the experimental results with the computational ones: the “short” 

nozzle (a) and the “medium” one, (b); gap width is 0.5 mm, a = 1. Blue lines correspond to 

simulation; the red ones to experiments.  

Comparison of experimental and simulation results for the main convergence angles and 

limit angles is presented in Table 3. 

The main convergence angles have close values for both simulation and experimental 

results, that is not clear, in particular keeping in mind that real value of a coefficient 

is less than 1.0 (used in simulation). This could be explained by the difficulties to measure the 

convergence angles from the post-treated images. That is why the obtained experimental 

results should be considered as the approximate ones. In any case the particles flux geometry 

based on simulation is narrower than the experimental one. The limit angles are typically 

larger in the case of measured powder flows even if compared with those from simulation 

using a = 1.0. This is explained by the absence of particle-particle collisions in the model.  

For the 1.0 mm gap width limit convergence angle could be closer to 0 degrees, that is 

practically parallel to the Y - axis. The particles from “secondary” stream are not integrated 

into the molten pool and decrease the deposition efficiency. The main convergence angle is 
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less for the “medium” nozzles compared with the “short” ones. The larger gap the nozzle has, 

the wider is the distribution of trajectories of the secondary and the “main” stream particles at 

the nozzle cut-off.   

Table 3. Comparison of experimental and simulation results for the main convergence 

angles and limit angles. 

Nozzle type/ gap 

width, mm 

Experiment: convergence angles, ° 

(defghi/defgh6 and defgh� ) 

Simulation: convergence angles, ° 

(defghi/defgh6 and defgh� ) 

Short, 0.5 mm 32 ± 0.7 / 21 ± 0.5 and 38 ± 0.5 32 / 14 and 45 

Short, 1.0 mm 32 ± 1.6 / 10 ± 0.5 and 40 ± 0.5 32 / 19 and 35 

Medium, 0.5 mm 26 ± 1.1 / 9 ± 0.5 and 32 ± 0.5 25.5 / 15 and 30 

Medium, 1.0 mm 22 ± 1.7 / 5 ± 0.5 and 30 ± 0.5 20.5 / 14 and 34 

 

The light zone in the Figure 9a and b indicates the maximum of measured powder density 

for the “short” and “medium” nozzles with the 0.5 mm gap. The “short” nozzle with the 0.5 

mm gap performs the densest powder flow at 8.6 mm from the nozzle cut-off Figure 9a; 

whereas for the high gap value this distance equals to 9.3 mm. The same tendency is observed 

when considering the “medium” type nozzles. Generally, the low-gap nozzles perform densest 

powder flux and better powder jet focalization. The standoff distance recommended by 

Precitec, that is the distance between the cladding nozzle and the workpiece, is equal to 10.5 - 

11.5 mm for the “short” nozzles and to 11.5 - 12.5 mm for the “medium” ones [31].  
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                                 (a)  

 

                                          (b) 

Fig. 9. Optical images of powder jet: general view and longitudinal profiles for the “short” (a) 

and the “medium” (b) nozzles. Gap width is 0.5 mm. 

When comparing the simulation results with the experimental ones regarding the powder 

density and position of its maximum, the density profiles along Y axis obtained by Comsol 

can be directly superposed with the treated jet images as in Figure 9 for different energy loses 

coefficient α (Figure 10).  
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Fig. 10. Comparison of the powder jet density obtained by the simulation with the 

experimental one for the “short” nozzle, gap is 0.5mm. (1) – simulation with a = 1.0 value; 

(2) - simulation with a = 0.9 value;  (3) – experimental results. 

The curve 3 in Figure 10 represents the experimentally measured longitudinal profile of 

powder density whereas the curves 1 and 2 represent the density distribution obtained by the 

simulation for a = 1.0  and a = 0.9, respectively. Based on the results presented in Figures 8 

and 10, it is possible to note the difference between experimental and simulation results for 

main convergence angles.   

The waist position measured experimentally is closer to the nozzle than the calculated one. 

This distance increases from 8.6 to 9.3 mm with gap for « short » nozzles and from 8.3 to 9.1 

mm for « medium » nozzles. Probably the difference is related to the particle-particle 

collisions (neglected in simulation) that are started before (8-9 mm) the formation of waist 

(12-14 mm). The corresponding values provided by Precitec are closer to the simulation 

results than the experimental ones [31]. 
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The difference between convergence angles presented in Table 3 results in the difference 

between the powder flow waist positions L  and the width d (fig. 7b).  

The waist width d was studied experimentally (Figure 11b).  To obtain such an image the 

additional post-treatment was carried out by varying the parameters like gain and sensitivity 

in the PCC software. For the gap equals 0.5 mm and “short” nozzle d = 4,1 ± 0,3 mm; for the 

“middle” nozzle d = 3,3 ± 0,3 mm.  

 

(a)                                                        (b) 

Fig. 11. Comparison of the waist width/length obtained by the experiment (a) with the 

simulated one (b) for the “short” nozzle, gap is 0.5mm.  

Comparison of the experimental and simulation results for the waist position and waist 

length is presented in Table 4. 

Increase of the gap up-to 1 mm does not significantly affect the waist’s width : for 

the  “short” nozzle d = 3.9 ± 0,3 mm; for the ”middle” nozzle d = 3,4 ± 0,3 mm.   

The values of measured waist length, l, are well agreed with modelled one for coefficient α = 

0.9  (Figure 11a).  
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The waist position obtained by simulation was defined as the maximum of particle masse 

flow along Y axis presented in the Figure 11b. It was supposed that the waist length is equal 

to the length of the zone covering 90% of the particles.  

Table 4. Comparison of the experimental and simulation results for the waist position and 

waist length. 

 

Nozzle type/ gap 

width, mm 

Experimental 

waist 

position,  

L, mm 

Simulated 

waist 

position,  

L, mm 

Standoff 

distance, 

mm 

Experimental 

waist length, 

l, mm 

Simulated waist 

length, 

l, mm 

Short, 0.5 mm 8.6q0.3 11.8q0.2 10.5-11.5 3.2q0.3 3.0q0.2 

Short, 1.0 mm 9.3 q 0.3  14.0q0.2 10.5-11.5 4.2q0.3 4.1q0.3 

Medium, 0.5 mm 8.3q0.3 12.8q0.4 11.5-12.5 4.2q0.3 4.0q0.2 

Medium, 1.0 mm 9.1 q 0.3 14.8q0.3 11.5-12.5 4.9q0.3 5.3q0.4 

 

The positions of maximum powder density zones do not coincide with the waist position (L) 

and length (l). This is due to the mutual-particles collisions and further jet focalization by 

coaxial gas flow.  

 

5. Conclusions 

The gas-powder flux in laser cladding was numerically and experimentally studied. The 

calculations were done for gas and powder movement applying Euler-Lagrange 

approximation and � − � turbulence model. Powder jet monitoring by high-speed camera was 

carried out for two types of Precitec cladding nozzles with different gaps. The co-called 
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“short” nozzle and the “medium” one were analysed with 0.5 and 1.0 mm gaps (see Figure 1 

and Table 1). After post-treatment of the powder jet images, the simulation and experimental 

results were compared regarding the flow’s convergence/divergence angles, waist geometry 

and position. 

It was found that: 

1. The convergence angle of the gas-powder flux depends on the nozzle’s inclination 

angle and may be up to 32o and 26o for the “short” and “medium” nozzles, 

respectively. By increasing the gap width one increases the limit (maximal) 

convergence angle by about 10%. 

2. By increasing the gap value, the maximum of the powder jet density is located at the 

maximal distance around 9 mm from the nozzle cut-off for both nozzles types. 

However, the density peak is higher in the case of the “short” nozzles. 

3. Optical monitoring reveals the typical powder flux shape: It is converged with a 

certain angle and forms a waist. The “short” nozzles with the maximal gap width of 

1.0 mm are characterised by more dense powder jet with the waist length of up to 4 

mm.  

4. The “medium” nozzles perform dense and more focalized powder jets, so they could 

be applied for direct 3D fabrication. The “short” nozzles are more suitable for 

deposition of protective coatings with wide cladding beads as well as for repairing 

operations. Since the convergence angle is higher for the “short” nozzles, their 

deposition efficiency is influenced in advance by powder jet defocalisation. 

5. Simulation results have shown the same tendencies concerning the waist position 

and length, however the quantitative values are different: The measured waist length 

is close to the modelled one, especially, for the case of “short” nozzles without 

energy loses in particles/wall collisions. The influence of these collisions on 

simulation results is important.  
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6. Regarding the convergence\divergence angles: numerical results have shown the 

same tendency, however, the range of the calculated angles are typically less than 

the measured ones due to the absence of the particle-particle collisions in 

simulation. 
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Appendix 

 

Nomenclature 

� Turbulent kinetic energy 

� Turbulent energy dissipation 

� Gas density 

$' Velocity 

&' Position 

-'% Component of rate of deformation 

�! Eddy (turbulent) viscosity 

*+, Turbulent Prandtl number 

�� Generation of turbulence kinetic energy due to the velocity gradients 

�� Generation of turbulence kinetic energy due to the buoyancy 

) Gravitational acceleration 

9: Mass of the particle 

;: Volume of the particle 

<: Acceleration of the particle  

>' Acting force 

$: Velocity of the particle 

$ Velocity of the fluid phase 

? Time 

A: Diameter of the particle 

CD Reynolds number 

R Shape factor 

�j Drag coefficient 

_ Temperature 
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* Pressure 

V Surface area of the particle 

T Surface area of the sphere 

a Loses coefficient 

W Mach number 

A Width of the waist 

b Length of the waist 

c Position of the waist 

defghi Main convergence angle 

defgh6 First limit angle 

defgh� Second limit angle 

dj'hk Divergence angle 

 

 




