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Abstract. In the Laser Directed Energy Deposition (L-DEDp) process, a laser melts fine metal powder 
delivered through a carrier gas as a focused powder jet. The geometry and behaviour of this jet, particularly 
its stand-off distance and focus diameter, are directly influenced by process parameters such as carrier gas 
flow, shielding gas flow, and powder mass flow. These characteristics affect the interaction between the 
laser and the material, which influence the deposition quality. In this study, a camera-based monitoring 
system was employed to capture images of the powder gas jet stream (PGJS), enabling precise measurement 
of its geometrical features through image processing techniques. Experiments were conducted using two 
different nozzle designs across a wide range of process parameters to investigate how each parameter 
influences the jet’s shape and stability. The results show that carrier gas has a dominant effect on particle 
velocity and jet convergence, while powder mass flow primarily impacts the jet’s focus diameter. Shielding 
gas was found to affect stand-off distance more significantly at lower carrier gas levels. This work 
contributes to a better understanding of PGJS behaviour and provides valuable insights for optimising L-
DEDp across different nozzle configurations. 

1 Introduction 
In the Laser Directed Energy Deposition process (L-
DEDp) a laser is used as a thermal source to melt fine 
metal powder, which is fed through a nozzle as it is 
deposited into a metal substrate, forming a melt pool. By 
the relative movement between the substrate and nozzle, 
tracks are created to construct three-dimensional 
structures, coatings and repairs [1].  

The nozzles used in L-DEDp are designed to 
guarantee a focus point between the laser beam and the 
powder flow [1]. Depending on the design of the nozzle, 
both the speed and the direction of the powder flow 
change, affecting the stability of the melt pool and the 
quality of the deposited layers [2].  Among the available 
nozzle arrangements, continuous coaxial and discrete 
coaxial nozzle types are the most used configurations. 
They offer considerable flexibility for material 
deposition regardless of the movement direction of the 
substrate or processing head, making them well-suited 
for complex geometries, despite being more complex 
and expensive [3]. 

The flow of powder is controlled via a powder 
feeding system [4]. When the mixture of powder and 
gases exit the nozzle, it creates a convergent powder jet, 
also called as Powder Gas Jet Stream (PGJS) [5], which 
creates a focal point at a certain distance of the nozzle. 
The geometrical characteristics of the PGJS influences 
where and how the powder interacts with the laser beam, 
with consequences on process quality and stability [6]. 
Figure 1 shows a schematic of the PGJS. 
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Fig. 1 Schematic of Powder Gas Jet Stream – PGJS (Author). 

Some characteristics of the powder jet are estimated 
by the nozzle’s manufacturer, e.g. the distance from the 
nozzle to the focus (also known as stand-off distance) 
and the diameter of the focus. However, variations in the 
powder feeding parameters, e.g. the nozzle type and 
geometry [7], carrier and shielding gases [8], and 
powder type and mass flow [9], affect the characteristics 
of the PGJS, changing its diameter and location, the 
symmetry, and the powder density along the PGJS. 

To measure the PGJSs, camera-based systems can be 
employed [8, 10]. However, measuring is costly, due to 
the time and hardware involved for PGJS assessment. 
Benchmark data is still scarce in the available literature 
that quantifies the parameters' effects on the PGJS. 

The aim of this work is to evaluate and quantify the 
influence of process parameters on the Powder Gas Jet 
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Stream characteristics generated by both continuous and 
discrete nozzle configurations. This evaluation is based 
on a comprehensive experimental dataset acquired 
through an industrial camera-based monitoring system, 
enabling a comparative analysis of the nozzles’ 
performance under varied operational conditions. 

2 Materials and methods 

2.1 Experimental setup 

All experiments were conducted at the TWI’s state of 
the art facility for Laser-DED [11], using the Hornet 
Laser Cladding BV's machine platform [12]. The 
equipment consists of a powder conveying system, an 
ABB robotic arm [13], a laser beam source with optics, 
one rotary handling unit, one rotational workbench and 
a human machine interface (HMI) to regulate process 
parameters such as carrier and shielding gas [L/min] and 
powder flow rate [g/min]. The powder conveying 
system includes a powder feeder developed by Hornet 
[12] as well as a disc feeder hopper from BLC 
Lasercladding GmbH [14]. 

2.1.1 Material selection 

The stainless steel 316L (8 g/cm³) was selected for the 
PGJS measurement. The particle size distribution (PSD) 
relates to the sizes and how they distribute in a range of 
particles. Powder focus, the distribution of particles 
along the powder jet, and stand-off distance are 
influenced by the PSD of the powder used in the process. 
Smaller particles are more sensitive to the carrier gas 
and have faster velocity, resulting in smaller and more 
concentrated focus diameters [17]. Larger particles, on 
the other hand, have lower velocities due to their inertia, 
affecting the powder jet's convergence and resulting in 
a more dispersed (or wider) powder focus [18].  

 For this study, a 50–90 µm stainless steel 316L 
powder from Metalpine [16] was used to examine how 
process parameters affect PGJS characteristics. 

2.1.2 Nozzle selection 

Coaxial nozzles inject PGJS symmetrically around the 
laser beam axis. Depending on how the powder is fed 
along the laser axis, it is classified as continuous (ring-
shaped) or discrete (multi-jet) [2].  In a continuous 
nozzle, the powder exits through a ring-shaped cavity, 
creating a hollow powder jet cone that encloses the laser 
beam. In contrast, a discrete nozzle has multiple ejectors 
(or inlays) distributed around the nozzle to deliver the 
metal powder to the laser beam [3]. 

 To evaluate and compare the sensitivity of the PGJS 
generated by continuous and discrete nozzle types, two 
coaxial nozzles from Harald Dickler were selected for 
this study. The HighNo 4.0 [19], featuring a continuous 
powder feed design with an annular gap of 0.4 mm, 
produces a focused jet with a standard stand-off distance 
of 9 mm and a focus diameter of 1 mm, as specified by 
the manufacturer (see Figure 2 - top). In contrast, the 
HighNo 13-6 [20] is a discrete-feed nozzle that uses six 

injectors arranged coaxially with the laser beam. It 
creates a focused PGJS with a standard stand-off 
distance of 13 mm and a focus diameter of 1.8 mm, 
using 1.5 mm injectors (see Figure 2 - bottom). 

 

 

Fig. 2 Top - Coaxial continuous powder nozzle HighNo 4.0 
(a) design and (b) PGJS [19]. Bottom - Coaxial discrete 
powder nozzle HighNo 13-6 (a) design and (b) PGJS [20]. 

2.1.3 Measurement system 

Optical-based methods, such as digital imaging and 
analysis, are commercial monitoring systems used to 
monitor the PGJS by illuminating the particles of the 
powder jet with a laser light source and photographing 
them with a camera. It provides a non-contact method 
for measuring the aspects of the PGJS in multi levels by 
measuring layers of illuminated particles [21]. 

 Two main camera setups are typically used in these 
measurement systems: coaxial [10] and lateral (or off-
axis) [7]. The key difference lies in how the camera is 
positioned in relation to the powder jet. Each 
configuration comes with its own advantages and 
limitations when it comes to cost, flexibility, and 
usability. 

 Cameras capable of capturing up to 100 frames per 
second are commonly used in both setups to record 
images of the PGJS [10]. To avoid motion blur from the 
fast-moving particles, the camera’s exposure time is 
carefully adjusted [22]. These images are usually taken 
in grayscale, where each pixel reflects light intensity on 
a scale from 0 (dark) to 255 (bright) [2]. Once the 
images are captured, background subtraction helps 
remove fixed elements like the nozzle, making the 
powder particles stand out more clearly [13]. After that, 
the images go through a thresholding process that turns 
them into black-and-white (binary) versions, which 
helps isolate individual particles for further analysis 
[10]. Choosing an appropriate threshold value is 
essential for accurately detecting particles and 
calculating the focus diameter of the jet. 

 Beyond identifying particles, image intensity is 
analysed to estimate particle concentration within the 
stream [8]. Higher reflected intensity indicates a denser 
powder flow, and this data can be visualised through 
heatmaps or "powder caustics," which show how the jet 
converges into a focused stream [9, 22, 23]. Studies have 
shown that a Gaussian distribution effectively models 
the intensity profile of PGJSs [8-10, 23], allowing the 
determination of key metrics like stand-off distance and 
focus diameter [8]. 

 In this study, the LIsec® system developed by 
Fraunhofer IWS [24] was selected. It uses a vertical 
illumination laser (50 µm line width, 785 nm 
wavelength) to light up the powder particles, which are 
captured by a camera with 34.54 µm resolution. The 
captured images are processed using the PowderNozzle 
2.13 software [24], which analyses the pixel intensity to 
generate horizontal and vertical intensity profiles of the 
PGJS. 

 These profiles offer insights into the jet’s behaviour: 
the horizontal profile slices the jet to show particle 
distribution across its width, allowing focus diameter 
measurement at the point of highest concentration. 
Meanwhile, the vertical profile examines the intensity 
distribution along the Z-axis to determine the stand-off 
distance, defined as the gap between the nozzle tip and 
the jet’s focal point, by tracking where the particles 
converge from a lateral view. 

2.2 Design of experiment 

The experimental design follows a full factorial 
approach. By covering a larger set of parameters, it is 
possible to examine the influence of each factor in the 
behaviour of the PGJS, providing deeper details of the 
tendencies. 

 The objective of the test is to evaluate the influence 
of gases and powder mass flow (PMF) rate on the PGJS 
across both nozzle designs by testing on the 
measurement devices. The range of carrier gas (CG) 
levels used for this experiment follows common values 
discussed in the literature and in industrial applications 
[51], between 3 L/min and 9 L/min (factor of 3 L/min). 
Furthermore, the range of shielding gas (SG) evaluated 
starts at 0 L/min, used as a baseline, and 5 L/min to 15 
L/min, as the range explored by Bohlen [7]. The PMF 
was 10, 20, and 30 g/min [22], using SS 316L powder 
with a PSD of 50-90 µm. Gas flow settings are checked 
with a mass flow sensor from ALICAT [25] to confirm 
they match the software’s input values, and the powder 
feed rate is measured twice using a Sartorius precision 
scale [26] to ensure accuracy. 

3 Results and discussions 

3.1 Random and systematic error 

To ensure the reliability of the measurements, a selected 
test condition was repeated in the beginning, midway 
and again at the conclusion of the experiments. The 
variation observed between these repeated 
measurements is used to estimate the random error 

associated with the dataset. Additionally, systematic 
error is determined by comparing the actual dimension 
of a reference object with the corresponding 
measurement obtained from the image processing 
software. The results are presented in Table 1. 
Table 1. Random and Systematic error of the measurements 

Nozzle  Parameter 
Output 

Random 
Error (%) 

Systematic 
Error (%) 

HighNo 4.0 

Stand-off 
Distance 0.92 

0.25 

Focus 
Diameter 8.17 

HighNo 13-6 

Stand-off 
Distance 0.53 

Focus 
Diameter 1.41 

  
 The calculated measurement uncertainties, with 
both random and systematic errors kept to a minimum, 
indicate a high degree of consistency and reliability in 
the experimental setup. For both nozzles tested (HighNo 
4.0 and HighNo 13-6), the random error observed in the 
stand-off distance remains well below 1%, while for 
focus diameter it keeps below 10%. These values 
suggest a relatively stable and repeatable measurement 
process, especially considering the complexity of the 
PGJS dynamics. 

The systematic error found for the measurement 
system is small, reinforcing the precision of the 
measuring system. Considering the low level of both 
errors, it supports the validity of the data and confirms 
that the observed trends are statistically representative. 
The following sections present and discuss the key 
findings from this analysis. 

3.2 Continuous nozzle (HighNo 4.0) 

By analysing the data collected through the experiments, 
it is possible to observe the strong influence of the 
shielding gas on the stand-off distance. Increasing the 
shielding gas flow rate induces a downshift of the 
PGJS’s focal plane in this nozzle configuration. This 
behaviour can be visualised in Figure 3. 
 The carrier gas, on the other hand, exhibits inverse 
influence on the stand-off distance, suggesting that as 
carrier gas levels increase, the intersection of the powder 
jet happens closer to the nozzle exit. Interestingly, the 
variance in stand-off distance is stronger at lower carrier 
gas flow rates, implying that slower particle movement 
on the PGJS results in greater variation in particle 
convergence area. The powder mass flow did not 
influence much the stand-off distance values, affecting 
more the PGJS’s focus diameter as shown in Figure 4. 

It is possible to observe in Figure 4 a clear trend: as 
the PMF increases, so does the focus diameter. This 
relationship is most apparent at lower carrier gas flow 
rates, as illustrated by the box plots. For instance, at a 
carrier gas flow of 3 L/min, the median focus diameter 
increases with PMF, and the interquartile range becomes 
wider, particularly for the highest PMF (30 g/min), 
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Stream characteristics generated by both continuous and 
discrete nozzle configurations. This evaluation is based 
on a comprehensive experimental dataset acquired 
through an industrial camera-based monitoring system, 
enabling a comparative analysis of the nozzles’ 
performance under varied operational conditions. 

2 Materials and methods 

2.1 Experimental setup 

All experiments were conducted at the TWI’s state of 
the art facility for Laser-DED [11], using the Hornet 
Laser Cladding BV's machine platform [12]. The 
equipment consists of a powder conveying system, an 
ABB robotic arm [13], a laser beam source with optics, 
one rotary handling unit, one rotational workbench and 
a human machine interface (HMI) to regulate process 
parameters such as carrier and shielding gas [L/min] and 
powder flow rate [g/min]. The powder conveying 
system includes a powder feeder developed by Hornet 
[12] as well as a disc feeder hopper from BLC 
Lasercladding GmbH [14]. 

2.1.1 Material selection 

The stainless steel 316L (8 g/cm³) was selected for the 
PGJS measurement. The particle size distribution (PSD) 
relates to the sizes and how they distribute in a range of 
particles. Powder focus, the distribution of particles 
along the powder jet, and stand-off distance are 
influenced by the PSD of the powder used in the process. 
Smaller particles are more sensitive to the carrier gas 
and have faster velocity, resulting in smaller and more 
concentrated focus diameters [17]. Larger particles, on 
the other hand, have lower velocities due to their inertia, 
affecting the powder jet's convergence and resulting in 
a more dispersed (or wider) powder focus [18].  

 For this study, a 50–90 µm stainless steel 316L 
powder from Metalpine [16] was used to examine how 
process parameters affect PGJS characteristics. 

2.1.2 Nozzle selection 

Coaxial nozzles inject PGJS symmetrically around the 
laser beam axis. Depending on how the powder is fed 
along the laser axis, it is classified as continuous (ring-
shaped) or discrete (multi-jet) [2].  In a continuous 
nozzle, the powder exits through a ring-shaped cavity, 
creating a hollow powder jet cone that encloses the laser 
beam. In contrast, a discrete nozzle has multiple ejectors 
(or inlays) distributed around the nozzle to deliver the 
metal powder to the laser beam [3]. 

 To evaluate and compare the sensitivity of the PGJS 
generated by continuous and discrete nozzle types, two 
coaxial nozzles from Harald Dickler were selected for 
this study. The HighNo 4.0 [19], featuring a continuous 
powder feed design with an annular gap of 0.4 mm, 
produces a focused jet with a standard stand-off distance 
of 9 mm and a focus diameter of 1 mm, as specified by 
the manufacturer (see Figure 2 - top). In contrast, the 
HighNo 13-6 [20] is a discrete-feed nozzle that uses six 

injectors arranged coaxially with the laser beam. It 
creates a focused PGJS with a standard stand-off 
distance of 13 mm and a focus diameter of 1.8 mm, 
using 1.5 mm injectors (see Figure 2 - bottom). 

 

 

Fig. 2 Top - Coaxial continuous powder nozzle HighNo 4.0 
(a) design and (b) PGJS [19]. Bottom - Coaxial discrete 
powder nozzle HighNo 13-6 (a) design and (b) PGJS [20]. 

2.1.3 Measurement system 

Optical-based methods, such as digital imaging and 
analysis, are commercial monitoring systems used to 
monitor the PGJS by illuminating the particles of the 
powder jet with a laser light source and photographing 
them with a camera. It provides a non-contact method 
for measuring the aspects of the PGJS in multi levels by 
measuring layers of illuminated particles [21]. 

 Two main camera setups are typically used in these 
measurement systems: coaxial [10] and lateral (or off-
axis) [7]. The key difference lies in how the camera is 
positioned in relation to the powder jet. Each 
configuration comes with its own advantages and 
limitations when it comes to cost, flexibility, and 
usability. 

 Cameras capable of capturing up to 100 frames per 
second are commonly used in both setups to record 
images of the PGJS [10]. To avoid motion blur from the 
fast-moving particles, the camera’s exposure time is 
carefully adjusted [22]. These images are usually taken 
in grayscale, where each pixel reflects light intensity on 
a scale from 0 (dark) to 255 (bright) [2]. Once the 
images are captured, background subtraction helps 
remove fixed elements like the nozzle, making the 
powder particles stand out more clearly [13]. After that, 
the images go through a thresholding process that turns 
them into black-and-white (binary) versions, which 
helps isolate individual particles for further analysis 
[10]. Choosing an appropriate threshold value is 
essential for accurately detecting particles and 
calculating the focus diameter of the jet. 

 Beyond identifying particles, image intensity is 
analysed to estimate particle concentration within the 
stream [8]. Higher reflected intensity indicates a denser 
powder flow, and this data can be visualised through 
heatmaps or "powder caustics," which show how the jet 
converges into a focused stream [9, 22, 23]. Studies have 
shown that a Gaussian distribution effectively models 
the intensity profile of PGJSs [8-10, 23], allowing the 
determination of key metrics like stand-off distance and 
focus diameter [8]. 

 In this study, the LIsec® system developed by 
Fraunhofer IWS [24] was selected. It uses a vertical 
illumination laser (50 µm line width, 785 nm 
wavelength) to light up the powder particles, which are 
captured by a camera with 34.54 µm resolution. The 
captured images are processed using the PowderNozzle 
2.13 software [24], which analyses the pixel intensity to 
generate horizontal and vertical intensity profiles of the 
PGJS. 

 These profiles offer insights into the jet’s behaviour: 
the horizontal profile slices the jet to show particle 
distribution across its width, allowing focus diameter 
measurement at the point of highest concentration. 
Meanwhile, the vertical profile examines the intensity 
distribution along the Z-axis to determine the stand-off 
distance, defined as the gap between the nozzle tip and 
the jet’s focal point, by tracking where the particles 
converge from a lateral view. 

2.2 Design of experiment 

The experimental design follows a full factorial 
approach. By covering a larger set of parameters, it is 
possible to examine the influence of each factor in the 
behaviour of the PGJS, providing deeper details of the 
tendencies. 

 The objective of the test is to evaluate the influence 
of gases and powder mass flow (PMF) rate on the PGJS 
across both nozzle designs by testing on the 
measurement devices. The range of carrier gas (CG) 
levels used for this experiment follows common values 
discussed in the literature and in industrial applications 
[51], between 3 L/min and 9 L/min (factor of 3 L/min). 
Furthermore, the range of shielding gas (SG) evaluated 
starts at 0 L/min, used as a baseline, and 5 L/min to 15 
L/min, as the range explored by Bohlen [7]. The PMF 
was 10, 20, and 30 g/min [22], using SS 316L powder 
with a PSD of 50-90 µm. Gas flow settings are checked 
with a mass flow sensor from ALICAT [25] to confirm 
they match the software’s input values, and the powder 
feed rate is measured twice using a Sartorius precision 
scale [26] to ensure accuracy. 

3 Results and discussions 

3.1 Random and systematic error 

To ensure the reliability of the measurements, a selected 
test condition was repeated in the beginning, midway 
and again at the conclusion of the experiments. The 
variation observed between these repeated 
measurements is used to estimate the random error 

associated with the dataset. Additionally, systematic 
error is determined by comparing the actual dimension 
of a reference object with the corresponding 
measurement obtained from the image processing 
software. The results are presented in Table 1. 
Table 1. Random and Systematic error of the measurements 

Nozzle  Parameter 
Output 

Random 
Error (%) 

Systematic 
Error (%) 

HighNo 4.0 

Stand-off 
Distance 0.92 

0.25 

Focus 
Diameter 8.17 

HighNo 13-6 

Stand-off 
Distance 0.53 

Focus 
Diameter 1.41 

  
 The calculated measurement uncertainties, with 
both random and systematic errors kept to a minimum, 
indicate a high degree of consistency and reliability in 
the experimental setup. For both nozzles tested (HighNo 
4.0 and HighNo 13-6), the random error observed in the 
stand-off distance remains well below 1%, while for 
focus diameter it keeps below 10%. These values 
suggest a relatively stable and repeatable measurement 
process, especially considering the complexity of the 
PGJS dynamics. 

The systematic error found for the measurement 
system is small, reinforcing the precision of the 
measuring system. Considering the low level of both 
errors, it supports the validity of the data and confirms 
that the observed trends are statistically representative. 
The following sections present and discuss the key 
findings from this analysis. 

3.2 Continuous nozzle (HighNo 4.0) 

By analysing the data collected through the experiments, 
it is possible to observe the strong influence of the 
shielding gas on the stand-off distance. Increasing the 
shielding gas flow rate induces a downshift of the 
PGJS’s focal plane in this nozzle configuration. This 
behaviour can be visualised in Figure 3. 
 The carrier gas, on the other hand, exhibits inverse 
influence on the stand-off distance, suggesting that as 
carrier gas levels increase, the intersection of the powder 
jet happens closer to the nozzle exit. Interestingly, the 
variance in stand-off distance is stronger at lower carrier 
gas flow rates, implying that slower particle movement 
on the PGJS results in greater variation in particle 
convergence area. The powder mass flow did not 
influence much the stand-off distance values, affecting 
more the PGJS’s focus diameter as shown in Figure 4. 

It is possible to observe in Figure 4 a clear trend: as 
the PMF increases, so does the focus diameter. This 
relationship is most apparent at lower carrier gas flow 
rates, as illustrated by the box plots. For instance, at a 
carrier gas flow of 3 L/min, the median focus diameter 
increases with PMF, and the interquartile range becomes 
wider, particularly for the highest PMF (30 g/min), 
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indicating greater variability and a more dispersed 
powder jet when the particles are travelling slower 
within the PGJS. The outliers presented at this condition 
suggest an inconsistent jet behaviour. 
 

 
Fig. 3 Line plots of Stand-off distance values of HighNo 4.0 
for levels of shielding gas, separated by carrier gas and powder 
mass flow rate (Author). 

 

 
Fig. 4 Box plot of carrier gas and powder mass flow influence 
on focus diameter of HighNo 4.0 (Author). 
 In contrast, as the carrier gas flow increases to 6 and 
9 L/min, the box plots show a narrowing of the 
interquartile range and a downward shift in the median 
focus diameter for all levels of powder mass flow. This 
suggests that increased carrier gas rates induce a more 
concentrated and stable jet, which decreases PMF's 
influence and spread. At a carrier gas flow of 9 L/min, 

the box plots show a clear narrowing across all PMF 
levels, suggesting that the influence PMF is significantly 
reduced under these conditions. This noticeable 
decrease in data spread with fewer outliers, like what 
was observed for stand-off distance, indicates that 
higher carrier gas flow contributes to a more stable and 
consistent jet. These patterns lend strong support to the 
idea that the carrier gas plays a dual role: not only does 
it enhance particle velocity, but it also actively shapes 
the behaviour of the PGJS, particularly in conditions 
where lower flow rates would likely introduce more 
fluctuation. 

3.3 Discrete nozzle (HighNo 13-6) 

The variability in stand-off distance and focus diameter 
of the HighNo 13-6 nozzle follows a different pattern 
when compared with the HighNo 4.0. The stand-off 
distance is relatively stable, with minor fluctuations 
depending on the CG and SG conditions. For the 
continuous nozzle, the stand-off distance ranges from 
approximately 8.4 mm to 12 mm, presenting some 
outliers with changes largely occurring in response to 
variations in shielding gas flow and carrier gas flow. In 
discrete configuration, the stand-off is less sensitive to 
the input parameters, ranging from 12.05 mm to 12.74 
mm, with no outliers during the variation of the flow 
rate, as presented in Figure 5. 

 
Fig. 5 Line plots of Stand-off distance values of HighNo 13-6 
for levels of shielding gas, separated by carrier gas and powder 
mass flow rate (Author). 
 

Changes in powder mass flow also do not have a 
pronounced effect on the stand-off distance, showing 
higher influence on the focus diameter, as illustrated in 
Figure 6. 

The box plot reveals a clear trend in how the focus 
diameter responds to changes in PMF. By increasing the 
amount of powder delivered in the process, the focal 
diameter tends to increase as well as reducing the 
variance in higher powder mass flows. It can be 
confirmed by observing the small increment in the 
median, indicating that wider focus is generated by 
delivering more particles into the jet. 

In addition, the variability of the focal diameter on 
the discrete configuration, around 0.35mm, is smaller 
when compared to HighNo 4.0, where the focus varies 
around 1mm. This can be related to the design of 
discrete nozzles. The insertion of particles through 
isolated inserts seems to be less influenced by the 
combination of powder jets, whereas continuous 
nozzles, the mixture of gases and particles, have a 
greater effect on particle distribution and trajectory 
within the annular gap exit. 

 

 
Fig. 6 Box plot of powder mass flow influence on focus 
diameter of HighNo 13-6 (Author). 

4 Conclusion 
In conclusion, the data collected with the LIsec® 
measurement systems for the continuous (HighNo 4.0) 
and discrete (HighNo 13-6) coaxial powder nozzles, 
highlights the impact of process parameters such as 
shielding gas, carrier gas and powder mass flow rate on 
the PGJS’s stand-off distance and focus diameter. 

 While both nozzles follow similar trends, the 
influence of the parameters is more pronounced on 
continuous nozzle design. For both nozzles, the 
correlation between shielding gas and focus diameter is 
positive: the higher the SG flow, the larger is the focal 
diameter. Similarly, the shielding gas has a positive 
correlation with the stand-off distance, with larger 
influence on the HighNo 4.0. The HighNo 13-6 
demonstrates a steadier behaviour throughout the 
variety of parameters. 

Furthermore, carrier gas also has a pronounced 
impact on the variation of the stand-off distance and 
focus diameter for both nozzles, although with a 
negative correlation. As the level of gas increases, the 
particle’s velocity rise, projecting straighter trajectories 
after nozzle’s output, which results in the convergence 
of the jets closer to the nozzles and enhanced 

concentration (smaller size). The HighNo 4.0 nozzle is 
more sensitive to variations of the carrier gas, more 
evident at higher powder mass flows, whereas the 
HighNo 13-6 nozzle is less influenced by this effect. 

 These findings show that, while the fundamental 
relationships between gas flows and powder mass flow 
remain consistent, the distinct operating principles of 
each nozzle, continuous and discrete, have a significant 
impact on their respective responses to these variables. 

Future work will focus on the application of AI and 
machine learning techniques to model the complex 
interactions between process parameters and powder jet 
characteristics. By leveraging machine learning 
algorithms, it will be possible to predict jet behaviour 
and optimise process settings more efficiently. The 
outcomes of this ongoing research will be reported in 
future publications. 
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indicating greater variability and a more dispersed 
powder jet when the particles are travelling slower 
within the PGJS. The outliers presented at this condition 
suggest an inconsistent jet behaviour. 
 

 
Fig. 3 Line plots of Stand-off distance values of HighNo 4.0 
for levels of shielding gas, separated by carrier gas and powder 
mass flow rate (Author). 

 

 
Fig. 4 Box plot of carrier gas and powder mass flow influence 
on focus diameter of HighNo 4.0 (Author). 
 In contrast, as the carrier gas flow increases to 6 and 
9 L/min, the box plots show a narrowing of the 
interquartile range and a downward shift in the median 
focus diameter for all levels of powder mass flow. This 
suggests that increased carrier gas rates induce a more 
concentrated and stable jet, which decreases PMF's 
influence and spread. At a carrier gas flow of 9 L/min, 

the box plots show a clear narrowing across all PMF 
levels, suggesting that the influence PMF is significantly 
reduced under these conditions. This noticeable 
decrease in data spread with fewer outliers, like what 
was observed for stand-off distance, indicates that 
higher carrier gas flow contributes to a more stable and 
consistent jet. These patterns lend strong support to the 
idea that the carrier gas plays a dual role: not only does 
it enhance particle velocity, but it also actively shapes 
the behaviour of the PGJS, particularly in conditions 
where lower flow rates would likely introduce more 
fluctuation. 

3.3 Discrete nozzle (HighNo 13-6) 

The variability in stand-off distance and focus diameter 
of the HighNo 13-6 nozzle follows a different pattern 
when compared with the HighNo 4.0. The stand-off 
distance is relatively stable, with minor fluctuations 
depending on the CG and SG conditions. For the 
continuous nozzle, the stand-off distance ranges from 
approximately 8.4 mm to 12 mm, presenting some 
outliers with changes largely occurring in response to 
variations in shielding gas flow and carrier gas flow. In 
discrete configuration, the stand-off is less sensitive to 
the input parameters, ranging from 12.05 mm to 12.74 
mm, with no outliers during the variation of the flow 
rate, as presented in Figure 5. 

 
Fig. 5 Line plots of Stand-off distance values of HighNo 13-6 
for levels of shielding gas, separated by carrier gas and powder 
mass flow rate (Author). 
 

Changes in powder mass flow also do not have a 
pronounced effect on the stand-off distance, showing 
higher influence on the focus diameter, as illustrated in 
Figure 6. 

The box plot reveals a clear trend in how the focus 
diameter responds to changes in PMF. By increasing the 
amount of powder delivered in the process, the focal 
diameter tends to increase as well as reducing the 
variance in higher powder mass flows. It can be 
confirmed by observing the small increment in the 
median, indicating that wider focus is generated by 
delivering more particles into the jet. 

In addition, the variability of the focal diameter on 
the discrete configuration, around 0.35mm, is smaller 
when compared to HighNo 4.0, where the focus varies 
around 1mm. This can be related to the design of 
discrete nozzles. The insertion of particles through 
isolated inserts seems to be less influenced by the 
combination of powder jets, whereas continuous 
nozzles, the mixture of gases and particles, have a 
greater effect on particle distribution and trajectory 
within the annular gap exit. 

 

 
Fig. 6 Box plot of powder mass flow influence on focus 
diameter of HighNo 13-6 (Author). 

4 Conclusion 
In conclusion, the data collected with the LIsec® 
measurement systems for the continuous (HighNo 4.0) 
and discrete (HighNo 13-6) coaxial powder nozzles, 
highlights the impact of process parameters such as 
shielding gas, carrier gas and powder mass flow rate on 
the PGJS’s stand-off distance and focus diameter. 

 While both nozzles follow similar trends, the 
influence of the parameters is more pronounced on 
continuous nozzle design. For both nozzles, the 
correlation between shielding gas and focus diameter is 
positive: the higher the SG flow, the larger is the focal 
diameter. Similarly, the shielding gas has a positive 
correlation with the stand-off distance, with larger 
influence on the HighNo 4.0. The HighNo 13-6 
demonstrates a steadier behaviour throughout the 
variety of parameters. 

Furthermore, carrier gas also has a pronounced 
impact on the variation of the stand-off distance and 
focus diameter for both nozzles, although with a 
negative correlation. As the level of gas increases, the 
particle’s velocity rise, projecting straighter trajectories 
after nozzle’s output, which results in the convergence 
of the jets closer to the nozzles and enhanced 

concentration (smaller size). The HighNo 4.0 nozzle is 
more sensitive to variations of the carrier gas, more 
evident at higher powder mass flows, whereas the 
HighNo 13-6 nozzle is less influenced by this effect. 

 These findings show that, while the fundamental 
relationships between gas flows and powder mass flow 
remain consistent, the distinct operating principles of 
each nozzle, continuous and discrete, have a significant 
impact on their respective responses to these variables. 

Future work will focus on the application of AI and 
machine learning techniques to model the complex 
interactions between process parameters and powder jet 
characteristics. By leveraging machine learning 
algorithms, it will be possible to predict jet behaviour 
and optimise process settings more efficiently. The 
outcomes of this ongoing research will be reported in 
future publications. 
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