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Abstract: A numerical study was performed to analyze the particle deposition of a cold spray process
for the preparation of nickel electrocatalysts used in the Hydrogen Evolution Reaction (HER). The
study focused on the creation of fin-shaped geometries with an optimal porosity on the electrode
surface using a mask located between the nozzle exit and the substrate. Computational Fluid
Dynamics (CFD) was performed on a three-dimensional high-pressure nozzle, with nickel powder
used as the injection feedstock. The behavior of particles was effectively modeled through a two-way
coupled Eulerian-Lagrangian approach. As per the parametric study, four masks of varying wire
thicknesses and opening sizes were investigated. The masks were placed at 4 mm increments from the
nozzle exit, with the substrate placed at standoff distances (SODs) of 10 mm and 20 mm. To capture
the effects of the gas inlet operating conditions, two different nozzle inlet conditions were analyzed
(2 MPa and 400 °C, 4 MPa and 800 °C). It was found that the nozzle inlet operating condition had the
most significant impact, as it relates to the particle velocity and powder deposition. The high-pressure
operating condition resulted in a deposition efficiency (DE) greater than 99.9% for all the test cases,
with nearly all the impacted particles depositing on the substrate. For the medium-pressure operating
condition, the DE increased linearly as the mask SOD was increased, due to the increase in the particle
velocity upon impact.

Keywords: cold spray; computational fluid dynamics; additive manufacturing; hydrogen; electrode

1. Introduction

Cold spray is a rapidly growing spraying process that is being extensively adopted
in industry due to its favourable properties and wide range of applicability. Compared
to other spraying processes, the cold spray process has a high deposition efficiency, high
bond strength, and minimal oxidation [1-4]. In the cold spray process, compressed gas
(usually nitrogen, helium, or air) is accelerated using a converging—diverging nozzle. Solid
powder particles are injected in the nozzle, where they are accelerated to high velocities by
momentum exchange with the carrier gas. These high-velocity particles undergo severe
plastic deformation upon impact on the substrate surface, allowing for the build up of
rapidly depositing material [2-10]. Due to the low temperature of the carrier gas, as well
as the short exposure to it, the adhesion of the particles to the substrate is solely due to
their kinetic energy during impact [2,3,5,6,11,12]. It is generally accepted that the bonding
of these particles to the substrate is achieved when the particle velocity upon impact is
greater than a so-called critical velocity [5,11,12]. This critical velocity is dependent on the
thermo-mechanical properties of both the particle and substrate and is typically written as
a function of the particle temperature and particle diameter [11,12].

Cold spray plays a pivotal role in additive manufacturing and repair [2,3,7,13-15].
A potentially viable use of the cold spray process is for the preparation of electrocatalysts
utilized in hydrogen production by water electrolysis [16]. The Hydrogen Evolution Re-
action (HER) has been widely studied in recent years as a means of increasing energy
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usage from renewable sources. However, it faces major challenges in the efficient hydrogen
production required to meet commercial-scale demand [17]. The challenges are associ-
ated with the need for stable and low-cost electrocatalysts required for the electrolysis
process [17]. Noble-metal-based electrocatalysts, such as platinum-based catalysts, have
an excellent catalytic performance for the HER. However, their applicability for commercial
use is limited by the scarcity and high costs of the metals [17]. As a result, there have
been significant developments in and research on the use of non-noble metals, which
have a comparatively lower electrocatalytic performance but are far more abundant and
significantly less expensive. To compensate for their lower catalytic activity, several studies
have focused on improving their apparent activity by increasing the electrode surface area
through the use of surface morphology [16,18,19].

Aghasibeig et al. [16] analyzed the use of nickel powder to coat electrode surfaces using
a cold spray process. This experimental study analyzed the electrocatalytic activity of cold-
sprayed nickel powder on an aluminum substrate. Three different cold spray operating
pressures and temperatures were analyzed. The study found that the cold-sprayed nickel
samples outperformed a smooth nickel electrode, having higher electrocatalytic activity.
This was due to increases in the active surface area and surface roughness, leading to
an increase in the efficiency of the electrolysis process. It was also found that the greatest
electrocatalytic activity was obtained for the test case with the lowest deposition efficiency,
which also experienced the highest strain accumulation and compressive residual stress. It
is believed that this was due to the peening effect, caused by undeposited particles that
bounced off the substrate/deposited layer.

Another approach to increasing the electrode surface area and electrocatalytic activity
is by creating fin array geometries on the electrode surface. Fin arrays are created by
placing a mask (i.e., a wire mesh) in front of the substrate surface. The openings in the
mask funnel the particles, allowing for the creation of pyramidal pin fins on the substrate.
The use of a mask for the preparation of nickel electrode surfaces has been previously
investigated using the High-Velocity Oxy-Fuel spraying process (HVOF) [18], as well as the
atmospheric plasma spray and suspension plasma spray process [19]. Both studies found
that the electrodes coated using the mask outperformed the electrode deposited without
the mask. This increase in electroactivity was attributed to the different roughness levels
achieved from the masked spraying processes.

The creation of fin arrays using a mask has also been investigated for the cold spray
process. Several studies have analyzed the thermal and hydrodynamic performance of
these fin arrays for use in heat exchangers [20-26]. Dupuis et al. [20] experimentally
analyzed the heat transfer performance of pyramidal and trapezoidal fin arrays made from
a masked cold spray process. Aluminum powder was used as the feedstock and deposited
on an aluminum substrate using the masked cold spray process. The study found that
the thermal performance of the cold-sprayed fin arrays was substantially better than that
of traditional machined rectangular fin arrays of similar characteristic dimensions. This
increase in performance was believed to be due to the increase in the convective heat
transfer coefficient as a result of the increased turbulence between the rows of fins.

Cormier et al. [21] experimentally analyzed the thermal and hydrodynamic perfor-
mance of a pyramidal fin array made from a masked cold spray process as well. They
analyzed fin arrays made of three different materials (aluminum, nickel, and stainless
steel 304), as well as investigated the use of a multi-material fin array to optimize thermal
performance for different service temperatures present in heat exchangers. The study found
that the generation of the fin arrays created by the masked cold spray process significantly
improved the heat transfer performance, due to the increase in the surface roughness of
the fins.

The cold spray process is intricate, involving multiple disciplines, including fluid
mechanics, solid mechanics, and materials science [2,3,5,6,8-12,14,27-30]. In the present
study, numerical simulations are performed to analyze particle deposition, focusing on
creating precise fin-like geometries with an optimal porosity on electrode surfaces by
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positioning masks between the nozzle and the substrate. Computational Fluid Dynamics
(CFD) is employed to simulate the interactions of gas and particles within a high-pressure
nozzle, using nickel powder as the feedstock. CFD models are commonly used to optimize
nozzle design and predict particle trajectories, velocities, and temperatures in the cold spray
process [7,29,31-43]. They offer crucial insights into how process parameters, such as gas
pressure and temperature, as well as nozzle design, influence particle velocity and trajectory.
These factors directly influence the deposition efficiency and coating quality. In this study,
particle in-flight behavior is modeled using a two-way coupled Eulerian-Lagrangian
approach, which includes an appropriate drag correlation to account for compressibility
and rarefaction effects. A parametric study explores the effects of varying wire thicknesses
and opening areas of different masks, inlet pressures and temperatures, standoff distances,
and mask positions on the particle conditions upon impact.

2. Numerical Modelling

To model the gas flow and particle in-flight behavior, the Eulerian-Lagrangian ap-
proach implemented in ANSYS FLUENT V23.2 was employed. The gas phase was initially
solved from a steady-state perspective. Once convergence was achieved, the particles were
injected and tracked using the transient Lagrangian solver, the Discrete Phase Model (DPM).

2.1. Geometry and Boundary Conditions

The geometry of the nozzle, mask, and substrate is presented in Figure 1. Due to the
presence of the mask, the analysis needed to be modelled in three dimensions. However, the
flow and overall particle deposition are symmetric about two planes, therefore, a quarter-
symmetric model was utilized. The dimensions of the converging—diverging nozzle are
the same as those in the study performed by Garmeh et al. [31] (which was based on
a PCS 800 cold spray system (Plasma Giken, Yoriimachi, Japan)) and are shown in Figure 2.
Furthermore, Figure 2 identifies the standoff distance (SOD) parameter for both the mask
and the nozzle, which was varied in this parametric study.

Figure 1. Quarter-symmetric model of nozzle, mask, and substrate.

12 =2mm
fhroat goutlet= 4.5mm

Ginjec!cr= 1‘9 mm / /
| 114 ) l
80 mm 200 mm Mask SOD
"_’l k—ﬂ
15 mm

Substrate SOD

Figure 2. Nozzle dimensions and geometry. SOD stands for standoff distance.
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The flow domain is shown in Figure 3. Similar to previous studies [31,32,43,44],
the outlet boundary is treated as a pressure outlet, and all the walls (nozzle, mask, and
substrate) are treated with no-slip conditions. A pressure inlet is specified at the nozzle
inlet. The substrate used for the analysis is a square prism, 30 mm x 30 mm x 5 mm. The
jet flows out radially after it impinges on the substrate surface. Therefore, to minimize the
effect of the outlet conditions, the domain is extended 80 mm from the nozzle centerline.
The domain is also extended to 50 mm behind the substrate surface and 30 mm behind the
nozzle exit, since the flow can be reflected off the substrate.

/ w— ‘“‘\>ﬁ‘ Outlet

Nozzle

Pressure
Inlet
\ &
‘ Injector
Pressure

Inlet

Figure 3. Flow domain and boundary conditions.

2.2. Study Parameters

For the parametric study, four different masks were analyzed. The geometry specifica-
tions of the masks are shown in Table 1. The masks were modelled based on dimensions
from commercially available products. For the study, two different mask rod diameters
were analyzed, a smaller rod diameter and a larger rod diameter. Each mask also had
a different opening area. It should be noted that the masks were modelled as a simplified
mesh—the overlapping and weaving of the mesh rods were not considered in this analysis.
To capture the effect of the substrate SOD, the analysis was performed at the following
two substrate SODs: 10 mm and 20 mm. To analyze the effects of the mask SOD, the
mask distance from the nozzle exit was increased at increments of 4 mm. The different test
configurations and SODs are described in Table 2.

Table 1. Mask properties.

Mask 1 Mask 2 Mask 3 Mask 4
Wire Diameter (mm) 0.89 0.89 0.46 0.46
Opening Size (mm) 1.22 1.65 1.14 0.81
% Open Area 33 42 51 41

Model
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Table 2. Substrate and mask standoff distances.
10 mm Substrate SOD 20 mm Substrate SOD
(from Nozzle Exit to Substrate) (from Nozzle Exit to Substrate)

4 mm

Mask SOD 4 mm 8 mm

(from Nozzle Exit to Mask) 8 mm 12 mm
16 mm

The deposition of particles in a cold spray process is very sensitive to the inlet operating
conditions of the nozzle. A higher pressure would allow particles to achieve greater
velocities, as a result significantly increasing the chances of deposition. Therefore, to
analyze the effect of the nozzle inlet conditions, the following two operating conditions
were analyzed: a medium-pressure case and a high-pressure case. See Table 3 for the
operating conditions, which are the same as those in the study performed by Garmeh
et al. [31]. A total of 48 simulations were performed for the parametric study. The analysis
captured the effects of the mask geometry, the substrate SOD, the mask SOD, and the nozzle
inlet operating conditions.

Table 3. Nozzle inlet operating conditions.

Case Inlet Pressure (MPa) Inlet Temperature (°C)
Medium Pressure 2 400
High Pressure 4 800

2.3. Mesh

The mesh for the analysis was generated using ANSYS Workbench 2023 R2 and is
shown in Figure 4 for the entire domain. The mesh was semi-structured and consisted
of 1,500,000 to 2,600,000 cells (depending on the mask analyzed and the SODs). The
mesh consisted primarily of structured hexahedral cells, located in the nozzle and most
of the external domain. Due to the complex geometry of the mask, the mesh around
the mask was unstructured and consisted of tetrahedral and prismatic cells. This semi-
structured /unstructured mesh can be seen in detail in Figure 5. The mesh sensitivity
analysis is described in Appendix A.

Figure 4. Mesh of the entire domain.
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Figure 5. Zoomed-in view of the mesh, showing structured and unstructured regions.

2.4. Continuous Phase

The gas flow was solved using the steady-state pressure-based solver. Nitrogen
was used as the operating fluid and modelled using the ideal gas assumption. To ac-
count for compressibility and thermal effects, the temperature-dependent three-coefficient
Sutherland equation was used to model the fluid viscosity. The temperature-dependent
piecewise-polynomial relationship was used to model the specific heat. Second-order
schemes were used for spatial discretization. The coupled scheme was implemented for the
pressure—velocity coupling, as it resulted in a better convergence behavior. The SST k-w
model was used as the turbulence model for the analysis, with viscous heating enabled.
A comparison of the k-¢ realizable and SST k-w models is reported in Appendix B to show
that the SST k-w model was considerably better at analyzing the near-wall behavior of
supersonic jets near and downstream of the masks as compared to k-¢ models.

2.5. Discrete Phase

The discrete phase (i.e., particles) was solved using the transient Lagrangian Discrete
Phase Model (DPM) in FLUENT. As mentioned, the continuous phase was initially fully
resolved, at which point, the transient particles were injected. The particle injection time
step was set at 107> s. Two-way turbulence coupling was enabled to account for changes in
turbulent quantities. Depending on the size of the particle, particles can dampen or produce
turbulent eddies, which is accounted for using turbulence coupling [45]. O’Rourke’s
stochastic collision [45,46] was also enabled, as it results in a greater dispersed particulate
flow, which is closer to experimental observation [31]. Stochastic tracking using the Discrete
Random Walk (DRW) model was also enabled, which considers the effects of turbulent
velocity fluctuations on the particle trajectories [45].

Nickel powder was used as the particle feedstock. The nickel powder was injected
normally to the injector surface at 10 m/s and 300 K, at a mass flow rate of 1 g/s. The
injector surface was treated as a pressure inlet, with an inlet pressure 10% higher than the
nozzle inlet pressure [31]. The inlet temperature was kept the same as the nozzle inlet
temperature. The powder diameter ranged from 17 pm to 77 pm, with a mean diameter of
48 um. The particle diameter distribution was based on the Rosin—-Rammler distribution
from the study performed by Garmeh et al. [31].

To better capture the drag behavior of the particles at the high flow speeds, the drag
correlation proposed by Crowe was implemented. The Crowe’s drag coefficient is valid
for a wide range of particle Mach and Reynolds numbers and considers compressibility
and rarefaction effects [31,43,47,48]. To model the particle heat transfer, the Ranz-Marshall
correlation was used for the calculation of the Nusselt number. The lumped capacity
method was used, neglecting the temperature gradient inside the particle. Similar to
previous studies [31-33], the trap boundary condition was used at the substrate and mask.
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When a particle landed on the substrate surface or the mask, it was assumed to adhere to
the surface and was removed from the simulation.

3. Results

The gas pressure, velocity, and temperature contours are shown in the figures below.
Figures 6 and 7 show the medium- and high-pressure cases for Mask 2. Figures 8 and 9
show the medium- and high-pressure cases for Mask 4. The medium- and high-pressure
cases for Mask 1 and Mask 3 are shown in Appendix C.

In these figures, the first row illustrates the variation in static pressure across different
masks and SODs. It is evident that changes in the inlet conditions, mask type, and mask
and substrate SODs significantly alter the pressure distribution. The second row depicts the
velocity magnitude of the gas flow, while the third row shows the temperature distribution.
Similar to the pressure, both the velocity and temperature are greatly influenced by the
inlet conditions, the mask type, and the mask and substrate SODs. In general, the typical
shock diamond structures seen in cold spray processes [34,43] or the simple bow shock
formed near a flat substrate [30-32] are replaced by highly complex supersonic jets when
a mask is placed between the nozzle exit and the substrate.

As can be seen, the gas pressure, velocity, and temperature are significantly higher
for the higher-pressure cases compared to the medium-pressure cases. Due to the higher
inlet pressure and temperature, the flow is accelerated to greater gas velocities. There
appears to be a bow shock upstream of the mask, which creates a high-pressure zone, as
well as increasing the gas temperature and decreasing the gas velocity. In addition to this,
there also appears to be a pressure rise in the stagnation zone at the substrate surface. The
reduction in gas velocity due to the mask can potentially decrease the particle velocity
and, hence, the deposition efficiency. A study performed by Pattison et al. [30] found that
the bow shock caused by small substrate SODs had a significant adverse effect, causing
a reduction in the particle impact velocity and deposition efficiency. Therefore, the shock
experienced due to the mask could significantly impact the particle deposition, especially
for small mask SODs.

The gas pressure and velocity profiles are analyzed along the jet centerline from the
nozzle exit to the substrate surface. The gas pressure and velocity profiles for the medium-
pressure case are shown in Figures 10 and 11, respectively. Likewise, the gas pressure and
velocity profiles for the high-pressure case are shown in Appendix D. The figures show the
gas profile along the centerline for each of the four masks, for all the test cases. The mask
location and approximate size are overlayed on each plot. The gas temperature profiles
along the centerline are presented in Appendix E.

From the profiles, the bow shock that is formed upstream of the mask is evident
by the sudden rise in the gas pressure, decrease in the gas velocity, and rise in the gas
temperature. Interestingly, the bow shock appears to be of a consistent magnitude for the
medium-pressure case. Irrespective of the test case, the pressure rise, velocity decrease,
and temperature rise are of a similar size and shape along the centerline where the majority
of the particles move. It should be noted that Masks 1 and 2 (red and blue) experience
bow shock earlier in the flow due to their larger rod diameters, compared to Masks 3 and 4
which have smaller rod diameter. For the high-pressure case, the magnitude of the bow
shock formed upstream of the mask varies based on the mask and mask location. The bow
shock also appears to be more severe compared to the medium-pressure case, resulting
in a higher gas velocity decrease. The bow shock that is formed in the stagnation zone at
the substrate surface is also evident, as indicated by the rise in pressure near the substrate.
However, the bow shock at the substrate is of a lesser magnitude compared to that at
the mask.
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Figure 6. Flow contours for Mask 2 (medium-pressure case).
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Figure 7. Flow contours for Mask 2 (high-pressure case).
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Legend
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Figure 8. Flow contours for Mask 4 (medium-pressure case).
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Figure 9. Flow contours for Mask 4 (high-pressure case).
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Figure 10. Gas pressure profile along centerline (medium-pressure case).
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Figure 11. Gas velocity profile along centerline (medium-pressure case).
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As the flow enters the mask, the gas velocity along the centerline increases due to the
fluid being funneled between the mask rods. The velocity suddenly decreases downstream
of the mask, as it passes through another shock—as evidenced by the sudden rise in
pressure. It is interesting to note the flow differences experienced by the four different
masks. For the medium-pressure case, Masks 1 and 2 (which have larger rod diameters)
generally have a higher gas velocity downstream of the mask (prior to the substrate). It is
also worth noting that Masks 1 and 2 experience significant oscillations downstream of the
mask, whereas Masks 3 and 4 do not.

The particle distribution on the substrate is presented in Figure 12 for the medium-
pressure case and Figure 13 for the high-pressure case. The figures show the particles that
landed on the substrate for the four different masks, at each SOD analyzed. A comparison
of Figures 12 and 13 reveals that the nozzle inlet conditions are the most critical factor
influencing the particle velocity. Notably, increasing the inlet pressure leads to a significant
rise in the particle velocity. In addition, as can be seen, the particle impact velocity decreases
with an increase in the particle size. Moreover, the particle impact velocity generally
decreases as the radial distance from the jet centerline (point (0, 0)) increases.

Given the crucial role of particle impact velocity in determining the deposition rate
and coating quality, quantitative data on the average particle impact velocity as a function
of operating conditions, mask type, and SODs have been compiled. Figures 14 and 15 show
the average particle velocities at the nozzle exit and before entering the mask for both the
medium- and high-pressure cases. As can be seen, increasing the inlet pressure from 2 to
4 MPa raises the particle impact velocity from approximately 430 to 580 m/s, highlighting
the significant influence of inlet pressure on the particle velocity. With a specific inlet
pressure, the average velocity of all the particles at the nozzle exit is approximately the
same for all test cases. However, the average velocity of all the particles before entering the
mask appears to slightly increase as the mask SOD is increased. This trend can be seen for
both the medium- and high-pressure cases. The increase in the average particle velocity
with mask SOD is most likely due to the particles being able to accelerate for a greater
duration. As can be seen from the centerline gas velocity profiles, the presence of the mask
impedes the flow, with the gas velocity decreasing upstream of the mask. As the mask is
moved further away from the nozzle exit, the particles are allowed to accelerate for a longer
period in the high-velocity gas.

The average velocity of all the particles is also compared after exiting the mask and
before impacting the substrate. This can be seen in Figures 16 and 17 for the medium- and
high-pressure cases, respectively. As demonstrated, an increase in the inlet pressure from
2 to 4 MPa results in a significant rise in the particle impact velocity from approximately
440 m/s to 590 m/s. As previously discussed, this emphasizes that the inlet pressure has a
substantial impact on the particle velocity. Mask properties also play a role, with Mask 1
generating the highest velocity for a given inlet pressure. However, for any specific mask,
there is minimal to no change in the average particle velocity after exiting the mask. In
addition, similar to the trend in Figures 14 and 15, increasing the mask SOD results in
a slight increase in the average particle velocity. It is worth mentioning that variations
in the average particle temperature with the SODs and mask properties are negligible
(see Appendix F). In other words, the main parameters that control the particle impact
conditions are the inlet pressure and temperature.
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Medium-Pressure: Particle Distribution on Substrate
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Figure 12. Particle distribution on substrate (medium-pressure case).
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Figure 13. Particle distribution on substrate (high-pressure case).
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Figure 15. Average particle velocity at nozzle exit and before entering the mask (high-pressure case).



Appl. Sci. 2024, 14, 11147 18 of 40

50 10 mm Substrate SOD 20 mm Substrate SOD

Mask 1: After Mask

435 ==

-@~- Mask 1: At Substrate

-&~ Mask 2: After Mask

-®- Mask 2: At Substrate

—&— Mask 3: After Mask

-®- Mask 3: At Substrate
Mask 4: After Mask
Mask 4: At Substrate

Average Particle Velocity (m/s)

430 A

425 1+ T T T T T
4 8 4 8 12 16
Mask SOD (mm) Mask SOD (mm)
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Figure 17. Average particle velocity after exiting mask and before impacting substrate (high-
pressure case).

Figure 18 illustrates the particle dispersion and velocity at various locations for the
medium-pressure case. In this figure, Mask 1 is used, with a mask SOD of 16 mm and
a substrate SOD of 20 mm. The corresponding particle dispersion and velocity for the high-
pressure case are provided in Appendix G. The results indicate that minor dispersion occurs
before the mask, corresponding to the region where the main shock wave and pressure rise
are observed. However, after the mask, no significant particle dispersion is detected. Only
very small particles (~20 um) exhibit slight dispersion under medium-pressure conditions,
attributed to their lower Stokes number [49-52].
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Figure 18. Particle distribution at different locations: Mask 1, 16 mm Mask SOD, 20 mm substrate
SOD, medium-pressure case.

To determine whether a particle will adhere to the substrate surface, the particle’s
impact velocity from numerical simulations must be compared with the critical velocity,
either calculated or experimentally measured. If the particle’s impact velocity exceeds
this critical threshold, it is likely to be deposited on the substrate. Bae et al. [53] utilized
Finite Element Analysis (FEA) to estimate the critical impact velocity for nickel powder on
a mild steel substrate. To the best of the authors” knowledge, these are the only available
critical velocity data for nickel powder that account for the effects of both the particle
diameter and temperature. Therefore, we analyze the deposition rate and efficiency by
comparing our CFD-simulated particle impact velocities with the critical velocity data from
Bae et al. [53]. This comparison is expected to be valuable for readers interested in the topic,
and also underscores the need for further research to develop critical velocity correlations
for a broader range of powder and substrate materials.

The critical velocity correlation for nickel powder (Equation (1)) is developed in the
current study based on the data presented in the work of Bae et al. [53], as follows:

(1,025 — (5.87 % 10—15) % Tp3.88)251
)0.34 ’ (1)

Critical Velocity =
(—0.3 426374 x dp

where T, (K) is the particle temperature upon impact and dp, (m) is the particle diameter.
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The fitted critical velocity correlation provides a decent interpolation and extrapolation
of the FEM data. The fitted equation is compared with the FEM data [53] and is shown in
Figure 19. Since Bae et al.’s study analyzed nickel particles ranging from 25 to 75 pum, the
data needed to be extrapolated for this study to include the present particle diameter range
(from 17 to 77 um). The curve fitted Equation (1) has an R? of 0.964 with respect to the
original study data [53]. As mentioned, if the particle velocity upon impact on the substrate
is greater than the critical velocity, it is assumed that the particle deposits on the substrate.
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Figure 19. Fitted critical velocity correlation (Equation (1)) vs. original study data [53].

The particle deposition and distribution on the substrate surface are visualized in
Figure 20 for the medium-pressure case. The deposited and undeposited particles that
landed on the substrate are shown for all four different masks, for each mask SOD and
substrate SOD. As can be seen, the particles primarily deposit in the central opening of
the mask that is in line with the nozzle centerline. It can also be seen that the masks with
smaller rod diameters (Masks 3 and 4) have a wider particle distribution, with a significant
number of particles in the adjacent mask openings. However, most of these particles do not
deposit. In the high-pressure scenario, nearly all particles are successfully deposited across
all test cases (see Figure 21). This emphasizes that the inlet pressure has a dominant impact
on the particle velocity and deposition, while other parameters exert secondary effects.
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Figure 20. Deposited vs. undeposited particles for each test case (medium pressure case).
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Figure 21. Deposited vs. undeposited particles for each test case (high-pressure case).
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The particle deposition efficiency (DE) is shown in Figure 22 for the medium-pressure
case. The DE analyzed here is defined as the percentage of particles that deposit on the
substrate to the total number of particles that impact the substrate. It is worth noting
that the DE for the high-pressure case is greater than 99.9% for all test cases, with almost
all the particles depositing. This exceptionally high deposition efficiency aligns with the
high-pressure scenario observed in the experimental and numerical study by Garmeh
et al. [31], where cold spray was applied to both on-axis and off-axis nozzle/substrate hole
geometries. However, for the medium-pressure case, there appears to be a strong linear
relationship between the DE and the mask SOD. As the mask distance from the nozzle exit
is increased, the DE of the particles appears to linearly increase. This behavior can be seen
for all four masks and both 10 mm and 20 mm substrate SODs. This increase in deposition
as the mask SOD is increased can be associated with the particle velocity, which increases
when the mask is moved further away. The mask properties, such as the wire size and
opening area, also affect the DE, with Mask 1 resulting in the highest DE.

10 mm Substrate SOD 20 mm Substrate SOD
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El 16 1 /
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Figure 22. Deposition efficiency for medium-pressure cases.

As discussed, several researchers, including Cormier et al. [23], have experimentally
investigated the manufacturability of pyramidal fin arrays using the masked cold spray
process. Similar to their work, we considered commercially available masks. However,
while their research focused on aluminum and stainless-steel powders for the development
of fins in compact heat exchangers [23], our study emphasizes nickel particles due to their
relevance in the HER. Consequently, a direct one-to-one comparison is not feasible, but the
observed trends can be evaluated. In their work [23], the standoff distances between the
substrate, mask, and nozzle were empirically optimized for an inlet pressure of 3 MPa. The
cold spray system employed was Plasma Giken PCS-1000, featuring a nozzle with a 3.0 mm
throat diameter and a 6.5 mm exit diameter. Through multiple trials, they examined
the influence of the standoff distances between the mask and the nozzle, as well as the
mask and substrate [23]. While differences existed in nozzle type, powder material, and
inlet pressure, both the current study and the work of Cormier et al. [23] demonstrate
that maintaining a longer distance between the substrate and the nozzle (approximately
20-25 mm), along with positioning the mask closer to the substrate, is critical for achieving
optimal conditions.



Appl. Sci. 2024, 14, 11147

24 of 40

4. Conclusions

A numerical parametric analysis was performed on the cold spray process. The
deposition and distribution of injected nickel powder were analyzed for the purposes
of creating pin fin geometries for a hydrogen electrolysis process. The parametric study
analyzed the effects of substrate SOD, mask SOD, mask type, and nozzle inlet operating
conditions. Commercially available masks, as used in previous studies, were employed.
Although identifying the optimal conditions was challenging due to the interplay of
multiple parameters (such as particle type, size, operating conditions, nozzle geometry,
and mask configuration), near-optimal deposition conditions for Ni particles were found.
Among the analyzed parameters, the nozzle inlet conditions had the most significant
impact on particle deposition. Increasing the inlet pressure to 4 MPa achieved a deposition
efficiency (DE) of 99%, consistent with our previous findings [31]. This high-pressure inlet
condition enhanced the gas flow velocity, both inside and outside the nozzle, resulting
in a higher particle impact velocity. At this high pressure, the mask type and standoff
distance did not affect the DE, making 4 MPa the optimal condition. If achieving 4 MPa
is not feasible, optimal deposition at lower pressures, such as 2 MPa, requires a longer
nozzle-to-substrate SOD (approximately 20 mm) and the mask positioned closer to the
substrate. These findings align with the experimental results of Cormier et al. [23], who
experimentally demonstrated an improved deposition for aluminum and stainless-steel
particles under reduced pressures. However, at a medium pressure (2 MPa), the DE
ranged from 12 to 21%. It was also found that the DE increased linearly as the mask
SOD increased. This relationship is due to the higher average particle velocity that was
achieved when the mask SOD was increased. It was found that the average velocity of
the particles before entering the mask slightly increased, also linearly, when the mask
SOD was increased. This was due to the particles being allowed to accelerate for a longer
period. Regarding the particle distribution and deposition, it was shown that the nickel
particles deposited primarily in the central opening of the mask (i.e., mask opening in line
with nozzle centerline). While this study focused on key process parameters, future work
should investigate the influence of particle feedstock nonuniformity, including sphericity,
to further refine the understanding of particle dynamics and deposition outcomes.
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Appendix A. The Mesh Sensitivity Analysis

To ensure that the solution was independent of the mesh, two different mesh depen-
dency studies were performed. The first mesh study was conducted to analyze the overall
flow behavior in the nozzle and external domain to ensure that flow features such as shocks
were accurately captured. The three following different mesh resolutions were analyzed:
coarse (730,000 cells), fine (1,420,000 cells), and very fine (2,980,000 cells). The mesh at
the nozzle, mask, and substrate walls was kept consistent for all three resolutions. The
gas pressure and velocity profiles were compared along the centerline of the geometry, as
shown in Figures A1 and A2, respectively. As can be seen, all three mesh resolutions were
able to adequately model the flow in the nozzle, as well as capture the shocks at the nozzle
exit, as indicated by the sharp increase in pressure and decrease in velocity downstream of
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the nozzle exit. Therefore, to save computational costs, the flow could be modelled with
the coarse mesh resolution.
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Figure A1. Mesh convergence of flow—gas static pressure along the centerline.
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Figure A2. Mesh convergence of flow—gas velocity along the centerline.

A secondary mesh refinement study was performed, which focused on the near-wall
region, specifically near the mask walls and near the substrate surface. As discussed, the
SST k-w turbulence model was used for the analysis, which performs well with a fully
resolved near-wall mesh. Therefore, to ensure that the near-wall mesh was sufficiently
resolved, three different meshes with varying average y+ values were analyzed. The y+ is
a non-dimensional value that corresponds to the height of the first cell center adjacent to
the wall. The mesh characteristics for the three different cases are shown in Table Al. To
analyze the flow, the gas pressure and velocity profiles were examined along a line through
the mask rods, from the nozzle exit to the substrate. The respective profiles are shown
below in Figures A3 and A4. As can be seen, the profiles are similar for all three meshes.
However, as will be discussed in Appendix B, the fine and very fine meshes are better able
to resolve the flow near and downstream of the mask. Therefore, the near-wall mesh at the
mask is refined inline with the very fine resolution, with an average y+ of less than 1.



Appl. Sci. 2024, 14, 11147 26 of 40
Table A1l. Mesh characteristics.
Wall Mesh # of Cells Average Mask Wall y+
Coarse 1,030,000 12.10
Fine 1,280,000 6.86
Very Fine 1,900,000 0.53

Static Pressure (Pa)

Velocity (m/s)

Mesh Convergence - Wall: Static Pressure
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Figure A3. Convergence of near wall mesh—gas static pressure in the axial direction.
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Figure A4. Convergence of near wall mesh—gas velocity in the axial direction.

Appendix B. A Comparison of the k-¢ Realizable and SST k-w Models

The SST k-w model is typically better at analyzing the near-wall flow behavior of the
supersonic flow around cylinders (i.e., the mask rods) as compared to k-¢ models with
default wall functions. Benim et al. [54] analyzed the supersonic flow around cylinders and
found that the drag coefficient was poorly modeled by the k-¢ models with a wall function.
On the other hand, the SST k-w model with a fully resolved wall mesh was significantly
better at modeling the near-wall behavior by more accurately capturing the drag coefficient
and boundary-layer effects. However, the SST k-w model requires a sufficiently refined
near-wall mesh. As a general rule, a dimensionless y+ value of less than 1 is recommended
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Legend

to adequately solve the near-wall flow [54]. A y+ value of 1 would ensure that the first cell
is located within the viscous sublayer, allowing for the flow in the boundary layer to be
resolved. Since the interest of this study is in the flow behavior around the mask and at the
substrate surface, the mesh was sufficiently refined such that the average y+ value was less
than 1 for those regions. It should also be noted that the SST k-w model implements wall
formulations (i.e., y+ insensitive near-wall treatment) to minimize variations where the y+
is outside the viscous sublayer [45].

A comparison of the k-¢ realizable and SST k-w model was performed, as shown in
Figure A5. The figure shows the gas pressure, velocity, and temperature contours for both
the k-¢ realizable and SST k-w turbulence models. For the comparison, the high-pressure
case with a 20 mm substrate SOD and 16 mm mask SOD was used. As can be seen, the
flow upstream of the mask is almost identical for both models, however, the flow near and
downstream of the mask is significantly different. The SST k-w model appears to more
accurately capture the expected wake behind the mask cylinders. The SST k-w model also
appears to better capture the pressure build-up at the substrate surface in the stagnation
zone. This comparison is consistent with the results of Benim et al. [54] and shows that the
use of k-¢ model with wall functions is not adequate to capture the fluid mixing and flow
separation that occurs downstream of the mask.
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Figure A5. Turbulence model comparison.



Appl. Sci. 2024, 14, 11147 28 of 40

Appendix C. Flow Contours for Masks 1 and 3 (Medium and High Pressures)

10 mm Substrate SOD 20 mm Substrate SOD

Legend 4 mm Mask SOD 8 mm Mask SOD 4 mm Mask SOD 8 mm Mask SOD 12 mm Mask SOD 16 mm Mask SOD

Static Pressure

Pa]

Pl ge.05

4e+05

3e+05

Static Pressure

8e+04

-1e+05

Velocity Magnitude
(2=l 1000

750

500

Velocity

250

Static Temperature
S 750

613
475

338

Static Temperature

200

Figure A6. Flow contours for Mask 1 (medium-pressure case).
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Figure A7. Flow contours for Mask 1 (high-pressure case).
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Figure A8. Flow contours for Mask 3 (medium-pressure case).
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Figure A9. Flow contours for Mask 3 (high-pressure case).
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Appendix D. Gas Velocity and Pressure Profiles Along the Jet Centerline

(High-Pressure Case)
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Figure A10. Gas pressure profile along centerline (high-pressure case).
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Figure A11. Gas velocity profile along centerline (high-pressure case).



Appl. Sci. 2024, 14, 11147 34 of 40
Appendix E. Gas Temperature Profiles Along the Jet Centerline
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Figure A12. Gas temperature profile along centerline (medium-pressure case).
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Figure A13. Gas temperature profile along centerline (high-pressure case).
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Appendix F. The Average Particle Temperature for Medium-Pressure and
High-Pressure Cases
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Figure A14. Average particle temperature at different locations (medium-pressure case).
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Figure A15. Average particle temperature at different locations (high-pressure case).
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Appendix G. Particle Distribution at Various Locations (Mask 1, 16 mm Mask SOD,
20 mm Substrate SOD) for the High-Pressure Case
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Figure A16. Particle distribution at different locations: Mask 1, 16 mm Mask SOD, 20 mm substrate
SOD, high-pressure case.
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