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Abstract 

The generation of a high velocity carrier gas flow for cold 

metal particle applications is addressed, with specific focus on 

titanium cold spraying. The high hardness of this material 

makes cold spraying titanium difficult to achieve by industry 

standard nozzles. The redesign of a commercial conical 

convergent-divergent cold spray nozzle is achieved by 

application of aerospace design codes, based on the Method of 

Characteristics, towards producing a more isentropic 

expansion by contouring the nozzle walls. Steady three-

dimensional RANS SST k-ω simulations of nitrogen are 

coupled two-way to particle parcel tracking in the Lagrangian 

frame of reference. The new contoured nozzle is found to 

produce higher particle velocities with greater radial spread, 

when operated at the same conditions/cost of operation as the 

commercial nozzle. The results of numerical modelling 

showed the potential for extending cold spray to high density 

and low ductility particles by relatively minor rig 

modifications, through an effective synergy between gas 

dynamics and material science. 

 

Introduction 

Cold spraying is a material deposition process developed 

about 40 years ago by the Russian scientists as a metal coating 

technology [1, 2]. This technique consists in accelerating 

powder particles to a high velocity (typically higher than 300 

m/s) by a high-speed flow. The particles impinge onto a 

substrate, where they plastically deform under the action of 

their own kinetic energy and form a coating, as shown 

diagrammatically in Fig. 1. 

 

 
Figure 1: Schematic of a high-pressure cold spray system [3]. 

 

The major advantage of this metal processing technique is the 

low temperature involved, which minimizes any potential 

phase change of the substrate and keeps the particles in their 

solid state. This is making cold spray suitable for depositing a 

wide range of traditional and advanced materials on many 

types of substrate, lately being also used as an additive 

manufacturing and repair technology [3-5]. Alkhimov et al. [2] 

demonstrated that the key parameters for the successful 

bonding of the particles with the substrate are impact velocity 

and temperature. High velocity is necessary for optimal 

deposition efficiency and packing density. At low 

temperatures, particle oxidation is avoided, which can make 

cold spray depositions more durable and with a better bond 

strength. Given the key role of particle velocity and of particle 

kinetic energy on the quality of the deposition, a good 

understanding of the factors that affect the particle velocity 

upon impact is crucial for improving the current cold spray 

practices.  

One of the most important components of the cold spray 

system is the supersonic nozzle and its capability of generating 

high deposition efficiency. In cold spraying, a supersonic gas 

jet is formed using a de Laval or a similar converging-

diverging nozzle. The influence of the nozzle design in the 

cold spray process is discussed by several authors in the 

literature, with several studies dedicated to the optimization of 

the cold spray nozzle configuration. Dykhuizen et al. [6] 

presented a method for the optimal design of a cold spray 

nozzle. Alkimov et al. [7] also investigated a model to 

optimize the nozzle geometry. Later, various nozzle shapes 

were investigated, such as convergent-divergent nozzles [8-

12], convergent-divergent-barrel nozzles [10], convergent-

barrel [10, 13], and bell-shaped nozzles [14, 15]. Tabbara et 

al. [16] and Yin et al. [17] investigated the effect of the nozzle 

cross-section on the particle velocity and distribution. Suo et 

al. [18] and Varadaraajan et al. [19] studied the effect of the 

nozzle geometry on particle distribution for rectangular 

nozzles. Jodoin [20] found that an exit Mach number between 

1.5 and 3.0 can ensure the sprayed particles achieve a 

sufficient deceleration on impact to provide a well-bedded 

metal coating. Grujicic et al. [21] discovered that a relative 

Mach number of 1.4 leads to the highest particle acceleration, 

which is conducive to generating high particle kinetic energy. 

These particles embed well into the target. Lupoi [22] has 

shown that the effect of nozzle geometry on deposition 

efficiency is difficult to predict.  

There are still some unanswered questions concerning the 

influence of the nozzle design on the discrete phase properties, 

that is, on the particulate. Therefore, further studies are 

necessary to determine the optimal design approach for cold 

spray nozzles. The current work discusses an alternative 

workflow to designing contoured axisymmetric nozzles (the 
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so-called bell-shaped nozzles) for cold spraying. By 

Computational Fluid Dynamics (CFD), the performance of a 

commercial conical convergent-divergent cold spray nozzle is 

compared with that of a new nozzle profile designed with a 

smooth throat and for a parallel (axial) outflow. The new 

nozzle geometry was designed in order to improve the 

deposition efficiency, reduce the particle-to-particle variation 

in impact velocity, and produce a more even coating. The 

CONTUR code by Sivells [23] is used to calculate the 

divergent section profile of the new convergent-divergent 

nozzle. This code is linked to the code developed by Alcenius 

and Schneider [24] for calculating the nozzle convergent 

section profile. 

In this study, a three-dimensional CFD model is developed to 

assess the flow and particle behaviour in a lightly laden jet, in 

which well-dispersed titanium particles are accelerated by a 

compressible flow. ANSYS FLUENT® v19.5 is used as the 

CFD solver. The Reynolds-Averaged Navier–Stokes (RANS) 

SST k-ω model is used to account for the effect of turbulence 

on the time-averaged state of the continuous phase and the 

Discrete Phase Model (DPM) is used to compute the motion of 

the particles.  

This paper investigates specifically the effect of the nozzle 

geometry on the particle velocity distribution and on their 

radial spread. The comparison of the performance of the two 

nozzles is performed at the same operating conditions and for 

the same particle size distribution. The intent is to compare the 

impingement patterns of the metal deposition at the same cost 

of nitrogen gas supply and of the particle powder supply. 

 

Nozzle design 

In order to maximize the spray particle acceleration from the 

particle feeder to the substrate target, an axisymmetric nozzle 

with contoured walls is proposed, to replace the conical 

convergent-divergent shape of the Out4 nozzle (Fig. 2) in 

current use by industry. This is achieved by adapting 

compressible flow design methods originally developed for 

transonic and supersonic wind tunnel nozzles. This technique 

aims at improving the radial uniformity of the outflow 

velocity, compared to the more established conical cold spray 

nozzle design. The idea is to optimize the conventional nozzle 

geometry to produce higher quality flow under the same nozzle 

inflow conditions. 

 

 
Figure 2: Out4 convergent-divergent cold spray nozzle [25]. 

The design of the new nozzle is obtained by using the 

CONTUR code [23] in conjunction with the code developed 

by Alcenius and Schneider [24]. CONTUR uses a combination 

of analytical solutions, the Method of Characteristics (MOC), 

and prescribed centreline distributions of axial velocity in 

order to determine the divergent section profile of a 

convergent-divergent de Laval nozzle. This is a FORTRAN 77 

code which runs through a series of 16 subroutines and uses 

seven user-defined input cards, which describe the desired 

flow conditions through the nozzle. These cards are provided 

as a seven-line formatted ASCII text input file that is read at 

run time. A detailed description of the code is given in [23]. 

The code is capable of designing either axisymmetric or planar 

nozzles with a supersonic outflow and has been successfully 

used in previous work [26, 27]. The convergent part of the 

nozzle is obtained by the complementary code of Alcenius and 

Schneider [24] which uses the Hopkins and Hill [28] 

perturbation solution for the flow in the transonic region of an 

axisymmetric nozzle. By combining the two codes, the entire 

axisymmetric nozzle wall profile is determined. 

The authors translated and updated the original codes from 

FORTRAN 77 to FORTRAN 90, creating a shareable software 

library able to run on high-performance computer clusters. The 

CONTUR code library is available both through GitHub under 

the keyword CONTUR and it is also distributed as Research 

Data associated to this publication. The FORTRAN 90 code 

was shown to reproduce exactly the reference numerical 

(tabulated) solution of the original FORTRAN 77 code for a 

Mach 4.0 nozzle [23]. The coupling between the geometrical 

profiles of the convergent and of the divergent sections 

required additional work, due to the code of Alcenius and 

Schneider giving an inviscid flow prediction, whereas 

CONTUR allows for the boundary layer displacement 

thickness growth along the nozzle walls. A curvature-based 

design approach is adopted, by which the curvature value from 

the CONTUR code is matched analytically and exactly at the 

throat, by scaling the curvature of the Alcenius and Schneider 

[24] code profile output. 

 

Numerical model 

Computational domain and boundary conditions 

The geometry of a cold spray nozzle representative of current 

cold spray technology provides the baseline for designing a 

nozzle with enhanced performance. The selected baseline 

geometry is a convergent-divergent nozzle, specifically, the 

Out4 nozzle manufactured for the Impact Innovations 5/11 

cold spray system from Impact Innovations GmbH. The nozzle 

geometry details, obtained by measuring up a used Out4 

nozzle to ±0.1 mm at The Welding Institute, are presented in 

Fig. 2. The nozzle discharge is modelled in the computational 

domain of Fig. 3. A full three-dimensional computation is 

performed in the computational domain that is axisymmetric 

about the nozzle axis. For simplicity, Fig. 3 shows only the 

half of the computational domain through the nozzle 

meridional plane. The computational domain extends axially 

by 400 mm from the nozzle exit plane and the radial extent of 
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the computational domain is 300 mm. Figure 3 uses broken 

lines along inlet 2, the far-field, and the outlet boundaries to 

indicate that the far-field and outlet boundaries are located 

farther. The far-field boundary is located about 2.3 times 

farther and the outlet boundary is located about 4 times farther 

than what is shown in this sketch. 

 

 
Figure 3: Sketch of the computational domain and 

boundaries. 

 

A gas settling chamber of 60 mm axial length feeds the nozzle 

inlet, which is the start of the convergent nozzle section shown 

in Fig. 3, to the right of the computational domain inlet 1. The 

axial particle feeder has a diameter of 4 mm and it is located at 

the nozzle inlet. The substrate, that is the cold spray coating 

target, is placed at an axial distance of 35 mm to the right of 

the nozzle exit plane. The nozzle is supplied with compressed 

nitrogen and it discharges in nitrogen. Along the inlet 

boundaries, constant total pressure p0 and the total temperature 

T0 values are imposed. The values of p0 and T0 used along inlet 

1 and inlet 2 are listed in Table 1. Along the computational 

domain outlet, a constant pressure outflow condition is 

imposed, with zero gauge pressure. The far-field boundary was 

placed sufficiently far from the nozzle not to influence 

significantly its streamwise growth. Along the nozzle walls and 

substrate, a no-slip adiabatic wall boundary condition is 

applied together with the trap condition to trap all the particles 

hitting these surfaces. 

 

Table 1: Cold spray inlet conditions for the gas. 

 

Boundary Pressure Temperature 

inlet 1 5 × 106 Pa 1373.15 K 

inlet 2 150 Pa 300 K 

 

The computational domain is discretized in finite volumes 

using a structured multi-block body-fitted Cartesian mesh of 

about 1.6 million cells. This mesh is obtained by the 

commercial CFD mesh generator ICEM CFD® v19.5. Figure 4 

shows the surface mesh of the nozzle and of the substrate with 

the salient details of the mesh across the nozzle throat. Radial 

mesh clustering is used to resolve the nozzle wall boundary 

layer. Axial mesh clustering is applied at the throat, at nozzle 

exit, and close to the substrate, in order to capture the jet shear 

layer and the flow characteristics of the impinging jet. 

 

 
Figure 4: Computational mesh 

 

In the computational domain, the motion of the gas flow is 

evaluated in the Eulerian frame of reference. Nitrogen is 

modelled as compressible ideal gas, at a constant specific heat 

ratio Cp/Cv = 1.4. The specific heat capacity is varied with 

temperature to account for the significant adiabatic cooling 

that the gas undergoes upon expansion through the nozzle. A 

piecewise-polynomial function with two ranges determines the 

specific heat capacity of nitrogen: the Andrews and Biblarz 

polynomial profile [29] is used over the temperature range 250 

K ≤ T < 1150 K, and the NASA polynomial [30] is used over 

the temperature range 1150 K ≤ T < 2500 K. The viscosity is 

modelled by Sutherland's law. A secondary phase is introduced 

in the form of dispersed particles, the motion of which is 

solved in a Lagrangian frame of reference. Titanium particles 

are injected at a constant rate of 3 g/s. The material properties 

of the particles used in the simulation are shown in Table 2. 

 

Table 2: Properties of the simulated powder material. 

 

Property Description 

Material Titanium (Ti) 

Particle density, kg/m3 4850 

Specific heat capacity, J/kg/K 544.25 

Initial particle velocity, m/s 10 

Initial particle temperature, K 298.15 

Critical velocity, m/s 650 [31] 

 

Numerical scheme 

The conservative laws of mass, momentum, and energy are 

solved for the carrier phase using the density-based implicit 

flow solver in ANSYS FLUENT® v19.5. The steady-state flow 

solution method is used. The Roe flux-difference scheme [32] 

is used with a third-order MUSCL interpolation by van Leer 

[33] to determine the fluxes of the conservative laws at the 

finite-volume cell faces. Turbulence is accounted for by the 

Shear Stress Transport (SST) k-ω model. The motion of the 

titanium particles is computed using the Discrete Phase Model 

(DPM). 

This model follows the Euler-Lagrange approach: the fluid 

phase is treated as a continuum by solving the time-averaged 

Navier-Stokes equations (Eulerian reference frame), and the 

dispersed phase is solved by tracking a number of particles 

through the calculated flow field of the continuous phase 

(Lagrangian reference frame). 
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Figure 5: Distribution of particle size for the titanium powder 

used for the cold spray simulation. 

 

The particles used in the discrete phase model are assumed 

spherical, which implies an ideal milling process. A real 

milling process produces particles of variable sphericity that is 

known to affect the particle spread [34]. Still, the spherical 

particles used in this model are appropriate for showing 

differences in the particle spray pattern from different nozzle 

shapes. The particle size distribution is approximated by a 

Rosin-Rammler distribution with the spread parameter of 5.79, 

as shown in Fig. 5. A sample of 5000 spherical particles is 

injected in the RANS converged flow solution from the nozzle 

inlet plane. The particle size in the sample ranges from 15 µm 

to 32 µm. 

The particles are advanced by using the unsteady tracking 

method in ANSYS FLUENT. The method consists in 

calculating the trajectory of each particle by integrating the 

force balance on the particle. The high-Mach-number drag law 

is used for computing the drag coefficient of the particles. 

This study uses a two-way coupling between the solid phase 

and the fluid phase, to account for the kinetic energy transfer 

via drag and turbulence as well as for the heat exchange 

between the gas and the particles. This is implemented by 

means of source terms of mass, momentum and energy to the 

conservative laws. The dispersion of the particles due to 

turbulent fluctuations in the flow is modelled using stochastic 

tracking, by the Discrete Random Walk model. This allows to 

predict the trajectories of particles using a 

reconstructed/estimated value of the instantaneous carrier 

phase (gas) velocity. A detailed description of these models 

can be found in the FLUENT User's Guide [35]. 

In order to quantify the improvements from the nozzle 

redesign, a penalty function, Φ, is evaluated for each nozzle 

shape. This penalty function is defined as Φ = a(1-Z1) + aZ2 + 

2aZ3, where a = 0.25 is an adjustable coefficient that reflects 

the design intent. The first parameter, Z1, represents the ratio 

of the mass-weighted particle speed evaluated just off the 

substrate to the maximum gas velocity. The second one, Z2, is 

the mass-weighted standard deviation of the particle speed 

normalized by the mass-weighted mean particle speed, and the 

third parameter, Z3, represents the coefficient of variation 

(COV), which is a point-to-point measure of the uniformity in 

the spread of the particles over the substrate face [36]. 

The simulations presented here are conducted on the 

University of Leicester high-performance computing cluster 

ALICE, which has 4,760 2.4GHz cores. They were performed 

using shared-memory parallelism using 16 cores per 

simulation. 

 

Results and discussions 

In this section, the results from the computational fluid 

dynamic simulations are organized as follows: first, the model 

validation for the carrier phase is presented and discussed; 

next, the profiles of the baseline nozzle and of the redesigned 

nozzle are presented and their effects on the gas velocity, 

particle velocity distribution, and on the particle radial spread 

are analysed; finally, the penalty function Φ is evaluated for 

the two nozzles. 

 

In order to validate the continuous phase solver, simulations 

are obtained of the compressible flow generated by an infinite 

lipped convergent nozzle operating at a Nozzle Pressure Ratio 

(NPR) of 3.4. The nozzle is infinite lipped in that the nozzle 

discharges through a circular opening cut into a solid wall of 

large frontal area. The jet issuing from the nozzle impacts on a 

plate located at an axial distance of 0.5 nozzle exit diameters 

(D) from the nozzle exit plane. The numerical results are 

compared against the experimental data reported in 

Weightman et al. [37]. 

 

 
Figure 6: Axial distribution of centreline velocity from PIV 

[37] (line) and CFD (symbols) for three levels of 

computational mesh refinement. 

 

Figure 6 shows by a continuous line the centreline velocity 

obtained from the Particle Image Velocimetry (PIV) velocity 

vector fields [37] and by symbols the centreline velocity 

obtained from three different computational mesh refinement 

levels. The velocities are nondimensionalized by the choked 

jet exit velocity, UE, of 310 m/s. The alternating UE maxima 

and minima denote four shock cells. This shock cell sequence 

starts by an expansion at the nozzle exit plane that generates a 

maximum mean gas velocity of 1.8UE. This maximum is well 

captured in the numerical results. There are some 

inconsistencies between the experimental measurement and the 

numerical results. One possible reason could be the fact that 

the experimental velocity field was obtained by averaging 

instantaneous velocity fields and perhaps the number of 

samples were not sufficient to obtain a true mean velocity 
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field. However, the UE trend in the CFD predictions follows 

satisfactorily that in the experiment as far as the shock cell 

train is concerned. There is good overlap among the 

predictions obtained with different levels of computational 

mesh refinement. This indicates that this predominantly 

inviscid flow is relatively insensitive to the mesh refinement 

level, which suggests that the spatial resolution on the 

meridional plane is appropriate for modelling this flow. 

 

 
Figure 7: Greyscale levels of mean axial velocity predicted by 

CFD (top) and iso-colour levels of mean axial velocity from 

Weightman et al. [37] (bottom). 

 

Figure 6 shows a coarser agreement between the predicted and 

measured axial velocity distribution at x/D > 4, in the 

impingement region approaching the target plate. The iso-

levels of mean axial velocity in Fig. 7 give some insight into 

this discrepancy. The axisymmetric numerical prediction 

displays by the greyscale levels a bow shock developing just 

upstream of the target plate, identified by a crisp jump in the 

greyscale level from approximately 1.4 (light grey) to 

approximately 0.8 (dark grey) across this shock that stems 

nearly vertically from the jet axis. The corresponding 

experimental result shows a more gradual velocity reduction, 

as denoted by the axial velocity iso-colour levels changing 

from yellow through red and then blue. It is possible that either 

the lag in the PIV particle response or the azimuthal precession 

of the impingement region in the experiment may have 

smeared this compressible flow feature. 

A further spatially small difference between computation and 

experiment is shown at the apex of the shock cones in the 

shock train. At this operating pressure ratio, the shock cone 

apex is blunt and the shock cone is closed by a small Mach 

disk. The iso-colour levels from experiment show the effect of 

the Mach disk in the first shock cell, specifically the 

appearance of a shear layer (shown in red) close to the nozzle 

axis, running parallel to the jet axis. The shear layer develops 

from the triple point of the lambda shock that joins the 

circumference of the Mach disk with the oblique shocks above 

it. This feature is sharper and less radially spread in the 

equivalent numerical predictions of Fig. 7. In Fig. 6, the 3.8M 

cells simulation captures the effect of this Mach disk as a 

localized sharp drop in axial velocity at approximately 1.8 x/D 

and a similar drop at 3.0 x/D suggests the presence of a 

second, smaller Mach disk at the apex of the shock cone of the 

second shock cell. The intensity and the spatial location of 

these compressible flow features is typically very sensitive to 

the nozzle pressure ratio, which always has a setting tolerance 

in experiment. It is therefore not surprising that these features 

appear more diffused in the experimental record, which uses a 

time average of PIV vector maps from double-exposure 

images to reconstruct the mean axial velocity. Specifically, any 

drift in the nozzle pressure ratio setting over time during the 

image acquisition would likely produce such effect. This may 

be the reason for the differences between numerical and 

experimental results after the first shock cell, close to the jet 

axis. Recalling that the Mach disk has a small radial extent, it 

may be argued that the selected numerical method has shown 

good overall predictive ability for a compressible impinging 

jet. On this basis, this model is taken onwards, with some 

confidence, for the redesign of the nozzle. 

 

 
Figure 8: Nozzle profiles. 

 

Figure 8 shows the radial profiles of the internal wall of the 

baseline nozzle Out4, by the blue line, and of the nozzle re-

profiled using CONTUR, by the red line. It can be observed 

that the new nozzle was redesigned be keeping the same throat 

diameter and overall length as those of the industrial nozzle. 

The aim is to produce fully expanded outflow conditions, 

thereby improving the radial uniformity of the gas velocity 

and, consequently, of the particle velocity. The new nozzle has 

a convergent part 4.2 mm shorter than the baseline nozzle and 

an exit diameter of 8.2 mm. The baseline convergent-divergent 

geometry is hereafter referred to as the Out4 nozzle and the 

redesign output as the CONTUR nozzle. 

 

 
Figure 9: Velocity magnitude of the carrier gas phase along 

the axis of the nozzle. 

 

Figure 9 shows that the nozzle redesign significantly changed 

the velocity magnitude of the carrier gas phase. An earlier 

Mach number rise through the nozzle is obtained by locating 

the throat upstream, thereby exposing the titanium particles to 

high drift velocities sooner through the expanding gas. This is 

important, since the goal is to reduce the lag between the 

particle speed and the gas speed at the nozzle exit, so that the 
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particles can be accelerated above their critical velocity, which 

enables them to deposit on the substrate. Figure 9 shows that 

the nozzle redesign produced a carrier gas acceleration to 

higher speeds, as shown by the red line being above the blue 

line inside the nozzle (x < 0). The redesign has also essentially 

removed the shocks downstream of the Out4 nozzle exit plane, 

up to the bow shock just in front of the substrate, as indicated 

by the suppression of the oscillations that are shown by the 

blue line at x > 0 that are absent from the red line at x > 0. 

 

 
Figure 10: Velocity magnitude of a titanium particle with a 

diameter of 24.4 µm. 

 

The speed change of a sample titanium particle with a diameter 

of 24.4 µm is shown in Fig. 10 through both nozzles. The 

titanium particle attains a higher velocity through the 

CONTUR nozzle than through the Out4 baseline nozzle, while 

both nozzles are operating with the same gas supply. This 

speed advantage is obtained throughout the particle size range 

15 µm to 32 µm reported in Fig. 5. The maximum predicted 

particle velocity is 904.61 m/s with the Out4 nozzle, while it is 

10 m/s higher with the CONTUR nozzle. The minimum 

predicted particle velocity is 684.41 m/s for the Out4 nozzle 

and 698.21 m/s for the CONTUR nozzle. This indicates a two-

fold advantage delivered by the redesign. On one hand, since 

the peak particle velocity is directly related to the particle 

kinetic energy, there is potential for a more energetic plastic 

deformation upon impact, which may improve the metal 

deposition characteristics. Additionally, the removal of lower 

velocity particles may reduce waste of powder feed, since 

lower velocity particles either rebound or poorly attach to the 

substrate. 

 

 
Figure 11: Radial spread of the titanium particles on impact 

with the substrate located at 35 mm from the nozzle exit (a) 

Out4 nozzle and (b) CONTUR nozzle. 

 

By injecting the particles with the size distribution presented in 

Fig. 5, the particle impact patterns shown in Fig. 11 are 

obtained on the substrate (target) located 35 mm axially 

downstream of each nozzle. It can be observed that the radial 

distribution of the particles is also affected by the redesign, by 

which particles are visibly spread out more by the CONTUR 

nozzle. The baseline Out4 nozzle is predicted to direct most of 

the particles radially close to the nozzle axis, located at (y, z) = 

(0, 0). This is likely to cluster the particles so that some of 

them will strike the substrate in the same place. Over time, this 

particle overlap will increase the angle of the deposited 

material, thereby creating deposits with a conical profile, 

rather than an even layer, the latter being more desirable in a 

metal spray deposition process. Therefore, the redesigned 

nozzle produces a more spread out and even particle impact 

pattern. 

 

 
Figure 12: Area density of the titanium particles on impact 

with the substrate located at 35 mm from the nozzle exit (a) 

Out4 nozzle and (b) CONTUR nozzle. 

 

A more quantitative measure of the uniformity of the particle 

distribution with the two nozzles is presented in Fig. 12. This 

shows the area density of titanium particles impacting the 

substrate shown in Fig. 11. The area density is determined by 

adding the mass of particles falling on concentric rings of area 

2πr × 0.5 mm, divided by each ring area. It can be seen that, in 

the case of the Out4 nozzle, most of the mass of the injected 

particles accumulates on a disk of 0.5 mm radius. The area 

density at 1 mm mean radius reduces to less than 1/3 of that at 

0.5 mm radius, indicating a rather radially uneven coating that 

tapers rapidly with increasing radial distance from the nozzle 

axis. The predicted area density of the titanium particles 

delivered by the CONTUR nozzle shows a more favourable 

radial distribution, which is more even up to 1.5 mm. Some of 

the benefits of using a MOC designed nozzle identified herein 

are consistent with the ones reported in by Gärtner et al. [14], 

who concludes that a MOC designed nozzle can deliver more 

economical process conditions and better coating qualities. 

 

Table 3: Bulk performance of the baseline and redesigned 

cold spray nozzles based on the ensemble of particles 

impacting the substrate located 35 mm downstream of the 

nozzle exit plane. 

 

 Out4 Contur 

Z1 = mean(Vp)/max(Vg) 0.5078 0.5249 

Z2 = σ(Vp)/mean(Vp) 0.0483 0.0464 

Z3 = COV 0.7466 0.6559 

Φ = 0.25(1-Z1) +0.25Z2 + 0.5Z3 0.5084 0.4583 
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Table 3 compares the performance of the Out4 and of the 

CONTUR nozzles based on how these nozzles achieve a 

higher mass-averaged particle velocity relative to their 

maximum gas velocity, a lower mass-weighted particle 

velocity standard deviation, and a more uniform spatial 

distribution of particles on the substrate. On all three counts, 

the CONTUR nozzle outperforms the baseline nozzle. The 

mass-averaged particle velocity ratio Z1 is 3.37% higher than 

that of the Out4 nozzle and the weighted standard deviation is 

3.93% lower. The most significant difference between the two 

nozzles is in terms of the coefficient COV that expresses the 

departure from an even particle distribution over the substrate, 

this being 12.15% lower than that of the Out4 nozzle. 

To compare the performance of different engineering design 

solutions, it is often useful to translate the desirable outcomes 

into numerical values that can be prioritized by weight 

averaging them. In this work, the authors have elected to 

define a penalty function Φ that the better design minimizes. 

Table 3 shows that, by redesigning the nozzle, its performance 

is improved by 9.85%, based on the change in Φ. 

 

Conclusions 

The mass transport by a lightly laden supersonic nitrogen jet 

was examined with the aim of generating favourable 

conditions for the cold spray of titanium particles. The 

spraying of this light material is challenging, due to its high 

critical velocity that prevents low-speed particles from 

successfully depositing on the target substrate. 

Time-averaged RANS with SST k-ω turbulence closure was 

used to provide three-dimensional flow predictions through the 

Out4 nozzle, which is an industry standard geometry for cold 

spray applications, and the CONTUR nozzle, which is the 

Out4 nozzle redesigned by application of the Methods of 

Characteristics. A coupled Eulerian-Lagrangian particle 

tracking model was used to predict the motion of titanium 

particles through the accelerating nitrogen carrier. 

The CFD predictions showed tangible improvements in the gas 

carrier phase flow quality. Specifically, a monotonic 

accelerating axial flow through the nozzle was obtained, which 

confers a mainly axial drift velocity to the metal particles. The 

outcome is a new nozzle design with a significantly reduced 

shock formation obtained at the same operating conditions and 

therefore at the same gas and particle powder supply costs 

used by the industry standard nozzle. The DPM predicted 

particles exiting the nozzle with greater velocity and with a 

more even particle radial spread. This is conducive to forming 

a more homogeneous metal deposition. 

This redesign delivers a predicted performance gain of 9.85%, 

as evaluated from a reduction in the compound penalty from a 

lack of particle speed at impact, variance in the particle speed 

at impact, and lack of radial uniformity in the substrate 

coverage. This redesign has therefore shown the tangible 

benefit of translational application of classical compressible 

flow aerodynamics to metal processing. This forms a good 

starting point from which to further develop rig-specific 

modifications to enable particle deposition efficiencies with 

titanium that are economically viable. 
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