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Abstract 

High particle temperature and low particle velocity are required to successfully deposit polymer 
particles by cold spray process. To increase the particle temperature, a solution is to use a relatively 
long nozzle to increase the particle resident time inside the nozzle and limit the expansion of the 
supersonic flow. However, to do this, due to manufacturing limitations, several nozzles must be 
attached in series (until the desired length is reached), or alternatively, irregularities must be 
introduced into the inner shape of the nozzle. In this study, we aim to analyze the effect of 20% nozzle 
reduction of cross section area at the center of a 240 mm long nozzle using computational fluid 
dynamics (CFD). At the intersection between the two sections, several phenomena take place: (i) the 
flow chokes and (ii) particles rebound at the intersection leading them to go upstream. For particles 
with a diameter larger than 30 µm, 20 to 25% of the particles rebound inside the nozzle due to the 
larger influence of the inertia and the Saffman lift force. For these particles, larger temperature and 
lower velocity is recorded.  

Keywords 

Cold spray; fluid dynamics; polymer; long nozzle shape; deposition behavior; particle history; particle 
rebound 

Nomenclature 

In the text, subscript “p” or “g” is added to the given parameters to refer to either the particle or the 
gas, respectively. Parameters in bold refers to vectors. Openwork parameters, such as 𝕕 for example, 
refers to 3×3 tensors. The 〈 〉 symbol refers to the average value of the given parameter. 

𝑎1, 𝑎2, 𝑎3 Model parameters associated to the drag coefficient 

𝐴𝑝 Surface area of the particle (m2) 

𝐶1 Model parameter dependent on 𝑘, 𝜀 and S 

𝐶2 Model constant (= 1.9) 

𝐶1𝜀 Model constant (= 1.44) 

𝐶3𝜀 Model constant 

𝐶𝜇 Model parameter 

𝐶𝐷 Drag coefficient 

𝑐𝑝 Heat capacity at constant pressure 

𝕕 Deformation tensor 

𝑑𝑝 Particle diameter (m) 

𝐷𝑇,𝑝 Thermophoretic coefficient 

𝑭𝑔𝑟𝑎𝑣 Force due to gravity (N) 
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𝑭𝑑𝑟𝑎𝑔 Force due to drag (N)  

𝑭𝑙𝑖𝑓𝑡 Force due to Saffman lift (N) 

𝑭𝑡ℎ𝑒𝑟𝑚 Force due to thermophoresis (N) 

𝒈 Gravity (m s-2) 

𝐺𝑘 Generation of turbulence kinetic energy due to mean velocity gradients 

𝐺𝑏 Generation of turbulence kinetic energy due to buoyancy 

ℎ Convective heat transfer coefficient (W m2) 

𝕀 Identity tensor 

𝑘 Turbulent kinetic energy 

𝐾𝑛 Knudsen number 

𝐾 Ratio of thermal conductivity (gas/particle) 

𝑚𝑝 Particle mass (kg) 

p Gas pressure (Pa) 

𝑅𝑒 Reynolds number 

𝑆 Strain rate magnitude 

𝑡 Time (s) 

𝑇 Absolute temperature (K) 

𝑇∞ Gas local temperature (K) 

𝒖 Velocity (m s-1) 

𝑌𝑑𝑝
 Mass fraction of particles with a diameter greater than 𝑑𝑝 

𝑌𝑀 Contribution of the fluctuation dilatation in compressible turbulence to the overall 
dissipation rate 

𝜀 Turbulent dissipation rate (m2 s-3) 

𝜇𝑔 Dynamic viscosity (Pa s) 

𝜇𝑡 Turbulent viscosity (N m2) 

𝜈 Kinematic viscosity (m2 s-1) 

𝜌 Density (kg m-3) 

𝜎𝑘 Prandtl number for 𝑘 (= 1.0) 

𝜎𝜀 Prandtl number for 𝜀 (= 1.2) 

 

1. Introduction 

Cold spray process, discovered in the 1980’s by Papyrin et al. (Ref 1), has been extensively studied 
since the last decades, especially for the formation of metallic coatings on metallic substrates. Since 
the last 10 years, interest in obtaining polymer coatings on metallic substrates raised to increase the 
corrosion resistance, wear resistance, and lifespan of structures. As a new way to manufacture 
polymer coating, cold spray exhibits interesting features such as low temperature operation (i.e. lower 
than melting temperature), fast process, the possibility to coat complex structures and to add 
functionalities to them (Ref 2,3). However, polymer coatings by cold spray are generally characterized 
by low deposition efficiency and weak adhesion strength. One of the difficulties of polymer coatings 
by cold spray lies in the highly sensitive mechanical behavior of polymers to strain rate and 
temperature. 

Using computational fluid dynamics (CFD), Alhulaifi et al. (Ref 4) designed different nozzles to deposit 
polyethylene powder on aluminum substrates. They demonstrated that a rather long diverging nozzle 
with a diffuser at the end was beneficial to cold spray polymer powder. A long nozzle length limits the 
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length of the supersonic flows and allows increasing the resident time of the particles inside the nozzle, 
and therefore, their temperature, while the diffuser at the end reduces the gas velocity at the nozzle 
output and minimizes the shear stresses on the substrate. Thus, the sprayed particles are less likely to 
erode the deposited particles. Also using a long nozzle, Ravi et al. (Ref 5,6) added 4% of fumed nano-
alumina to the polymer feedstock to increase the deposition efficiency of ultra-high molecular weight 
polyethylene (UHMWPE). Even though 4 mm coating was obtained, the deposition efficiency remains 
lower than 1% and the coating exhibits porous microstructure. By analyzing the thermal properties of 
the raw powder, the rebounded particles, and the deposited particles, they demonstrated the change 
of crystallinity, and therefore, nano-microstructure of the deposited particles (Ref 6). This change of 
microstructure is due to the particle temperature increasing above its melting temperature. Recently, 
Khalkhali and collaborators (Ref 7,8) identified the deposition of several polymer particles on different 
polymer substrates. They showed that the critical velocity of polymer particles is highly dependent on 
the particle temperature. Thus, increasing the particle temperature allows expanding the deposition 
window at a given temperature. In addition, increasing the particle temperature allows decreasing the 
particle critical velocity. 

Other authors investigated the deposition of polymer particles on metallic or polymer substrates. Xu 
and Hutchings (Ref 9) deposited polyolefin powder on polyethylene (PE) and aluminum substrates. If 
it was possible to manufacture a polyolefin coating on PE substrates at room temperature, its 
deposition on aluminum substrates was only possible after the formation of a thin melting layer of 
polymer on top of the metallic surface. Sulen and coworkers (Ref 2,3,10) developed superhydrophobic 
fluoropolymer coatings on stainless steel substrates. Recently, Sulen et al. (Ref 11) highly improved 
the deposition efficiency of fluoropolymer powders from less than 1% to around 60% by laser texturing 
the carbon steel substrates. Thus, strong mechanical interlocking occurs between the particles and 
the substrate. 

To manufacture his long nozzle, Ravi et al. (Ref 5) attached together two 120 mm long diverging 
nozzles. Such system leads to the formation of a sharp step inside the nozzle leading to the flow to 
chokes once again inside the nozzle at the intersection between these two nozzles sections (Ref 5,12). 
In addition to disturb the flow field, the sharp step inside the nozzle might affect the particle trajectory 
and history inside the nozzle by rebounding on it. Thus, the objective of this study is to understand 
the effect of the step on the flow field and how this will affect the particle history and trajectory. Using 
computational fluid dynamics (CFD), we will investigate the possibility of particle rebound inside the 
nozzle and how the particle rebounding affects the particle temperature and velocity prior to the 
impact. In addition, comparison between the 120 mm × 2 long divergent nozzle and a conventional 
240 mm long divergent nozzle will be carried out. 

2. Modelling 
2.1. Nozzle geometry 

The nozzle investigated in this study has been developed by Ravi et al. (Ref 5) for the cold spray of 
ultra-high molecular weight polyethylene (UHMWPE). The system, reproduced schematically on 
Figure 1, consists in a converging-diverging section of 19 mm long, a 2.2 mm diameter powder feeding 
inlet, and two diverging straight nozzles of 120 mm long attached together by a connector. The 
standoff distance is set at 10 mm. The inlet and outlet diameters of the two 120 mm-long diverging 
are 4 mm and 5 mm, respectively. Such dimension for the nozzle inner shape induces a sharp 
reduction of 20% in the nozzle cross-section at the intersection between the two diverging nozzles. As 
previously shown using a 2D-axisymmetric modelling (Ref 12), at the intersection between the two 
diverging nozzles, the flow chokes due to the sharp change of section diameter leading to a second 
acceleration of the particles. In addition, because of the geometry irregularities in the nozzle inner 
shape, flow vortexes around the intersection as well as particles’ rebound inside the nozzle can occur. 
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To better understand these phenomena, it is necessary to consider the particles’ trajectories. 
Therefore, a 3D simulation with the presence of the particle inlet (see Figure 1) has been designed 
using ANSYS/FLUENT® 19.0. To capture the geometry discontinuity, bow shocks and expansion waves, 
a finer mesh was introduced near the nozzle’s wall and substrate. It consists in a mesh refinement 
near the nozzle walls using 10 layers on the nozzle’s wall and 5 layers on the substrate of cells parallel 
to the nozzle wall. The mesh consists of more than 10 millions quadrilateral elements.  

The gas dynamics and particle history inside the nozzle of this new nozzle design are compared to a 
240 mm long nozzle without nozzle section reduction. The inlet and outlet diameter of the 240 mm 
long nozzle are 4 mm and 5 mm, respectively. The boundary conditions are the same as the 
120 mm × 2 long nozzle. 

 

 

Figure 1: a) Nozzle developed by Ravi et al. (Ref 5) and b) its schematic reproduction of the nozzle cross-section with the 
particle injection system. The nozzle assembly consists of two 120 mm divergent nozzles attached together. All dimensions 
are in mm. 

2.2. Particle-Laden gas flow modelling 

To evaluate the gas flow field and the particles trajectories, the following assumptions are considered 

(Ref 13,14): 

a) The flow is compressible and turbulent. 

b) Adiabatic conditions are introduced on the nozzle’s walls and substrate. 

c) The working gas is air, and the gas is assumed to be inert. 

d) The particles are assumed spherical, and the particle discrete phase is well diluted within the 

gas, so that the particles do not affect the flow. 

e) Particle/particle interactions can occur while particles are rebounding inside the nozzle 

(collision between downstream and upstream particles). 
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The simulations were carried out using Reynolds Averaging Navier Stokes (RANS) equations to 

describe the turbulent flow field. In addition, the turbulent flow is modeled using the Realizable 𝑘 − 𝜀 

model (Ref 15). Under the above assumptions, the governing equations for the flow field are described 

as: 

• Instantaneous continuity equation 

𝜕𝜌𝑔

𝜕𝑡
+ ∇. (𝜌𝑔𝒖𝑔) = 0 (1) 

where 𝜌𝑔 is the gas density, and 𝒖𝑔 is the gas velocity. 𝜕𝑡 and ∇ designate time and spatial derivatives, 

respectively. ∇ is defined as (𝜕𝑥 𝜕𝑦 𝜕𝑧)𝑇. 

• Momentum equation 

𝜕

𝜕𝑡
(𝜌𝑔𝒖𝑔) + ∇. (𝜌𝑔𝒖𝑔𝒖𝑔) = −∇p + ∇. ((𝜇𝑔 + 𝜇𝑡) (∇𝒖𝑔 + ∇𝒖𝑔

T −
2

3
∇. (𝒖𝑔𝕀))) (2) 

where 𝜇𝑔 is the dynamic viscosity, 𝜇𝑡 is the turbulent viscosity, p is the pressure, and 𝕀 is the identity 

tensor. 

• Transport equations  

𝜕

𝜕𝑡
(𝜌𝑔𝑘) + ∇. (𝜌𝑔𝑘𝒖𝑔) = ∇. ((𝜇𝑔 +

𝜇𝑡

𝜎𝑘

) ∇𝑘) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝑔𝜀 − 𝑌𝑀  (3) 

𝜕

𝜕𝑡
(𝜌𝑔𝜀) + ∇. (𝜌𝑔𝜀𝒖𝑔) = ∇. ((𝜇𝑔 +

𝜇𝑡

𝜎𝜀

) ∇ε) + 𝜌𝑔𝐶1𝑆𝜀 − 𝜌𝑔𝐶2

𝜀2

𝑘 + √𝜈𝜀
+ 𝐶1𝜀

𝜀

𝑘
𝐶3𝜀𝐺𝑏  (4) 

𝜇𝑡 = 𝐶𝜇𝜌𝑔

𝑘2

𝜀
 (5) 

with 𝑘 the turbulent kinetic energy and 𝜀 the dissipation rate . 𝐺𝑘 and 𝐺𝑏 represents the generation 

of turbulence kinetic energy due to the mean velocity gradients and mean velocity, respectively; 𝑌𝑀 

represents the contribution of the fluctuating dilation in compressible turbulence to the overall 

dissipation rate calculated according to Sarkar and Balakrishanan (Ref 16). 𝜎𝑘 = 1.0 and 𝜎𝜀 = 1.2 are 

the Prandtl numbers for 𝑘 and 𝜀, respectively. 𝐶2, 𝐶1𝜀, 𝐶3𝜀 are constants, 𝑆 is magnitude of strain rate, 

and 𝐶1 is a variable depending on 𝑘, 𝜀, and 𝑆. 𝐶𝜇 is a model parameter function of the mean strain 

and rotation rates, angular velocity, and the turbulence fields 𝑘 and 𝜀. For more information, details 

can be found in (Ref 15). 

To investigate the particles history inside the nozzle, the Discrete Phase toolbox of FLUENT was used. 

Particles of different diameters are injected on all the surface of the particle inlet. In the Lagrangian 

framework, the particle trajectories are solved by resolving the equation of motion on the particle: 

𝑚𝑝

𝑑𝒖𝑝

𝑑𝑡
= 𝑭 (6) 

where 𝑚𝑝 is the particle mass, 𝒖𝑝 is the particle velocity and 𝑭 represents the overall forces acting on 

the particle. The forces considered in this study are the gravity 𝑭𝑔𝑟𝑎𝑣 , the drag force 𝑭𝑑𝑟𝑎𝑔 , the 

Saffman lift force 𝑭𝑙𝑖𝑓𝑡 , and the thermophoretic force 𝑭𝑡ℎ𝑒𝑟𝑚. 

The gravity 𝑭𝑔𝑟𝑎𝑣 is given by: 
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𝑭𝑔𝑟𝑎𝑣 = 𝒈
𝜌𝑝 − 𝜌𝑔

𝜌𝑝
 (7) 

where 𝒈 is the gravity, and 𝜌𝑝 is the particle density. 

The drag force per unit particle mass is given by: 

𝑭𝑑𝑟𝑎𝑔 = 𝐹𝐷(𝒖𝑔 − 𝒖𝑝) with 𝐹𝐷 =
18𝜇𝑔

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒𝑝

24
 (8) 

where 𝒖𝑝 is the particle velocity, 𝑑𝑝 is the particle diameter, 𝑅𝑒𝑝 is the particle Reynolds number, and 

𝐶𝐷 is the drag coefficient which follow the spherical Drag law (Ref 15,17): 

𝐶𝐷 = 𝑎1 +
𝑎2

𝑅𝑒𝑝

+
𝑎3

𝑅𝑒𝑝
2
 (9) 

where 𝑎1, 𝑎2  and 𝑎3  are dependent on the particle Reynolds number (Ref 17). In Appendix 1, the 

values of 𝑎1, 𝑎2 and 𝑎3 parameters are recalled as mentioned in (Ref 17). 

The Saffman lift force 𝑭𝑙𝑖𝑓𝑡 is used to represent the effect of shear forces on the particles. The lift 

force expression is a generalization of the Saffman expression (Ref 18,19) and is given by: 

𝑭𝑙𝑖𝑓𝑡 =
5.188𝜈0.5𝜌𝑔

𝜌𝑝𝑑𝑝

𝕕

(𝕕: 𝕕)0.25
 (𝒖𝑔 − 𝒖𝑝) (10) 

where 𝕕 is the deformation tensor defined as 
1

2
(∇𝒖𝑔 + (∇𝐮g)

T
) and 𝜈 is the kinematic viscosity.  

As the gas temperature is not uniform in the nozzle, particles will experience a force, known as 

thermophoretic force 𝑭𝑡ℎ𝑒𝑟𝑚, in the opposite direction of the thermal gradient: 

𝑭𝑡ℎ𝑒𝑟𝑚 = −𝐷𝑇,𝑝

1

𝑚𝑝𝑇
∇𝑇 (11) 

where 𝑚𝑝  is the particle mass, 𝑇  is the absolute temperature, and 𝐷𝑇,𝑝  is the thermophoretic 

coefficient given by (Ref 20): 

𝐷𝑇,𝑝 =
6𝜋𝑑𝑝µ𝑔

2 𝐶𝑠(𝐾 + 𝐶𝑡𝐾𝑛)

𝜌𝑔(1 + 3𝐶𝑚𝐾𝑛 )(1 + 2𝐾 + 2𝐶𝑡𝐾𝑛)
 (12) 

where 𝐾𝑛  is the Knudsen number, 𝐾 is the ratio of thermal conductivity between the gas and the 

particle, 𝐶𝑠, 𝐶𝑡 and 𝐶𝑚 are parameters equal to 1.17, 2.18 and 1.14, respectively. 

During the cold spray process, particles are flying inside a pressurized heated gas. Due to the 

surrounded environment (hot gas), the particles will start to heat up. However, because of the low 

thermal conductivity of polymers, thermal equilibrium is never reached within the particles. Such 

phenomenon has been investigated by Bernard et al. (Ref 12) for polymer particles using a simple 2D 

axisymmetric model. Katanoda (Ref 21) and Raoelison (Ref 22) showed that, even though this 

phenomenon exists for metallic and ceramic particles, it remains negligeable in regards of the thermal 

stability of these material. In this paper, the particle thermal gradient will not be considered. It will be 

the aim of another paper. Thus, here, the comparison between the different particle sizes will be done 

through the particle average temperature 〈𝑇𝑝〉 determined, at each step time, by the heat balance 

equation given by: 

𝑚𝑝𝑐𝑝𝑝

𝑑〈𝑇𝑝〉

𝑑𝑡
= ℎ𝐴𝑝(𝑇∞ − 〈𝑇𝑝〉) (13) 
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where 𝑐𝑝𝑝
 is the particle’s heat capacity, 𝐴𝑝 is the surface area of the particle, ℎ is the convective heat 

transfer coefficient, and 𝑇
∞

 is the local gas temperature. 

2.3. Boundary conditions 

The boundary conditions are schematically reproduced in Figure 2. For a standoff distance of 10 mm, 
Ravi et al. (Ref 5) determined the best spray conditions to be 0.4 MPa and 653 K for the inlet gas 
pressure and temperature, respectively. Adiabatic conditions are considered on the stainless-steel 
nozzle wall and aluminum substrate (no-slip wall). The substrate temperature is set at 300 K. 
Atmospheric pressure and room temperature are considered at the outlet and at the particle inlet. 
UHMWPE particles, initially at room temperature (300 K), are injected with a feeding rate of  
7.5×10-5 kg s-1 on all the surface of the particle inlet with no initial velocity. The UHMWPE particles 
distribution is represented in Figure 3 and modelled using Rosin-Rammler distribution which assumes 
an exponential relationship between the particle diameter 𝑑𝑝 and the mass fraction of particles with 

diameter greater than 𝑑𝑝, 𝑌𝑑𝑝
 (Ref 15): 

𝑌𝑑𝑝
= exp (− (

𝑑𝑝

〈𝑑𝑝〉
)

𝑛

) (14) 

where 〈𝑑𝑝〉 is the average particle size and 𝑛 is the size distribution parameter. The particle-tracking 

toolbox from Fluent is used to follow the particles’ trajectory during its flight inside the nozzle. The 
material properties of the powder are presented in Table 1. 

 

Figure 2: Schematic representation of the boundary conditions. 

 

Figure 3: a) UHMWPE particle distribution and b) Rosin Rammler distribution of the UHMWPE particles. 

Table 1: Material properties of the polymer particles. 

Particle 
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Material UHMWPE 

Density 𝜌𝑝 940 kg m-3 

Specific heat 𝑐𝑝𝑝
 2220 J kg-1 K-1 

Thermal conductivity Γp 0.41 W m-1 K-1 

Particle diameter 𝑑𝑝 10-272 µm 

 

3. Results and Discussion 
3.1. Gas flow field 

Generally, the gas flow field in cold-spray experiments is assumed to be axisymmetric. However, the 
presence of a powder feeder tends to delay the axisymmetry of the flow due to the income of cold 
and low pressurized air in the mainstream of the nozzle (see Figure 4). While the flow becomes 
axisymmetric early in the case of the 240 mm long nozzle, this one is delayed in the case of the 
120 mm × 2 long divergent nozzle. Therefore, the flow becomes axisymmetric around a quarter of the 
total nozzle length in the case of the 120 mm × 2 long divergent nozzle. In addition, large vortexes are 
observed at the particle inlet entrance due to the mixing of cold and hot pressurized air, larger nozzle 
expansion and the reduction of the nozzle cross-section downstream. In addition, because of the 
presence of the supersonic flow just at the exit of the particle inlet, low temperature of the gas is 
observed (see Figure 5). This phenomenon, in addition to the reduction of the nozzle cross-section, 
leads to a very specific pattern for the streamline which will govern the particles’ trajectory, at least, 
just after they enter the nozzle. In Figure 6, the evolution of the particle’s trajectory is presented for 
both nozzles. In the case of the 240 mm long divergent nozzle, as the flow becomes axisymmetric early, 
the particles sprayed in all the nozzle diameter, and uniform temperature is observed for all the 
particles travelling in the same nozzle section. In the case of the 120 mm × 2 long divergent nozzle, 
from their entrance in the nozzle up to 90 mm in the nozzle (three-quarter of the first nozzle), all 
particles follow the same path, avoiding the low-pressure vortexes and following the mainstream line 
of the gas. Once the flow becomes axisymmetric, the particles start to spread in all the nozzle cross-
section just before the intersection between the two nozzles. It leads to the rebound of some particles 
at the intersection between the two nozzles due to the 20% sharp reduction of the nozzle cross-section. 
In Figure 6, some hotter particles can be found in the first section of the nozzle. These particles have 
rebounded inside the nozzle and are going upstream. When rebounding at the intersection between 
the two nozzle sections, these particles are still subjected to the influence of the very hot gas 
surrounding them. Without the presence of the supersonic jet, and therefore, the decrease of gas 
temperature due to the gas expansion, the particles continue to heat up while rebounding inside the 
nozzle. Thus, not only their resident time in the nozzle increases, leading to increase their temperature, 
as observed in Figure 6, it also induces interactions with particles going downstream. Thus, not only 
particle/gas interaction exists but also particle/particle interaction can occur.  
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Figure 4: Evolution of the Mach Number along the nozzle for a) 240 mm long divergent nozzle and b) 120 mm × 2 long 
divergent nozzle. For the 120 mm × 2 long divergent nozzle, two large vortexes are observed close to the particle inlet. In 
addition, at the intersection between the two nozzles, flow chokes due to the reduction of section.  

 

Figure 5: Evolution of the gas temperature along the a) 240 mm long nozzle and b) 120 mm × 2 long nozzle. The supersonic 
flow is only located in the first half of the first nozzle section. At this location, the gas temperature is much colder than the 
rest of the nozzle due the combined effect of the supersonic flow and the gas at room temperature (300 K) entering from the 
particle inlet. At the intersection between the two nozzle sections, the gas temperature decreases due to the flow chokes. 
However, the gas temperature remains very hot (close to the gas inlet temperature (653 K)).  
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Figure 6: Evolution of the particles’ trajectories along the a) 240 mm long nozzle and b) 120 mm × 2 long nozzle. For the 
120 mm × 2 long nozzle, at their entrance into the nozzle, all particles follow the same path. At the intersection between the 
two nozzle sections, some particles are rebounding inside the nozzle leading them to go upstream and reaching a higher 
temperature. All particles have a diameter of 60 µm. 

3.2. Probability of rebound 

The probability of rebound of the particles inside the 120 mm ×2 long nozzle is represented in Figure 

7 as a function of the particle diameter. For each diameter, more than 10,000 particles were sprayed 

on all the particle inlet surface. For particles with a diameter of less than 30 µm the probability of 

rebound inside the nozzle is around 5%, it highly increases up to 30% for 45 µm diameter particles, 

before stabilizing around 21%. That means that one fifth of the feedstock particles will rebound inside 

the nozzle. In addition, it is important to note that particles can rebound more than once inside the 

nozzle, and this highly depends on their diameter. Thus, some particles rebound up to 4 times inside 

the nozzle, leading to an important increase of their resident time, and, therefore, their temperature. 

During its experiments, Ravi et al. (Ref 6) observed a very low deposition efficiency (lower than 1%) 

probably due to the combined effect of lack of mechanical interlocking and low particle temperature. 

According to the deposition window identified by Khalkhali et al. (Ref 8), the deposition of UHWMPE 

particles on UHWMPE substrate occurs when the particle temperature is above 80°C for a substrate 

temperature at 100°C. Thus, the larger the particle temperature, the more chance the particle can 

adhere on the substrate. Thus, rebounded particles, which spend more time inside the nozzle, and 

therefore have larger temperature than non-rebounded particles, will be expected to have more 

chance to adhere to the substrate and participate in the coating formation and build-up. 
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Figure 7: Evolution of the probability of rebound in function of the particle size. The rebound occurs at the intersection 
between the two 120 mm-long nozzle sections due to a 20% sharp decrease of diameter. For each particle diameter, more 
than 10,000 particles were sprayed on all the surface of the particle inlet.  

For particles with a diameter greater than 30 µm, a sudden change in the rebound behavior inside the 
nozzle is observed (see Figure 7). For three different particles diameter, we investigated the forces 
balance in four characteristic locations inside the nozzle (in the supersonic flow, before and after the 
intersection between the two nozzle sections, and at the nozzle exit) The results are plotted in Figure 
8. The gravity and thermophoretic forces are negligibly small compared with the Saffman lift force and 
drag force. When increasing the particle size, the contribution of the Saffman lift force increases. The 
bigger the particle, the more resistance they oppose to the flow field leading to a reduction of the 
contribution of the drag force. Therefore, by increasing the particle inertia, the particle velocity 
decreases. The particles becomes more influenced by the shear velocity and are more likely to 
disperse within the nozzle leading to higher rebound probability (Ref 23). On the contrary, particles 
with low inertia have high velocity and are carried by the flow field following a straight line (flow 
streamline). Therefore, they are less likely to get influenced by the shear velocity. 

The ratio of drag force and Saffman lift force is highly dependent of the particle location inside the 
nozzle. If in the supersonic flow, after the intersection between the two nozzles, and at the nozzle exit, 
the force balance between drag and Saffman lift is relatively the same for a given particle size, it is not 
the case before the intersection between the two nozzle sections. At the end of the supersonic region, 
the Mach number decreases below 0.35 (see Figure 4). The influence of the Saffman lift force increases 
until 25% for the larger particles but remains small (less than 5% for 10 µm particles). Thus, the 10 µm 
particles tend to stay in the main streamline of the flow field, while larger particles, carried by the 
Safffman lift force, tend to fly across the main flow, and therefore, rebound on the nozzle wall and at 
the intersection between the two nozzle sections. 
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Figure 8: Force balance acting on the particle at different locations of the 120 mm × 2 long nozzle: a) in the supersonic flow, 
b) before the intersection between the two nozzle sections, c) after the intersection between the two nozzle sections, and d) 
at the nozzle exit. Thermophoretic forces and gravity are neglectable in front of drag and Saffman lift forces. 

3.3. Particle in-flight behavior 

Earlier, we emitted the assumption that the increase in temperature of the rebounded particles was 
due to the increase of their residence time inside the nozzle rather than their contact with the hot 
metallic nozzle surface due to their rebound at the intersection between the two nozzle sections. 
Proof was given through the evolution of the gas temperature (see Figure 5) inside the nozzle where 
the absence of supersonic flow in the rebounded area avoided the particles to cool down during their 
flight. An additional proof is provided here.  

During their flight, the particles can rebound on the nozzle wall, and at the intersection between the 
two nozzle sections, leading to possible clocking of the nozzle (depending on the particle size). 
However, the contact time between the hot metallic surface and the particle being very short, in 
addition of polymer materials having a low thermal conductivity, the particle temperature increase is 
more likely due to the increase in the particle residence time inside the nozzle. 

For three particle sizes (10, 60, and 100 µm), the particle velocity and temperature are plotted along 
the nozzle path (see Figure 9) and the two nozzle geometries are compared. If the particle impact 
velocity is lower for the 240 mm long nozzle compared to the 120 mm × 2 long nozzle, the particle 
temperature is roughly the same in absence of rebound at the intersection between the two nozzles. 
In particular, at the intersection between the two nozzle sections, either a second acceleration (non-
rebounded particles) or a drop (rebounded particles) of the particle velocity is observed. In terms of 
particle temperature, the rebound is characterized by a significant increase in the particle temperature 
regardless the particle size. 
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According to Khalkhali and Rosthein (Ref 8), UHMWPE deposition over UHWMPE substrate (heated at 
100°C) is possible for 20 µm having a temperature larger than 80°C and an impact velocity larger than 
300 m s-1. Thus, the presence of a step inside the nozzle allows increasing the particle velocity (for un-
rebounded particles). In addition, by increasing the particle temperature, the particle velocity can be 
reduced, and the particle deposition still be observed. Therefore, it seems that the particle rebound 
inside the nozzle can only bring advantages in terms of particle temperature and velocity to achieve 
particle deposition on the substrate. However, as the deposition efficiency of UHMWPE particle on 
aluminum substrate remains substantially very low, it is necessary to think about other solutions or 
combination of solutions to increase the efficiency such as (i) increasing the substrate roughness by 
laser texturing or deposition of a metallic bond coat (Ref 11,24) to enhance mechanical interlocking, 
(ii) adding nanoceramics particles to the feedstock (Ref 2,5,10,25) to encourage chemical interlocking 
by the generation of Van der Walls bonds for example, and (iii) increasing the substrate temperature 
(Ref 7,8) to allows melting and co-crystallization of the polymeric chains.  
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Figure 9: Evolution of the particle velocity and temperature along the nozzle path for a,b) 10 µm particles, c,d) 60 µm particles, 
and e,f) 100 µm particles in function of the number of rebound. Comparison of the particle thermomechanical history between 
the 240 mm long divergent nozzle and the 120 mm × 2 long divergent nozzles. 

3.4. Particle behavior at the impact 

The average temperature of the rebounded particles highly increases due to longer residence time 
inside the nozzle as shown in Figure 10a. While for the smallest particles (10 µm), the temperature 
difference between rebounded and un-rebounded particles remains negligeable, it is not the case for 
larger particles. Therefore, it can reasonably be assumed that the 10 µm particles exhibit a 
homogeneous temperature when reaching the substrate, while the thermal gradient induced by the 
process in all other particle sizes is significant enough to induce a gradient of material properties prior 
to the impact.  

Considering that the initial degradation temperature of UHMWPE powder is around 515 K (Ref 26), 
the smallest particles start to decompose in the nozzle, which make them unfitted to be used with a 
long nozzle. The particles with a diameter between 15 and 30 µm and some rebounded particles with 
a larger diameter experience melting in the nozzle (melting temperature of native UHMWPE particles 
is around 415 K (Ref 5)). This can have two consequences: (i) possible clogging of the nozzle, (ii) better 
fluidity of the polymer particles which enhances entanglements between the neighboring particles 
upon impact inducing co-crystallization (Ref 27), and therefore, helping to build-up the coating. 

The particle velocity as a function of their diameter is plotted in Figure 10b for different number of 
rebounds inside the nozzle. It is evident that the particle velocity decreases while increasing the 
particle size due to higher resistance of the particle to the flow. Once the particles rebound, their 
impact velocity drops by approximatively 25 m s-1. This is due to the absence of supersonic flow in the 
particle trajectory after rebound. Thus, the rebounded particles do not experience the high velocity 
increase that they first experienced when they entered the nozzle. Only the second acceleration due 
to the reduction of the nozzle diameter allows to increase the particle velocity. However, this one is 
not enough for a particle having bounced to reach the same speed as a particle having not bounced. 
Thus, the particle velocity is independent of the number of times the particle rebounds inside the 
nozzle. Just by measuring the particle size and velocity at the nozzle exit, we can deduce that the 
particle has bounced inside the nozzle or not, and also whether the additional increase in particle 
temperature results from the longer resident time of the particle inside the nozzle. 

 

Figure 10: Evolution of the a) particle temperature and b) particle velocity in function of the particle diameter and the number 
of times the particle rebound inside the nozzle. The particles are initially at 300 K. The melting temperature of native UHMWPE 
is at 415 K (Ref 5). The initial degradation temperature of UHWMPE powder is around 515 K (Ref 26). 
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In Figure 11, the particle velocity is plotted as a function of the particle temperature for different 

number of rebound and particle diameter. Khalkhali et al.(Ref 8) investigated the deposition window 

of UHMWPE over UHMWPE while the substrate was heated at 373 K. The deposition window of 

20±7 µm particle diameter requires a particle temperature above 353 K and a particle velocity of at 

least 300 m s-1. If such temperature is reached for non-rebound particles with a diameter lower than 

75 µm and for all rebounded particles, the particle velocity remains lower than 300 m s-1 in all the 

cases. However, it is to be expected that the impact velocity allowing deposition decreases when the 

particle temperature increases. Therefore, it is more likely that even with low impact velocity, the 

particle with temperature close to the melting temperature, or even above, if not clogging the nozzle, 

will participate in the coating build-up. However, the question remains for the polymer coating 

formation, especially UHMWPE in this study, on a metallic substrate. An assumption will be that 

heating up the substrate to a temperature close to the polymer melting temperature, allowing the 

movement of polymeric chains, induces strong adhesion between the first layer and the substrate. 

 

Figure 11: Evolution of the particle velocity as a function of the particle temperature for a) and b) different particle diameter 
and different particle bounces. 

3.5. Particle distribution on the substrate 

The particle distribution on the substrate for different particle sizes is plotted in Figure 12 for the 

240 mm long divergent nozzle and in Figure 13 for the 120 mm × 2 long divergent nozzle. In the case 

of the 240 mm long divergent nozzle, the particles can still rebound on the nozzle wall, however, as 

there is no reduction of the nozzle’s section, particles cannot go upstream unlike what it is observed 

for the 120 mm × 2 long divergent nozzle. The differentiation between bounced particles (red) and 

non-bounced particles (black) is made on Figure 13. For both nozzles, it can be observed that the 

deposition behavior of 10 µm diameter particles is ω-shaped. However, the area of deposition is larger 

for the 240 mm long divergent nozzle. For other particle diameters, the repartition of the particles on 

the substrate is more homogeneous. For both nozzles, more particles are sprayed on the center of the 

spray area. However, for the 120 mm × 2 long divergent nozzle, the particle density at the center is 

more important due to the particle rebound. In addition, it appears that the y-direction is a privileged 

axis of deposition. As the particle trajectory is modified by the particle bouncing, the distribution 

behavior of the rebounded particle on the substrate has no reason to be identical to the one of the 

non-rebounded particles. Thus, it can be observed in Figure 13, a large number of rebounded particles 

impacting in the center of the spray area leading to higher particle temperature at this particular 

location. In addition, for particles with diameter between 30 and 60 µm, concentrated circles of 

rebounded particles can be observed between 1 and 2 mm from the spray center. For larger particle 

size, the rebounded particles are mainly impacting at the center of the spray area, with few particles, 

in comparison, impacting on the outskirt of the spray area. It is also interesting to note that very few 
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particles impact outside of 5 mm spray area (corresponding to the nozzle exit diameter). Only the 

biggest particle with lower velocity and temperature can be deposited in that region. Thus, it seems, 

that these particles are carried by the impinging jet in front of the substrate, rather than flying straight 

to the substrate. However, increasing their temperature allows them to penetrate through this 

physical barrier. 

 

Figure 12: Repartition on the substrate of the particles sprayed with the 240 mm long divergent nozzle for different particle 
sizes. The diameter of the blue dashed circle is equal to 5 mm, i.e., the nozzle exit diameter. 
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Figure 13: Repartition on the substrate of the rebounded particles (in red) and non-rebounded particles (in black) sprayed 
with the 120 mm × 2 long divergent nozzle for different particle sizes. The diameter of the blue dashed circle is equal to 5 mm, 
i.e., the nozzle exit diameter. 

Figure 13 shows the distribution of the number of particles on the substrate as a function of the 
particle size. In Figure 14a, for better understanding, groups of three particle’s diameters were 
considered. Each group of particles regroups around 38,000 particles. The particle distribution on the 
substrate follows a Gaussian function distribution centered at 0 (center of the spray area). For a given 
position on the substrate, the particle size distribution is roughly the same, except for particles with a 
diameter lower than 28 µm. For them (diameter < 28 µm), more small particles impact the center of 
the spray area (in comparison with other particle diameters). Therefore, small particles have enough 
kinetic energy to fly straight to the substrate. Fewer particles are reaching the substrate outskirt 
(outside of the nozzle exit projected surface area on the substrate). Therefore, if the spraying is always 
done at the same locations, a very rough coating in a shape of mountains and valleys, is expected. To 
avoid this and obtain a smoother coated surface, one solution would be to move the spray location 
slightly between each pass. 

The normalized particle size distribution per size range is plotted in Figure 14b. Between 0 and 0.4 mm, 
the same amount of particles with a diameter lower than 28 µm is observed. After that point, the 
number of small particles decreases drastically. For other particle sizes, the particle density on the 
substrate is continuously decreasing to reach 0 at the outskirt of the spray area. The particle density 
plot is similar to a Gaussian function. However, it should be noted that the distribution appears wider 
than usual Gaussian function. It is especially true when increasing the particle size. This can be 
explained partially by the following. After bouncing inside the nozzle, the particle velocity decreases, 
and they become unable to fly straight to the substrate. Therefore, larger number of rebounded 
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particles is observed at the boundary around the attachment area of the impinging jet on the substrate 
(see Figure 4c and Figure 13c), which results in a second peak on the substrate between 1 and 2 mm 
(see Figure 14a).  

 

Figure 14: Surface density of particles on the substrate considering the particle size. a) Particles distribution (all sized included). 
Each group of particle sizes have roughly the same number of particles (around 38,000 particles). b) Particle distribution per 
size range.  

4. Conclusion 

This study focuses on the irregularities of the nozzle inner shape on the in-flight particle 
thermomechanical history during cold spray process using CFD simulations. For the realization of 
polymer coatings by cold spray, a long nozzle is beneficial to increase the particle temperature while 
limiting the particle velocity. However, they are not easy to manufacture in a single block. A solution 
is to attach (at least) two divergent nozzles, therefore modifying the inner shape of the nozzle, such 
as a sharp diameter changes, to induce turbulent flows. In our example, at the intersection between 
the two nozzle sections, the flow will choke leading to a second acceleration of the particles in the 
middle of the nozzle (the first acceleration occurs at the particles entrance in the nozzle). 

Because of the reduction of cross-section at the intersection between the two nozzle sections, 
particles can rebound on the nozzle wall and bounce back upstream. Such phenomenon is possible 
thanks to the large influence of the Saffman lift force on the particles with a diameter larger than 
30 µm near the intersection area. On the contrary, particles with a diameter lower than 30 µm have 
less tendency to rebound due to the predominance of the drag force and smaller inertia during all 
their flight inside the nozzle. By rebounding inside the nozzle, the particles residence time increases, 
and therefore, their temperature as well, while the particle velocity slightly decreases. In addition, the 
deposition behavior of the rebounded particles on the substrate exhibits a circular shape within a 
radius of 1.5 mm from the central axis. This corresponds to the attachment location of the impinging 
jet on the substrate.  

In the polymer coating by cold spray process, only particles with enough temperature, but low velocity, 
can participate in the coating formation and build-up. Thus, the chance of deposition seems higher for 
rebounded particles than the non-rebounded one. A plausible solution to increase the deposition 
efficiency of polymer particle to adhere on the substrate will be to set the substrate temperature close 
to the melting temperature of the polymer to increase the particle temperature upon impact. 

The particle rebound inside the nozzle can concern up to 30% of the particles (depending on the 
particle diameter for the material investigated) and increase considerably the particle temperature 
which will be beneficial to achieve the coating formation. However, in absence of rebound, the 
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particles behave the same as they will in a conventional nozzle (no decrease of the nozzle cross-
section).  

Appendix 1 

The drag coefficient, 𝐶𝐷, is function of the particle Reynolds number 𝑅𝑒𝑝. In this study, it is modelled 

using the spherical drag law equation as defined in eq. (9). The evolution of the 𝑎1 , 𝑎2  and 𝑎3 
parameters in function of the particle Reynolds number is given in  

Table 2: Evolution of the 𝑎1, 𝑎2 and 𝑎3 parameters (see eq. (9) in function of the particle Reynolds number used to calculate 

the drag coefficient. 

𝑅𝑒𝑝 𝑎1 𝑎2 𝑎3 

𝑅𝑒𝑝 < 0.1 0 24 0 

0.1 < 𝑅𝑒𝑝 < 1 3.69 22.73 0.0903 

1 < 𝑅𝑒𝑝 < 10 1.222 29.1667 -3.8889 

10 < 𝑅𝑒𝑝 < 100 0.6167 46.5 -116.67 

100 < 𝑅𝑒𝑝 < 1000 0.3644 98.33 -2778 

1000 < 𝑅𝑒𝑝 < 5000 0.357 148.62 -4.75×104 

5000 < 𝑅𝑒𝑝 < 10000 0.46 -490.546 57.87×104 

10000 < 𝑅𝑒𝑝 < 50000 0.5191 -1662.5 5.4167×106 
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