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COMPUTATIONAL ANALYSIS OF COLD SPRAY NOZZLE DESIGN’S EFFECT
ON PARTICLE ACCELERATION

The subject of this article is the computational analysis of the effect of nozzle geometry on gas dynamics and
particle acceleration in cold gas dynamic spraying (CGDS). This study aims to compare the performance of
conventional conical nozzles and Method of Characteristics (MOC)-based bell-shaped nozzles in accelerating
particles to the critical velocities required for effective coating deposition. The tasks to be solved are as follows:
design and model conical and MOC nozzles; conduct CFD simulations of compressible two-phase gas—particle
flows in both geometries, analyze velocity, pressure, and temperature distributions along the nozzle and jet
regions, and evaluate particle acceleration and velocity distribution for aluminum powder. The following
methods were used: numerical modeling of gas—particle flow employing the Navier—Stokes equations with the
RNG k—e turbulence model in ANSYS Fluent 2025 R1, along with Lagrangian particle tracking, computational
design of nozzles using MATLAB code based on the Method of Characteristics; and comparison of flow fields
and particle dynamics between nozzle configurations. The results show that both nozzles operate under
underexpanded jet conditions, but the MOC nozzle accelerates the carrier gas and particles earlier, resulting in
more uniform velocity fields and reduced velocity lag between the gas and the dispersed phase. For 25 um
aluminum particles, the MOC nozzle achieves higher particle velocities than the conical nozzle, indicating
greater potential for plastic deformation and improved coating adhesion. Additionally, higher exit gas velocities
and more stable jet structures were observed in the MOC nozzle, despite the presence of more pronounced
boundary-layer vorticity. Conclusions. The scientific novelty of the results lies in establishing the gas-flow
acceleration patterns with aluminum powder particles in conical and MOC-based nozzles, optimized for
aluminum deposition at 2.5 MPa gas pressure and 650 °C. The MOC-based nozzle enables earlier gas expansion
and a more stable free-jet structure, thereby achieving a higher, significantly more uniform powder particle
velocity than the conical nozzle under identical spraying conditions.

Keywords: CFD simulation, mathematical modeling, gas flow, supersonic nozzle, ANSYS Fluent, spraying,
coating.

geometry are distinguished: straight (in particular,
conical) and curved (bell-shaped). According to authors
of studies [5, 6], straight nozzles are characterized by
simple construction, whereas curved nozzles allow for

1. Introduction

1.1. Motivation

Cold Gas Dynamic Spraying (CGDS) is currently
one of the most promising technologies for the
application of functional coatings. This process is based
on the kinetic acceleration of powder particles using
compressed gas, which enables the deposition of strong
and wear-resistant layers without a significant thermal
impact on the substrate material [1, 2]. The absence of
heating opens wide opportunities for the processing of
thermally sensitive surfaces, which is particularly
relevant for modern industrial sectors.

One of the key components of CGDS systems is the
nozzle, which shapes the gas flow and directly affects the
particles’ kinetic characteristics. As noted in previous
studies [3, 4], nozzle geometry determines not only the
gas velocity but also the pressure and turbulence level,
and consequently, the efficiency of kinetic energy
transfer to powder particles. In turn, this directly
influences the quality of the formed coating.

In the scientific literature, two main types of nozzle

more stable and directed acceleration of the gas flow
through adiabatic expansion. In the context of CGDS,
this leads to improved kinetic properties of particles and
better coating quality.

Although many researchers have focused on
individual aspects of nozzles with different geometries, a

comprehensive comparison of their effectiveness
considering hydrodynamic and operational
characteristics remains insufficiently studied [7].

Therefore, this study aims to perform a systematic
analysis of the influence of straight and curved nozzles
on gas flow parameters, particle velocity distribution, and
coating quality.

1.2. State of the art

Studying adiabatic gas expansion in CGDS nozzles
is fundamental for understanding the formation of high-
speed flows. Dykhuizen and Smith [1] emphasized that
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minimizing hydraulic losses and turbulence is critical for
improving the efficiency of kinetic energy transfer from
gas to particles.

Bernard et al. [2] demonstrated that conical nozzles
create a more uniform velocity profile across the jet
cross-section. This ensures more even particle
acceleration and improves coating adhesion, whereas
straight nozzles tend to form peak velocities with
significant fluctuations, negatively affecting spray
quality.

Computational fluid dynamics (CFD) modeling
performed by Grujicic et al. [3] showed that the optimal
expansion angle of conical nozzles is within 7-10°,
which provides maximum gas velocity with minimal
pressure losses. This parameter is crucial for flow
stability and particle acceleration.

In a review of modern nozzle designs, the authors
of [4] investigated a convergent-divergent barrel nozzle
using Ansys Fluent software. The divergent-barrel shape
of the nozzle results in higher particle velocity than the
standard one.

Shorinov et al. [5] focused on the influence of
powder properties on their acceleration and heating in a
low-pressure cold spray nozzle (up to 1.0 MPa). The
different powder feeding points are preferable for a
multicomponent powder composition to achieve the
required acceleration.

Gabor et al. [6] reported a detailed comparison of
gas dynamics and powder particle motion in cold gas
dynamic spraying with round and rectangular nozzle
outlets. The round shape of the nozzle shows a more
uniform particle velocity within the nozzle channel.

The significant impact of nozzle expansion angle on
turbulence is highlighted in [7], where angles less than 5°
are associated with laminar flow and higher
concentrations of fast particles, whereas angles above
12° lead to turbulent vortices, reducing spraying
efficiency. Concurrently, the authors showed that conical
nozzles form a more concentrated flow with less velocity
variability, enhancing process productivity, especially
with smooth geometric transitions, minimizing pressure
losses.

Grujicic et al. [8] discussed the important
relationship between powder particle size and optimal
cone angle. For fine particles, an angle of around 8° is
recommended, whereas for larger particles, an angle of
up to 12° is recommended to maximize kinetic energy
and reduce nozzle wear.

Karimi et al. [9] numerically demonstrated that a
conical geometry reduces turbulence at the nozzle outlet,
improving process stability, while [10] showed reduced
noise and vibration, positively affecting industrial
operating conditions.

Coatings deposited through curved nozzles are
noted for more uniform thickness and improved

adhesion, as confirmed by Krampe and Kuhlenkdtter
[11]. The visualization of particle velocity in [12]
confirms the flow stability and directionality in conical
nozzles.

Energy consumption reduction by 15%-20% using
optimized conical nozzles was experimentally proven by
Kun et al. [13]. The genetic algorithm optimization of the
nozzle shape described in [14] indicates that a smooth
transition with an angle of approximately 9° minimizes
hydraulic losses and maximizes the flow velocity.

The simplicity of manufacturing straight nozzles
remains an advantage; however, as Sakaki et al. [15]
emphasized, they have limited flexibility in parameter
adjustment, reducing their effectiveness in complex
production tasks.

Numerous studies have confirmed the stability of
pressure and gas flow velocity in curved nozzles [16, 17],
which is a key factor for achieving an optimal balance
between particle kinetic energy and coating uniformity
[18].

Multiphysics models described by Murphy et al.
[19] reveal the impact of nozzle geometry not only on
hydrodynamics but also on thermal flow characteristics,
which are important for controlling coating properties.

Alonso et al. [20] confirmed noise and vibration
reduction due to optimized conical nozzles, improving
working conditions and extending system service life.

Finally, Yin et al. [21] demonstrated that optimal
nozzle expansion angles of 7-10° yield maximum gas
flow velocity with minimal energy loss, which is critical
for CGDS efficiency.

Thus, the analysis of the scientific literature
confirms that nozzle geometry is one of the key factors
determining the dynamic spraying efficiency of cold gas.
Despite numerous studies, a comprehensive comparison
of straight and curved nozzles, accounting for their
effects on flow hydrodynamics, particle kinetic
parameters, and coating quality, remains to be
investigated. This justifies the relevance and necessity of
a systematic study.

1.3. Objectives and tasks

The compressible, turbulent, and complex behavior
of gas-particle flow within supersonic nozzles makes
experimental studies of particle acceleration and gas-
particle interactions particularly difficult. Therefore,
numerical analysis and computational modeling have
become indispensable tools for investigating these
phenomena.

This study aims to compare the performance of a
conventional conical nozzle and a Method of
Characteristics (MOC)-based nozzle in terms of gas
dynamics and particle acceleration efficiency in dynamic
spraying of cold gas. The specific objective is to
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characteristics of the CGDS process: achieving
maximum exit velocities for the carrier gas and powder
particles, uniformity of the velocity distribution, and flow
stability during discharge into the free-jet region, which
will ultimately enhance the intensity of plastic
deformation and the adhesion strength of the coating to
the substrate.

To achieve this goal, it is necessary to solve the
following tasks within the framework of this publication:

1. to design and generate the geometry of conical
and MOC nozzles using analytical methods and the
Method of Characteristics;

2. to perform CFD simulations of compressible
two-phase  gas—particle flow in both nozzle
configurations using ANSYS Fluent;

3. to analyze gas flow parameters (velocity,
pressure, temperature) and particle dynamics within the
nozzle and in the free jet region;

4. to compare particle acceleration efficiency and
velocity distributions obtained in both nozzle designs.

The article is organized as follows: Section 2
presents the research methodology, including the
governing equations of compressible gas flow,
turbulence model, particle dynamics modeling, and
nozzle design procedure. Section 3 discusses the results
of CFD simulations for both nozzle types, focusing on
the gas flow structure and particle trajectories, and then
presents a comparative analysis of the particle velocity
distributions at the nozzle exit. Section 4 concludes with
a summary of the main findings, highlighting the
advantages of MOC-based nozzles over conical ones, and
outlining future research directions for further
optimization and experimental validation.

2. Methods of research
2.1. Numerical methodology

Basic equations
The Navier—Stokes equations govern the behavior
of a compressible gas flow. The governing equations
describing the conservation of mass, momentum, energy,
and turbulent kinetic energy are presented below. The
continuity equation can be expressed as follows:

ap [7] _
ot T o (PU) =0, (1)
where p denotes the gas density, u; represents the

velocity component in the i —th direction, and t is the
time.

The momentum conservation equation is
formulated as follow3'
a
(pul)+ (puu])—

where P is the pressure, including the contribution of
turbulent normal stresses, and Sy is the source term
describing the exchange of mass and momentum between
the dispersed and gas phases.

The effective turbulent viscosity, W , is defined as:
k2
Mefr = PCy = 3)
where Cu = 0,0845 [22].
The transport equations for the turbulent kinetic
energy k and its dissipation rate € are solved in the

following form:
a a a ok
5t (PK) + - (pkuy) = o [Heff(lk (6_x])] +

+Gk+Gb_YM+Sk_pE' (4)

e (5)]

+Cle (Gk + C3¢Gp) — Czep + Se—Re, (5
where Cq, CZe and Cs, are emplrlcal coefficients of the
turbulence model [22]. The parameters ae and ak
represent the inverse effective Prandtl numbers
associated with € and k respectively. The terms Gy and
Gy, account for turbulence generation caused by velocity
gradients and buoyancy effects, whereas S, and S,
correspond to user-specified source terms.

The additional contribution R, is defined as:

Cupn (1——) 2
€= Wek: (6)

GO+ (peu)=

where 1 = Sk/e, S denotes the magnitude of the mean
strain-rate tensor, while ny = 4,33 and § = 0,012 are
model constants [22].

The Reynolds-averaged energy equation is
formulated in terms of the total energy (total enthalpy),
hyot, which is expressed as f0110WS'

aT
( 0xj o T

%(phtot) - (pu]htot)

Pu—:t:—)l:j) ++ aix]- [ui(fij - pTu])] + 51, (7
where Pr, is the turbulent Prandtl number, St denotes the
source term associated with heat transfer between the gas
flow and the dispersed particles, T denotes the stress
tensor, and A is the thermal conductivity.

The enthalpy is associated with the total energy of
the system, accounting for the viscous work.

heor = C, T + % (wy) + k. (8)

For dilute particle-laden flows, the source terms S,
and St in equations (2) and (7) are neglected because of
the relatively low particle concentration. This
simplification is applicable to flow regimes characterized
by high Stokes numbers and a small momentum coupling
parameter, Il,om [23]. The momentum coupling
parameter is defined by the following expression:
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where the subscripts p and g identify the particle and gas
phases, respectively. The parameter d denotes the
particle diameter; L is the characteristic length of the
system (for example, the nozzle diameter); and Z
represents the powder-to-gas mass flow ratio.

Considering that pg < pj, and the powder feed rate
in this study was 0.6 g/s, the solid phase volume fraction
is below 1%, confirming its negligible effect on the
overall flow. Particle—particle interactions were
neglected owing to the extremely low particle
concentration within the flow.

A Lagrangian approach was used to model the solid
phase, treating particles as separate entities [23]. A
pressure-based solution algorithm was adopted for the
numerical simulations. Gradient reconstruction was
performed using the Green—Gauss node-based method.
For discretization, a second-order scheme was applied for
pressure, whereas the QUICK scheme was used for
density and momentum equations.

Turbulence model

In supersonic gas flows, inertial forces substantially
exceed viscous forces owing to the high flow velocities,
leading to large Reynolds numbers and the development
of turbulence. Consequently, numerical analysis of cold
spray gas dynamics is commonly based on the Reynolds-
averaged Navier—Stokes (RANS) equations, which
require an appropriate turbulence closure model. The
available turbulence models incorporate empirical
coefficients calibrated for particular flow regimes, and
their predictive capability is generally restricted to the
conditions under which these coefficients were
established.

In the present study, the RNG k-¢ model was
adopted because it offers a favorable balance between
computational efficiency and prediction accuracy for
cold spray gas-flow simulations.

Particle motion and heating
The velocity of powder particles during the cold gas
dynamic spraying process is determined using the
following equation [24].

o2 =2Cop Ay(Vg = V) +Fy, (10)
where mp,Vp,CD,pg, Vg, Ap, and F, are particle mass,
drag coefficient, particle velocity, particle density, gas
velocity, particle cross-sectional area, and body forces,
respectively.

Reference [24] provides the necessary
relationships for calculating the Reynolds and Mach
numbers for a particle.

_ rglVg=Vpl
_T

Re (11)

p

In this context, the subscript 'g' stands for "gas" and the
subscript 'p' stands for "particle." The term "dynamic
viscosity" of the gas is represented by .
_an”
Te+Cy
where C; and C, = 1,663 - 1075 kg/m-s-K'2.
The particle’s acceleration can be determined by
applying the ideal gas law and the equations for the speed
of sound (12) and Mach number (13).

(13)
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Accurate prediction of particle velocity in the cold
spray (CS) process depends on the reliable evaluation of
the drag coefficient over a wide range of flow regimes.

The temperature of particles transported by the CS
gas flow is determined from the average convective heat
transfer coefficient, taking into account the flow
characteristics in the vicinity of the particle surface.
Following the approach presented in [24], the heat
exchange at the particle surface can be expressed as:

q=hA,(T, - T,)

(14)

(15)

and

= 1
h =/, hda,, (16)

where As denotes the particle surface area, and Tw is the
gas temperature at the boundary-layer interface (wall).

According to reference [24], the Nusselt number —
a non-dimensional temperature gradient — can be
evaluated using the following equation:

— hd, —
Nu = k—: Nu = f(Rep, M,, Pr), (17)

where K, is the thermal conductivity of the gas, dj, is the
particle diameter.

The convective heat transfer coefficient can be
determined from the Nusselt number. To simplify cold
spray simulations, the Ranz-Marshall correlation is
frequently employed.

Nu = 2 + 0.6 Re®5 Pr033,
where Pr is the Prandt]l number.

The recovery temperature is evaluated within the
boundary layer surrounding the particle during its flight.

T, =Ty (1+r22M3), (19)
where r is the recovery factor, whose value for gases is
generally close to unity [24].

For Reynolds numbers of approximately 2000, the

recovery factor may be evaluated through appropriate
empirical relations as follows:

(18)
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r= VPr, (20)
where Pr denotes the Prandtl number, and kg denotes the

temperature-dependent thermal conductivity of the gas,
which is evaluated using the following relation [25]:
)= 25 Oy [MkgTy

4 nd? Nr (21)

where N is Avogadro's constant, N = 6,022 - 1023
mol’!, kg denotes Boltzmann constant,
kg = 1,381:1072 J K!, d corresponds to the
molecular diameter of the gas, and M is the molar mass
of the gas species.

2.2. Nozzle design methodology

Conical and MOC nozzle design

The computational procedure for cold gas dynamic
spraying (CGDS) begins with selecting the working gas;
the gas constant R and the specific heat ratio y are
automatically provided by the program. Subsequently,
the material of the particles to be deposited is defined,
and its physical and thermophysical properties, such as
tensile strength o, particle density py,, specific heat
capacity cp,, melting temperature Ty, as well as the
mechanical and thermal
automatically supplied.

The nozzle parameters, including the throat
diameter, exit diameter, and nozzle length, are specified,
together with the total (stagnation) temperature, Ty, and
the corresponding stagnation pressure, Py. Based on these
inputs, the throat gas temperature T*, velocity v~,
stagnation density p,, throat density p*, throat pressure
P*, and gas mass flow rate m, are calculated as follows.
The particle diameter and the impact temperature T; are
then introduced as additional input parameters.

Subsequently, the nozzle cross-sectional areas at the
throat and exit are determined, followed by calculating
the Mach number at the nozzle exit M,. The exit gas
pressure P,, temperature T, velocity v, and density p,
are obtained as follows. Using these results, the particle
velocity vy, critical velocity V¢, and the shock pressure

calibration factors, are

P are computed.

The results are then verified. If the calculated
particle velocity is lower than the critical velocity, the
input parameters must be adjusted. For cost-
effectiveness, the recommended sequence of
modifications is stagnation pressure, stagnation
temperature, particle diameter, working gas type, and
nozzle geometry. If the particle velocity exceeds the
critical value, the procedure advances to further
validation. At this stage, the difference between the gas
and particle velocities is examined and should be
approximately equal to the speed of sound. Additionally,
it must be confirmed that no shock waves form inside the

nozzle. If the shock pressure is lower than the ambient
pressure, the input parameters must be modified again.
Conversely, if the shock pressure is greater than the
ambient pressure, the calculated particle velocity may be
considered valid and sufficient to meet the CGDS
deposition requirements.

After verifying and validating the computational
results of the CGDS process, the detailed geometric
design of the nozzle itself is examined. While the
previous section focused on the thermodynamic and fluid
dynamic parameters that define the gas-particle
interaction within the nozzle, the actual nozzle contour is
constructed in the next step. This design determines the
gas expansion efficiency and, consequently, the particle
acceleration to the desired velocities.

The calculation process begins with specifying the
required Mach number at the nozzle exit, followed by
setting the length of the divergent part of the nozzle, the
specific heat ratio, the number of characteristic lines, and
the nozzle throat radius. Next, the Prandtl-Meyer
function is determined for the given Mach number using
its inverse, and the maximum wall angle of the duct with
respect to the flow direction is calculated. This angle is
half the Prandtl-Meyer function value for the designed
exit Mach number. The flow expansion is represented by
a finite number of right-running characteristics, each
turning the flow direction by an incremental angle equal
to the maximum wall angle divided by the number of
characteristics. Then, Prandtl-Meyer constants are
computed, followed by calculating angles, Mach
numbers, and Mach angles along oblique lines. The
coordinates of the contour points are determined using
geometric intersection principles. Finally, these points
are plotted and connected to generate the nozzle shape.

Computational mesh

The simulations were conducted using the
calculated nozzles. A computational polyhedral mesh
was employed with refinement applied near the throat,
walls, and exit to capture key flow features. A near-wall
mesh refinement strategy was implemented to accurately
capture the turbulent boundary layer and viscous effects
near the solid walls. The height of the first cell adjacent
to the wall was fixed at 5 pm, with subsequent layers
were expanded at a growth rate of 1.2. The generated
mesh’s structural integrity was strictly monitored: the
minimum orthogonal quality was maintained above 0.7,
and the maximum aspect ratio was kept below 30. Based
on the results of a comprehensive grid independence
study, the final computational grids contained 2105213
and 3084817 elements for the conical and MOC-based
nozzles, respectively. This resolution provided an
optimal balance, ensuring high accuracy in regions with
severe gas-dynamic gradients while incurring low
computational cost.
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A strict convergence criterion was applied to the 3. Results and Discussion
numerical solution. The iterative process was

continuously monitored by the reduction in scaled
residuals, with target values set below 107 for the energy
equation and strictly below 10 for the continuity,
momentum, and turbulence parameters [26].
Additionally, global mass conservation was tracked
along with the stabilization of physical properties (e.g.,
temperature and velocity) at the nozzle exit. The
computational process was considered fully converged
and terminated only when the monitored physical
variables reached a steady state with 1% fluctuations
[26].

Computational domain and boundary
conditions

Numerical simulations of the gas—particle flow
through a supersonic nozzle and in the downstream free
jet were carried out using ANSYS Fluent 2025 R1. The
problem is described as a 2D axisymmetric model that
accounts for turbulent gas flow and the presence of a
dispersed phase represented by solid powder particles.
Figure 1 illustrates the computational domain and the
corresponding boundary conditions.

MNozzle wall
no slip Atmosphere
== &
MNozzle inlet Nozzle exit
P=pa P=patm
T=Ts T=Temm
|Powder injection

Fig. 1: The computational domain and boundary
conditions

T3

b

Cold spray nozzle design

The nozzles were designed for operation using air
as the operating gas and maintain the gas flow rate under
60 m’h. For this reason, optimization tasks were
performed to select an appropriate nozzle geometry for
the following gas initial conditions: stagnation pressure
of 2.5 MPa, stagnation temperature of 650 °C, and
aluminum powder with a mean particle diameter of 25
um. The nozzles were successfully designed (Fig. 2) and
validated using the CFD methodology.

Matlab code was used to design the MOC cold
spraying nozzle geometry using the adopted Method of
Characteristics.

q r
Sr—al | 130.0 ot
[ 150.0 iy
a
of §
=l [\ [l
Yo—" 0o 137.0 L@
L ¥ 180.0 5
b
7 —conical —MoC

c
Fig. 2. Calculated cold spray nozzles geometry:
a — Conical nozzle; b — MOC nozzle; ¢ — nozzle profiles

This code generates the geometry of a bell-shaped
convergent-divergent nozzle and optimizes the operation
modes. The nozzle design is based on a desired Mach
number that is most appropriate for particle acceleration,
accounting for the boundary layer on the nozzle walls.

Gas flow results
Simulations were conducted for a 2-Dimensional
plane of the nozzle for stagnation temperatures 650 °C
and pressures 2.5 MPa.
Figure 3 illustrates the predicted gas velocity
distribution in the meridional plane for the conical and
MOC nozzles.

Fig. 3. Color of the velocity for the carrier phase: a — Conical nozzle; b — MOC nozzle
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Both nozzles operate in an underexpanded regime,
indicating that the gas exits the nozzles at pressures
higher than the ambient pressure. Upon exit, the flow
undergoes a Prandtl-Meyer expansion to adapt to the
surrounding conditions. This expansion is followed by a
compression wave in the shear layer of the jet, where the
pressure matches the ambient level. The MOC nozzle
exhibits a more uniform velocity distribution and a higher
exit velocity, which contributes to more efficient particle
acceleration at the same gas flow rate.

The expansion waves are more pronounced in a
conical nozzle, indicating that the jet decelerates more
under identical operating conditions.

The exit gas velocity for the MOC nozzle reaches
1408.51 m/s, which is 14.81 m/s higher than that of the
conical nozzle.

A comparative analysis of the vorticity magnitude
contours was also conducted for both nozzle types. The
results show that vorticity is generated in the boundary
layer along the nozzle walls and is more intense in the
MOC nozzle. In supersonic flows, boundary layers
typically exhibit significant vorticity due to viscous
effects near solid walls. However, the thick turbulent
boundary layer in the MOC nozzle does not appear to
significantly influence the magnitude of vorticity within
the shear layer of the jet. In addition, a localized region
of increased vorticity is observed in the shock interaction
zone of the MOC nozzle.

Fig. 4 shows the flow properties (static pressure,
static temperature, and velocity magnitude) along the
nozzle throat for both the conical and MOC
configurations.

Fig. 4. Gas flow characteristics for the Conical (left side) and MOC (right side) nozzles at the throat:
a and b — absolute pressure; ¢ and d — static temperature; e and f — velocity

As hot gas flows through the conical nozzle, both
static pressure and temperature gradually and nearly
linearly decrease along the jet axis. Analysis of the flow
characteristics along the centerline reveals oscillations
near the nozzle exit, which are attributed to alternating
shock waves and expansion fans.

In contrast, the MOC-type nozzle exhibits a sharp
drop in the static pressure and temperature immediately
after the flow passes through the throat. This indicates a
more intense and rapid gas expansion compared with the
conical geometry.

As shown in Fig. 4, the velocity of the carrier gas
phase in the MOC nozzle significantly changes. The
acceleration of the gas and consequently, the increase in
Mach number occurs earlier in the flow, enabling

aluminum particles to experience high drift velocities
sooner as the gas expands. This is crucial for system
performance because it reduces the velocity lag between
the particles and the gas. As a result, the particles can
reach or exceed their critical velocity before exiting the
nozzle, facilitating their effective deposition onto the
target substrate.

Discrete phase results
This study analyzed the acceleration dynamics of 25
um aluminum particles within the MOC and conical
nozzles. Figure 5 presents the trajectories of powder
particles, colored according to their velocity, within the
supersonic nozzle and the downstream free-jet region for
a gas stagnation pressure of 2.5 MPa and a stagnation
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temperature of 650 °C.

Under identical inlet gas conditions, aluminum
particles attain higher velocities in the MOC nozzle than
in the conical nozzle. The particle velocity distribution at
the exits of both nozzles is shown in Fig. 6.

Figure 6 demonstrates that the MOC nozzle
achieves a more uniform particle acceleration within the

velocity range of 590 to 732 m/s. Since the peak particle
velocity directly correlates with their kinetic energy, this
suggests a greater potential for intense plastic
deformation upon impact, which can enhance the metal
deposition quality.
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Fig. 6. Particle velocity distribution at nozzle exit:
a — Conical nozzle; b — MOC nozzle

Table 1 summarizes the simulation results for the
investigated nozzle geometries and compares their key
gas-dynamic and kinematic characteristics.

Table 1
A comparison of key performance characteristics
between conical and MOC-based nozzles

Parameter Conical Nozzle MOC Nozzle
Maximum exit 1393.7 1408.51
gas velocity at
nozzle exit, m/s
Average particle 676 732
velocity at nozzle
exit, m/s
Flow uniformity Lower Higher
(particle (wider velocity (narrower
acceleration) spread) velocity spread)
Free jet structure Lower Higher
stability (pronounced (more stable

expansion waves) shear layer)
Vorticity Moderate Intense
generation in the
boundary layer

As summarized in Table 1, the MOC-based nozzle
demonstrates superior momentum transfer efficiency.
The rapid gas expansion in the MOC-based design
ensures earlier and more uniform acceleration of
approximately 70% of the discrete phase, with a velocity
distribution of 700...730 m/s (for a conical nozzle: 40%
within 660...675 m/s), ultimately leading to a narrower
particle-velocity distribution and a more stable free-jet
structure. These factors are critical for minimizing the
velocity lag between phases and maximizing the
deposition efficiency during cold spraying.

CFD model validation

The numerical model, meshing strategy, and
physical sub-models (including the RNG k-¢ turbulence
model and discrete-phase interactions) employed in this
study were validated by replicating the computational
conditions and comparing CFD results with experimental
data for a supersonic cold spray nozzle, as originally
reported by Nastic and Jodoin [26]. Particle streak
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velocimetry (PSV), particle tracking velocimetry (PTV),
and the Cold Spray Meter (CSM) were used to measure
particle velocities in the gas flow.

Table 2 shows that the relative deviation of our
replicated simulation results from the baseline numerical
model ranges from 6.3% to 7.8%. Furthermore, the
calculated CFD values fall within or near the interquartile
range of the experimentally recorded velocities
(particularly for the PSV method, where the deviation
from the mean is only 7.3-11.4%). These deviations

between the CFD results and experimental data are
attributed to the stochastic nature of particle motion in
supersonic flows and measurement uncertainties.
Because the current study employs this validated CFD
methodology under similar gas-dynamic regimes
(comparable Mach and Reynolds numbers), the chosen
modeling approach is considered highly reliable and fully
adequate for predicting the carrier gas flow
characteristics and particle acceleration dynamics in the
investigated conical and MOC nozzle configurations

Table 2

Comparison of the calculated particle velocities with experimental data and baseline numerical results [26]

Velocity Gas Interquartile range | Baseline CFD Current study Deviation Deviation from
diagnostic | stagnation (mean experimental | velocity, m/s | CFD velocity, m/s | from baseline mean exp., %
method pressure, K velocity), m/s CFD, %
CSM 473 155-215 (184) 140 131.2 6.3 28.7
773 160-230 (193) 171 157.6 7.8 18.3
PSV 473 125-175 (148) 140 131.2 6.3 11.4
773 150-195 (170) 171 157.6 7.8 7.3
PTV 473 155-180 (169) 140 131.2 6.3 22.4
773 170-190 (177) 171 157.6 7.8 11.0
Discussion empirical verification. The next stage of research will

The comparative analysis demonstrated several
advantages of using MOC-based nozzle over a conical
convergent-divergent one for CGDS. The primary
advantage is improved momentum-transfer efficiency
from the gas to the powder particles. The MOC-based
nozzle geometry promotes earlier adiabatic expansion of
the working gas, enabling 25 pm-diameter aluminum
particles to reach an average velocity of 732 my/s,
compared to 676 m/s in the conical nozzle under identical
gas stagnation conditions (pressure of 2.5 MPa and
temperature of 650 °C). Furthermore, the MOC-based
nozzle provides a significantly narrower velocity spread:
almost 70% of the particles are concentrated in the 700—
730 m/s range. This allows for maintaining a more
uniform kinetic energy distribution upon particle impact
with the substrate, which is a critical prerequisite for the
stability and repeatability of the coating deposition

process.

Despite the promising results obtained, the current
study has certain limitations that should be
acknowledged. First, the numerical analysis was

conducted using a two-dimensional axisymmetric model
based on the RANS equations. Although this approach is
computationally efficient and widely used to predict
mean flow characteristics and powder particle velocities
in the CGDS process, it inherently limits the
investigation of complex three-dimensional turbulent
structures and asymmetric flow instabilities. Second, the
discrete phase modeling assumed perfectly spherical 25
um particles of uniform size, without accounting for the
morphological characteristics and size distribution of the
feedstock powder. The obtained results require further

involve manufacturing the conical and MOC nozzles to
conduct experimental testing, evaluate flow and particle
velocities, and perform coating deposition and its
subsequent analysis.

4. Conclusions

This study provides a deeper understanding of key
design parameters and their impact on nozzle design for
cold gas dynamic spraying. For the first time, a two-
dimensional axisymmetric CFD model was applied to
numerically analyze the two-phase gas-particle flow in
the developed conical and MOC nozzles. The results
demonstrated that under the same inlet gas conditions,
the MOC nozzle ensures more uniform particle
acceleration and higher impact particle velocities than the
conical nozzle. This indicates the potential of the MOC
design to enhance the cold spray process efficiency.

Further application of the MOC-based design
methodology allows for the adaptation and optimization
of nozzle geometry to meet the specific requirements of
various applications, making this approach versatile and
flexible. Moreover, CFD modeling is a powerful tool for
numerical testing and improving nozzle designs,
significantly reducing the need to manufacture expensive
physical prototypes and conduct numerous experiments.
The model helps identify optimal operating conditions
that reduce costs and improve coating quality by enabling
the prediction of gas-flow parameters and particle
behavior.

However, the numerical results presented in this
work require further validation through experimental
studies to confirm the CFD model’s enhanced
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performance of cold spray nozzles. Additionally,
verifying the accuracy of the modeled gas flow
characteristics and particle dynamics is important to
ensure full alignment between theoretical predictions and
real processes. Overall, this study lays a solid foundation
for further optimization of cold spray technology and the
implementation of innovative solutions in the field.
Furthermore, based on the established comparative
methodology, this geometric analysis will be expanded
into a comprehensive parametric study that investigates
the combined effects of operating pressures, stagnation
temperatures, and particle size distributions on the
performance of MOC-based nozzles.
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YUCEJbHUM AHAJII3 BILITUBY TEOMETPII COILIA JIJISI XOJIOJJHOI'O TA30JJMHAMIYHOI'O
HAIMMJIIOBAHHSI HA TIPUCKOPEHHS YACTUHOK
O. B. lllopinos, H. B. Casuenxo, O. B. Tpugponos, O. B. ILlunynp

Ilpeomemom cmammi € Komn romepHull auaniz enIuUgy ceomempii conna Ha 2a300UHAMIKY MA NPUCKOPEHHS
YACMUHOK Y npoyeci Xono0Ho20 eazoounamiunozo uanunenns (XI'H). Memoio ¢ nopisnanusa eghexmusnocmi
MPAOUYTUHUX KOHIYHUX CONel Mma COnel, CHPOEKMosanux memooom xapaxmepucmux (MOC), 3 mouxu 30py ix
30aMHOCMI  NPUCKOPIOBAMU  YACTUHKY 00 KPUMUYHUX WEUOKOCMEU, He0OXIOHUX Oiisl (QOPMYBAHHS SIKICHUX
noxpummis. 3a80anHA, AKi HeOOXIOHO upiwiumu: cnpoekmysamu ma 3mooentogamu xouiuni ma MOC-conna;
npoGecmu MOOENIOBAHHSL CIUCIUBUX 0BOQAHUX 2A30-YACMUHKOBUX NOMOKIE V YUX 2e0Mempisx, NpOaHaizyeamu
PO3n0OiIU WEUOKOCI, MUCKY MA MeMnepamypu 630084C CONIA Md 6 30HI CMpYMeHs, OYIHUMU e@peKmueHicmo
NPUCKOPEHHS. Ma PO3N0O0LT WUEUOKOCMEN aTIOMIHIESUX YacmuHoK. Memoou 00cniodyceHHA: uucenbHe MOOeN08AHHS
2a30-4ACMUHKOB020 NOMOKY Ha 0CHOGI pieHanb Hae e—Cmoxca 3 euxopucmanusm mypoyienmuoi mooeni RNG k- ¢
6 ANSYS Fluent 2025 RI, y no€OHanui 3 1a2panicesum 8i0CMENCEHHAM YACTMUHOK, KOMN TOMepHe NpOEKMYEaHHs.
conen y MATLAB i3 3acmocy8anHsamM Memooy XapakmepucmuK, NOPIGHSHHS NOJI6 meuil ma OUHAMIKU YACTMUHOK OJis
pisHux KoHughicypayiti coneir. Ompumani pe3yavmamu noxkazyiomsv, wo oo6udea conia npayoiomv ) pedicumi
Hedopo3uupernozo cmpymens, npome conio MOC-conno 3abe3neuye Oinbul panHe NPUCKOPEHHs poboyoco easy ma
YACMUHOK, WO NPU3800UmMs 00 OLIbUL PIBHOMIPHO2O NOJSL WEUOKOCTEl A 3MeHUeH s 8IOCTNABANHS WEUOKOCMI
yacmunox 6i0 easy. [[na anominiceux uacmunox diamempom 25 mxm MOC-conno 3abe3neuye 00CsacHeHH GUUUX
3HAYeHb WBUOKOCMI NOPIBHAHO 3 KOHIYHUM CONJIOM, WO CEIOYUMb NPO NIOGUUEHUNl NOMEHYIan NAACMUYHOT
Odepopmayii ma nokpaweHHsA MiyHOCMi 3uenieHHs NOKpumms 3 nioxkaaoxoio. Kpiv moeo, y MOC-conai 3agixcosano
suwi weuoKocmi Ha 6Uxo0i ma cmabinvuiuy cmpykmypy cmpymens. Bucnoseku. Hayxosa nosusna ompumanux
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pe3yibmamie noasieae y 6CMano61eHHi 3aKOHOMIPHOCII NPUCKOPEHHS 24306020 NOMOKY 3 YACMUHKAMU ANIOMIHIEB020
nopouwiky 6 koniunomy i MOC-connax, onmumizoeanux 01 HANUTIOBAHHSA ATIOMIHII0 npu mucky easy 2,5 Mlla i
memnepamypi 650 °C. JJosedeno, wjo MOC-conio 3abe3neuye Oiibui paHHE PO3ULUPEHHS 2A3y mda cmadilbHiuLy
CMPYKMYpY GibHO20 CIPYMEHS, W0 003605€ O0CASMU GUWOT T 3HAUHO PIBHOMIPHOT WBUOKOCHE YACMUHOK NOPOULKY
NOPIGHSIHO 3 KOHIYHUM CONIOM 3d OOHAKOBUX YMOB HANUTIOBAHHSL.

Karouosi ciaoBa: CFD-mooleniosanns, mamemamuune MOOem08AHHS, 2A308Ull NOMIK, HAO38YKO8e CONIO,
ANSYS Fluent, nanunto8aHnHs, ROKpUmMms.
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