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УНІФІКОВАНА МОДЕЛЬ ТА МЕТОД ПРОГНОЗУВАННЯ ЕНЕРГОСПОЖИВАННЯ  

В РОЗПОДІЛЕНИХ СИСТЕМАХ ЗІ СТАЦІОНАРНИМИ  
ТА МОБІЛЬНИМИ ПРИСТРОЯМИ З УРАХУВАННЯМ ТОПОЛОГІЇ 

О. О. Мамчич, М. О. Волк 
Предметом цього дослідження є моделювання та прогнозування енергоспоживання у розподілених 

обчислювальних системах із використанням архітектури «сутність–компонент» (Entity-Component 
Architecture, ECA). Задача дослідження зосереджена на удосконаленні методу кількісної оцінки та 
передбачення енергоспоживання розподіленої обчислювальної системи методом симуляції усіх компонентів 
цієї системи - обчислювальних блоків (CPU, GPU), інтерфейсів передачі даних (LAN, USB-інтерфейси) та 
мережевої інфраструктури (LAN-комутатори, маршрутизатори) у гетерогенних середовищах. Валідація 
методу здійснювалася на прикладі стаціонарних обчислювальних мереж (SCN) та мобільних обчислювальних 
мереж (MCN). У дослідженні особливу увагу приділено вродженим обмеженням традиційних алгебраїчних 
моделей, натомість обґрунтовується використання модульної, масштабованої та гнучкої ECA-
архітектури, що забезпечує енергетичне профілювання шляхом інтеграції прямих та непрямих витрат 
енергії розподілених обчислювальних елементів. Експериментальна перевірка показала, що запропонована 
ECA-модель досягає високої точності прогнозування. У конфігураціях SCN симуляції співпали з реальними 
вимірами енергоспоживання із відхиленням у 4,4% для задач, що виконуються лише на CPU, тоді як завдання 
CPU+GPU показали більшу розбіжність — близько 20,2% через похибку моделі для недовантаженого GPU. 
Натомість у сценарії MCN, що охоплював мобільні пристрої та USB-з’єднання, зафіксовано мінімальні 
відхилення — 3,5% для задач лише на CPU та близько 10,1% для режиму CPU+GPU. Ці результати 
підтверджують надійність моделі у достатньо точному прогнозуванні енергоспоживання у різних 
обчислювальних умовах. Ми робимо висновок що ефективний перехід від традиційних алгебраїчних моделей 
до гнучкої та розширюваної ECA-методології, яка суттєво покращила модульність, масштабованість та 
універсальність методології. Серед основних досягнень - удосконалення практик обчислювального 
бенчмаркінгу шляхом узагальнення обчислювальних навантажень, застосування комплексних вимірювань 
енергоспоживання та підкреслення енергетичних переваг мобільних платформ порівняно з традиційним 
стаціонарним обладнанням як для CPU-, так і для GPU-завдань. Дослідження також виявило певні 
обмеження запропонованого методу, зокрема обмеженість лінійної інтерполяції у моделюванні залежності 
навантаження від енергоспоживання та нехтування миттєвим станом апаратного забезпечення, зокрема 
поточною температурою та інерційністю температури, що впливають на миттєву продуктивність і 
споживання енергії. Наукова новизна даного дослідження складається з двох частин: нового підхода до 
математичного моделювання, що дозволяє простіше розширяти та масштабувати модель, та нової більш 
точної та консистентної моделі розподілених обчислювальних систем 

 
Ключові слова: енергоефективність; розподілені обчислення; хмарні обчислення; зелені обчислення; 

математичне моделювання; смартфон; центральний процесор; графічний процесор; архітектура 
сутностей-компонентів. 

 
 
Мамчич Олександр Олександрович – асп. каф. електронних обчислювальних машин, Харківський 

національний університет радіоелектроніки, Харків, Україна. 
Волк Максим Олександрович – д-р техн. наук, проф. каф. електронних обчислювальних машин, 

Харківський національний університет радіоелектроніки, Харків, Україна. 
 
 
Oleksandr Mamchych – PhD Student of the Department of Electronic Computers (ECM), Kharkiv National 

University of Radioelectronics, Kharkiv, Ukraine, 
e-mail: mamont0207@gmail.com, ORCID: 0009-0001-6602-2929, Scopus Author ID: 58099399400. 

Maksym Volk – Doctor of Technical Science, Professor at the Department of Electronic Computers (ECM), 
Kharkiv National University of Radioelectronics, Kharkiv, Ukraine, 
e-mail: maksym.volk@nure.ua, ORCID: 0000-0003-4229-9904, Scopus Author ID: 9636701100. 
 

UDC 621.45.035.01:621.794.4  doi: 10.32620/reks.2026.2.04 
 
Oleksandr SHORINOV, Nina SAVCHENKO, Oleg TRYFONOV, Olga SHYPUL 
 
National Aerospace University "Kharkiv Aviation Institute", Kharkiv, Ukraine 
 

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–ε 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 µm 
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. 
 

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 

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 
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 Kuhlenkötter 
[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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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 Kuhlenkötter 
[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 

determine which nozzle geometry, under identical initial 
gas parameters, ensures superior key gas-dynamic 
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: 

   ��
��

+ �
���

(ρu�) = 0,   (1) 

where ρ 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 follows: 

∂
∂t

(ρu�) +
∂

∂x�
�ρu�u�� = 

= �
���

�−P + μ��� ����
���

+
���

���
�� + S�,  (2) 

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

The effective turbulent viscosity, μ��� , is defined as: 

μ��� = ρC�  ��

∈
,    (3) 

where С𝜇𝜇 = 0,0845 [22].  
The transport equations for the turbulent kinetic 

energy k and its dissipation rate ϵ are solved in the 
following form: 
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where C��, C�� and C�� are empirical coefficients of the 
turbulence model [22]. The parameters 𝛼𝛼𝜖𝜖 and 𝛼𝛼𝑘𝑘 
represent the inverse effective Prandtl numbers 
associated with 𝜖𝜖 and 𝑘𝑘 respectively. The terms G� and 
G� 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: 

 R∈ =
�μρη���� η

η�
�

��βη�
∈�

�
,     (6) 

where η ≡  Sk/ϵ, 𝑆𝑆 denotes the magnitude of the mean 
strain-rate tensor, while η�  =  4,33 and β =  0,012 are 
model constants [22].  

The Reynolds-averaged energy equation is 
formulated in terms of the total energy (total enthalpy), 
h���, which is expressed as follows: 

�
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(ρh���) − ��
��

+ �
���

�ρu�h���� = �
���

�λ ��
���

+

��
���

��
���
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�u��τ�� − ρu�u��� + S�,   (7) 

where Pr� is the turbulent Prandtl number, S� denotes the 
source term associated with heat transfer between the gas 
flow and the dispersed particles, τ denotes the stress 
tensor, and λ is the thermal conductivity. 

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

  h��� = C�T + �
�

�u�u�� + k. (8) 
For dilute particle-laden flows, the source terms S� 

and S� 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, Π��� [23]. The momentum coupling 
parameter is defined by the following expression: 
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  Π�о� = �
ρ����
��μ�� ��

,   (9) 

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 ρ� ≪ ρ� 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-ε 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]. 

m�
���

��
= �

�
C�ρ�A��V� − V��� + F�,  (10) 

where m�, V�, C�, ρ�, V�, A�, 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. 

Re� =
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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 μ�. 
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where C� and C�  =  1,663 ∙ 10�� kg/m·s·К1/2. 
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). 
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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��        (15) 
and 

h = �
��

∫ hdA���
,         (16) 

where 𝐴𝐴𝐴𝐴 denotes the particle surface area, and 𝑇𝑇𝑇𝑇 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: 

   Nu = ���
��

, Nu = f�Re�, M�, Pr�,    (17) 

where k� is the thermal conductivity of the gas, d� 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�.� Pr�.��,     (18) 
where Pr is the Prandtl number. 

The recovery temperature is evaluated within the 
boundary layer surrounding the particle during its flight.
   T� = T� �1 + r γ��

�
M�

��,               (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: 
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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.  
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where Pr denotes the Prandtl number, and k� denotes the 
temperature-dependent thermal conductivity of the gas, 
which is evaluated using the following relation [25]: 

    k = �γ��
�

��
π�� �Μ����

Νπ
,      (21) 

where N is Avogadro's constant, N =  6,022 ∙ 10��  
mol-1, k� denotes Boltzmann constant,  
k�  =  1,381 ∙ 10��  J K-1, d corresponds to the 
molecular diameter of the gas, and М 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 γ 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 σ, particle density ρ�, specific heat 
capacity c�, melting temperature T�, as well as the 
mechanical and thermal calibration factors, are 
automatically supplied. 

The nozzle parameters, including the throat 
diameter, exit diameter, and nozzle length, are specified, 
together with the total (stagnation) temperature, T0, and 
the corresponding stagnation pressure, P0. Based on these 
inputs, the throat gas temperature T∗, velocity v∗, 
stagnation density ρ�, throat density ρ∗, throat pressure 
P∗, and gas mass flow rate  ṁ� 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 ρ� 
are obtained as follows. Using these results, the particle 
velocity v�, critical velocity v����, and the shock pressure 
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 µm, 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 
numerical solution. The iterative process was 
continuously monitored by the reduction in scaled 
residuals, with target values set below 10-6 for the energy 
equation and strictly below 10-5 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. 

 

 
 

Fig. 1: The computational domain and boundary 
conditions 

 
 
 
 
 
 

3. Results and Discussion 
 

Cold spray nozzle design 
The nozzles were designed for operation using air 

as the operating gas and maintain the gas flow rate under 
60 m3/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 
μm. 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.  
 

 
Fig. 2. Calculated cold spray nozzles geometry:  

a – Conical nozzle; b – MOC nozzle; c – 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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Fig. 3. Color of the velocity for the carrier phase: a – Conical nozzle; b – MOC nozzle 

 
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; c 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 
µm 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. 

 

 
Fig. 5. Particles track colored according to their velocity magnitude: a – Conical nozzle; b – MOC nozzle 

 

 
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 
gas velocity at 
nozzle exit, m/s 

1393.7 1408.51 

Average particle 
velocity at nozzle 
exit, m/s 

676 732 

Flow uniformity 
(particle 
acceleration) 

Lower 
(wider velocity 

spread) 

Higher 
(narrower 

velocity spread) 
Free jet structure 
stability 

Lower 
(pronounced 

expansion waves) 

Higher 
(more stable 
shear layer) 

Vorticity 
generation in the 
boundary layer 

Moderate Intense 

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-ε 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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spread) 
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Free jet structure 
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(pronounced 

expansion waves) 
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(more stable 
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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-ε 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 

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 
diagnostic 

method 

Gas 
stagnation 
pressure, K 

Interquartile range 
(mean experimental 

velocity), m/s 

Baseline CFD 
velocity, m/s 

Current study 
CFD velocity, m/s 

Deviation 
from baseline 

CFD, % 

Deviation from 
mean exp., % 

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 
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 µm-diameter aluminum 
particles to reach an average velocity of 732 m/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 
µm particles of uniform size, without accounting for the 
morphological characteristics and size distribution of the 
feedstock powder. The obtained results require further 

empirical verification. The next stage of research will 
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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ЧИСЕЛЬНИЙ АНАЛІЗ ВПЛИВУ ГЕОМЕТРІЇ СОПЛА ДЛЯ ХОЛОДНОГО ГАЗОДИНАМІЧНОГО 
НАПИЛЮВАННЯ НА ПРИСКОРЕННЯ ЧАСТИНОК 

О. В. Шорінов, Н. В. Савченко, О. В. Трифонов, О. В. Шипуль 
Предметом статті є комп’ютерний аналіз впливу геометрії сопла на газодинаміку та прискорення 

частинок у процесі холодного газодинамічного напилення (ХГН). Метою є порівняння ефективності 
традиційних конічних сопел та сопел, спроєктованих методом характеристик (MOC), з точки зору їх 
здатності прискорювати частинки до критичних швидкостей, необхідних для формування якісних 
покриттів. Завдання, які необхідно вирішити: спроєктувати та змоделювати конічні та MOC-сопла; 
провести моделювання стисливих двофазних газо-частинкових потоків у цих геометріях; проаналізувати 
розподіли швидкості, тиску та температури вздовж сопла та в зоні струменя; оцінити ефективність 
прискорення та розподіл швидкостей алюмінієвих частинок. Методи дослідження: чисельне моделювання 
газо-частинкового потоку на основі рівнянь Нав’є–Стокса з використанням турбулентної моделі RNG 𝑘𝑘– 𝜀𝜀 
в ANSYS Fluent 2025 R1, у поєднанні з лагранжевим відстеженням частинок; комп’ютерне проєктування 
сопел у MATLAB із застосуванням методу характеристик; порівняння полів течії та динаміки частинок для 
різних конфігурацій сопел. Отримані результати показують, що обидва сопла працюють у режимі 
недорозширеного струменя, проте сопло MOC-сопло забезпечує більш раннє прискорення робочого газу та 
частинок, що призводить до більш рівномірного поля швидкостей та зменшення відставання швидкості 
частинок від газу. Для алюмінієвих частинок діаметром 25 мкм MOC-сопло забезпечує досягнення вищих 
значень швидкості порівняно з конічним соплом, що свідчить про підвищений потенціал пластичної 
деформації та покращення міцності зчеплення покриття з підкладкою. Крім того, у MOC-соплі зафіксовано 
вищі швидкості на виході та стабільнішу структуру струменя. Висновки. Наукова новизна отриманих 
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результатів полягає у встановленні закономірності прискорення газового потоку з частинками алюмінієвого 
порошку в конічному і МОС-соплах, оптимізованих для напилювання алюмінію при тиску газу 2,5 МПа і 
температурі 650 °С. Доведено, що МОС-сопло забезпечує більш раннє розширення газу та стабільнішу 
структуру вільного струменя, що дозволяє досягти вищої й значно рівномірної швидкості частинок порошку 
порівняно з конічним соплом за однакових умов напилювання. 

 
Ключові слова: CFD-моделювання, математичне моделювання, газовий потік, надзвукове сопло, 

ANSYS Fluent, напилювання, покриття. 
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