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OPTIMIZATION OF PARTICLE ACCELERATION PARAMETERS  

OF SPECIAL COLD SPRAY NOZZLES VIA  

NEURAL NETWORK AND GENETIC ALGORITHM  
 

Cold spray technology is a new technology that deposits supersonic solid particles on the surface of materia ls. 

There are many factors that affect particle acceleration, such as the geometric structure of the cold spray noz-

zle (contraction section, throat, expansion section, special nozzle angle, etc.), the parameters of the propellan t  

gas (gas type, gas temperature, gas pressure, etc.), the material properties of particles (metal and non -metal), 
particle size (generally 10...50 microns), and particle morphology (spherical, irregular shape, etc.). The objec-

tive of this study was to investigate the influence of particle acceleration parameters on cold spraying. This 

work aims to predict and optimize the particle velocity at the outlet of the special nozzle to  meet the critical ve-

locity requirements of various metal particles and thus meet the deposition conditions. The task to be solved  i s 

to optimize the particle parameters of the special nozzle and obtain the particle velocity at the outlet of the 
special nozzle. The methods used are as follows: Three key parameters that affect particle velocity were se-

lected as research objects: helium gas temperature and pressure when selecting helium gas, and titanium par-

ticle diameter as the third parameter. First, 30 sets of particle exit velocity data were sampled using Latin Hy-

percube Sampling, of which 24 were training data and 6 were prediction data. Then, the neural network was 

analyzed to obtain the minimum neuronal error value, thereby determining the number of hid den layers. At the 

same time, the parameters were normalized, and finally, the nozzle exit particle parameters were optimized us-
ing genetic algorithm. The results showed that after three rounds of optimization and taking the average val-

ue, the particle velocity at the outlet of the special nozzle was 591m/s. The optimized parameters were: helium 

temperature of 694...865 K, a helium pressure of 3.3...3.7 MPa, and a titanium particle diameter of 12...20 mi-

crons. When the optimized parameters were input into the numerical simulation software, the result was close 

to the predicted value. Therefore, the neural network and genetic algorithm optimized the parameters with 

high accuracy (with an error of 4%) and can be used as a reference for relevant workers. 
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1. Introduction 

 

Supersonic cold gas dynamic spraying technology 

(cold spraying) is a method of forming coatings by sol-

id-state deposition [1], which is mainly used in the 

fields of protective coatings, repair coatings, and addi-

tive manufacturing [2].  

The parameters of cold spraying technology are 

relatively complex, because there are too many parame-

ters that affect the deposition effect, there are three ma-

jor categories. The first category is mainly about the 

structural parameters of parts in the cold spraying sys-

tem and equipment; the second category is mainly the 

fluid dynamics and other parameters of the powder 

flowing through the nozzle path, including temperature, 

pressure, propulsion inherent gas characteristics; the 

third category is mainly the process parameters of pow-

der deposition on the surface of the substrate [3], etc. 

Although there are many parameters in the field of 

cold spraying technology, there are many researchers on  

single factor [4, 5]. Obviously, multi-parameter research 

is closer to the real value. 

Hence, this work on muti-parameter will provide a 

new idea and theoretical guidance for cold spraying 

technology. This work chooses special rectangular noz-

zle [6] as the structural model (Fig. 1), aiming to opti-

mize and explore its influencing parameters with the 

goal of maximum exit velocity, the particle select pure 

titanium, the gas select He. 

 

  
a                                            b 

 

Fig. 1. The initial model of the muti-channel nozzle: 

a – 3D model; b – rectangular section [6] 
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2. Latin Hypercube Sampling 
 

Before applying neural networks and genetic algo-

rithms in this article, Latin square sampling was used. 

Latin Hypercube Sampling (LHS) is a method of ap-

proximating random sampling from a multivariate pa-

rameter distribution and belongs to stratified sampling 

techniques. It was first proposed by McKay et al. in 

1979, and its main advantages include the characteristic 

of uniform stratification, which can obtain tail sample 

values with fewer samples, making it particularly effec-

tive in processing large-scale data. In addition, com-

pared to Monte Carlo sampling, Latin hypercube sam-

pling reduces the number of iterations because it uses 

uniform sampling to sample variables. In practical ap-

plications, Latin hypercube sampling is widely used in 

various fields. In short, by uniformly sampling in each 

dimension, the correlation between input variables is 

reduced, thereby improving the accuracy and efficiency 

of model prediction. 

 

473X004y 11  ,                   (1) 

1X4y 22  ,                          (2) 

 

01X04y 33  .                     (3) 

 

This work study 30 groups of samples needs to be 

used to obtain numerical results for each group of sam-

ples and record the data in Table 1. Among them, 24 

groups are used for training the BP neural network, and 

the remaining 6 groups are used for prediction. The 

temperature (X1), pressure (X2), and particle size (X3) 

ranges are 473...873 k, 1...5 MPa, 10...50  m. Different 

types of units can be encoded using the following sim-

ple formulas (1) – (3), respectively. In order to facilitate 

the acquisition of particle exit velocity, the input param-

eters are rounded to one decimal place or rounded to the 

nearest integer.  

Combining Table 1, Figure 2, and Figure 3, alt-

hough the gas temperature, gas pressure, and particle 

size selected in this article are key factors affecting the 

acceleration of cold spray particles, for multi-channel 

special nozzles, particle size has a significant impact.  
 

Table 1  
Latin hypercube sampling test scheme and numerical results  

 He T, K He P, MPa Powder size, m  Outlet V, m/s 

Input training 

617 1.7 26 

Output training 

378 

721 3 18 623 

843 1.3 13 480 

729 2.4 32 384 

593 3.3 29 447 

758 4.6 35 471 

770 3.5 26 492 

701 3.6 39 410 

477 2 28 343 

785 1.5 46 262 

748 2.6 44 351 

678 1.5 23 356 

508 4.4 36 410 

654 2.8 21 481 

588 4.1 41 405 

560 4 16 595 

826 2.2 49 298 

688 1.9 14 493 

497 3 11 613 

668 5 33 482 

812 3.9 43 404 

547 4.3 45 391 

856 3.2 18 584 

625 2.7 37 363 

Input prediction 

635 3.7 24 

Output prediction 

502 

579 2.2 20 438 

800 4.5 40 409 

525 1.1 48 200 

865 4.8 11 806 

532 1.2 31 278 
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Fig. 2. The movement path of titanium particles (training results): a – 378m/s; b – 623m/s;  

c – 480m/s; d – 384m/s; e – 447m/s; f – 471m/s; g – 492m/s; h – 410m/s; i – 343m/s;  

j – 262m/s; k – 351m/s; l – 356m/s; m – 410m/s; n – 481m/s; o – 405m/s;  

p – 595m/s; q – 298m/s; r – 493m/s; s – 613m/s; t – 482m/s;  

u – 404m/s; v – 391m/s; w – 584m/s; x – 363m/s 

 

 

        

a b c d e  f 

 

Fig. 3. The movement path of titanium particles (prediction results):  

a – 502m/s; b – 438m/s; c – 409m/s; d – 200m/s; e – 806m/s; f – 278m/s 

 
For example, when the particle size exceeds 25 microns, 

even if the gas temperature is high, the particle outlet 

velocity still cannot reach 500m/s, which makes it im-

possible for titanium particles to reach the critical depo-

sition velocity. The maximum outlet velocity in Table 1 

is 806 m/s, with the following parameters: gas tempera-

ture of 865 K, gas pressure of 4.8 MPa, and particle size 

of 11 microns. These parameters further indicate that for 

special multi-channel nozzles, it is recommended to 

consider small-sized particles, then pressure and tem-

perature parameters. 

3．BP neural network + genetic  

algorithm optimization 
 

BP neural network (Back Propagation) was pro-

posed by D. E. Rumelhart and J. L. McClelland in 1986, 

which is a neural network trained using error backprop-

agation algorithm. Including input layer, hidden layer, 

and output layer, information is propagated forward and 

backward between layers through connection 

weights [7]. The basic principle of the algorithm is the 

gradient steepest descent method, and its central idea is 
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to adjust the weights and thresholds of the network so 

that the mean square error between the actual output 

value and the expected output value of the network is 

minimized, the GA+BP neural network prediction 

method is widely used in materials  and manufacturing. 

Such as Surface hardness prediction model [8] and flow 

stress prediction model [9]. 

Research has shown that a three-layer neural net-

work has sufficient accuracy to approximate any con-

tinuous function [10]. Therefore, this article adopts a 3-

layer neural network, with 3 neurons in the input layer 

and 1 neuron in the output layer. The transfer functions 

of the hidden layer and output layer are hyperbolic tan-

gent function (tansig) and linear function (purelin), re-

spectively. The training algorithm is gradient descent 

method. 

When the number of hidden layer neurons is 9, the 

mean square error of training and prediction is mini-

mized, as the Figure 4 show. Therefore, the final deter-

mined network structure is shown in Figure 5. 

In order to prevent the impact of singular experi-

mental sample data on neural network training, it is nec-

essary to normalize the data and limit it to the range of  

[-1 1]. The normalization formula 4 is as follows 

 

i min
i

max min

x x
y 2 1

x x


  


,                 (4) 

 

where, xi (i=1, 2 ... 30) is the training sample, xmax and 

xmin are the maximum and minimum values of the train-

ing sample respectively, and y i is the normalized train-

ing sample. 
 

 
 

Fig. 4. Mean square error of different number of neurons  

 

 
 

Fig. 5. Three layer neural network model
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The genetic algorithm is used to optimize the ini-

tial weight and threshold of the BP neural network to 

improve the training and prediction accuracy of the BP 

neural network. In addition, it is necessary to determine 

the fitness of the individual, which is defined as  the 

formula 5 show. 

 

 
qm

2

i i

j 1 i 1

1
fitness y t ,

m
 

              (5) 

 

where, m is the number of samples, q is the number of 

neurons in the output layer, yi is the output, and ti is the 

expected output. Using the roulette strategy to select 

individuals, the smaller the individual fitness value, the 

greater the probability of being selected. The crossover 

method is actual recombination, and the mutation meth-

od is a real-valued mutation. In this paper, the crossover 

probability is 0.9, the mutation probability is 0.01, the 

population size is 30, and the maximum number of it-

erations is 200.  

Taking the exit maximum velocity as the target, 

the parameters optimized by the genetic algorithm are: 

The He temperature is 694...865 K, helium pressure is 

3.3...3.7 MPa, and titanium particle diameter is 12...20 

microns, numerical verification of the parameters are 

close to predict value of optimization, error is 4 %, and 

the results values of variable parameters three times are 

shown in Table 2. 

The error using BP+GA method is within the al-

lowable range. The interest points of future research can 

consider the model establishment of more factors. If the 

model is adjusted appropriately, it can be further pro-

moted in the cold spray multi-parameter targets field. 

Therefore, the BP+GA method are feasible for cold 

spray multi-parameter target optimization and are worth 

learning from. 

 

4. Conclusions 

 
This paper analyzes the application of BP+GA op-

timization methods in cold spraying multi-parameters. 

Furthermore, It gives meaningful conclusions and pro-

spects for reference. 

1. BP+GA methods are feasible for multi-

parameter target optimization of cold spraying technol-

ogy and have apparent effects on obtaining the optimal 

value. The errors of BP+GA is 4 % in this paper. 

2. Although the genetic algorithm can optimize 

multiple parameters, it adopts the roulette betting meth-

od, so the results of each parameter are different. There-

fore, it is recommended to take the average value of 

multiple optimization to further reduce the error.    

3. There are many optimization methods in the en-

gineering field, and the neural network + genetic algo-

rithm introduced in this paper is not the only method. 

the method requires a specific programming foundation. 

Therefore, in the field of cold spraying, multi-

disciplinary integration is the research trend in the fu-

ture.  
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Table 2   

Results of the BP+GA optimization methods 

 T (K) P (Mpa）  Powder size, μm Voptimal, m/s Vactual, m/s 
error, 

% 

average 

error, % 

BP+GA 694 3.5 12 604 618 2.3 

4 BP+GA 728 3.3 20 604 569 6.2 

BP+GA 865 3.7 15 564 584 3.4 



Технологія виробництва літальних апаратів 
 

69 

 

References 

 
1. Li, W. Y., Cao, C. C., & Yin, S. Solid-state cold 

spraying of Ti and its alloys: A literature review. Pro-

gress in Materials Science, 2020, vol. 110, pp. 1-53. 

DOI: 10.1016/j.pmatsci.2019.100633. 

2. Hu, W. J., Sergii, M., Tan, K., & Cao, T. T. Re-

search on Wear Resistance Coating of Aircraft Titanium 

Alloy Parts by Cold Spraying Technology. Aerospace 

technic and technology, 2020, vol. 6, pp. 61-71. DOI: 

10.32620/aktt.2020.6.07. 

3. Hu, W. J., Tan, K., & Shorinov, O. Study on 

Multi-parameter of Cold Spraying Technology via RSM 

and BP+GA Methods. International Conference on Ar-

tificial Intelligence and Advanced Manufacturing , Bel-

gium, Brussels, 2023, pp. 272-278. DOI: 

10.1049/icp.2023.2950. 

4. Hu, W. J., Tan, K., Sergii, M., & Liu, X. L. 

Study of cold spray nozzle throat on acceleration char-

acteristics via CFD. Journal of Engineering Sciences, 

2021. vol. 8. no. 1. pp. 8-12. DOI: 

10.21272/jes.2021.8(1).f3. 

5. Dolmatov, A. I., & Bilchuk, O. V., Modelling of 

Gas Flow with Solid Particles in a Short Nozzle. 

Metallofiz. Noveishie Tekhnol, 2018, vol. 40, no. 9, pp. 

1257-1271. DOI: 10.15407/mfint.40.09.1257. 

6. Hu, W. J., Tan, K., Sergii, M., & Cao, T. T. 

Study on structure and technological parameters of mul-

ti-channel cold spraying nozzle. Eastern-European 

Journal of Enterprise Technologies, 2021, vol. 5, no. 

113, pp. 6-14. DOI: 10.15587/1729-4061.2021.242707. 

7. Liu, W. J., Yu, H., & Chen, D. M. Prediction of 

Aviation Turbine Component Remanufacturing Time 

Based on GA-BP Neural Network. Mechanical Design, 

2023, vol. 40, no. 08, pp. 69-75. DOI: 

10.3390/en12061026. 

8. Shi, M., Wang, Z., & Gan, J. Surface hardness 

prediction model of shot peening sample based on GA-

BP neural network. Surface Technology, 2022, vol. 51, 

no. 1, pp. 332-338+357. DOI: 10.16490/j.cnki.issn. 

1001-3660.2022.01.036. 

9. Ding, F. J., Jia, X. D., & Hong, T. J. Flow stress 

prediction model of 6061 aluminum alloy sheet based 

on GA-BP and PSO-BP neural networks. Rare Metal 

Materials and Engineering , 2020, vol. 49, no. 6, pp. 

1840-1853. 

10. Gummadi, K., Gummadi, K., Gribble, R., 

Ratnasamy, S., Shenker, S., & Stoica, I. The Impact of 

DHT Routing Geometry on Resilience and Proximity. 

Proceedings of the 2003 conference on Applications, 

technologies, architectures, and protocols for computer 

communications. SIGCOMM’03, Karlsruhe, Germany, 

Aug. 2003, pp. 381-394. DOI: 10.1145/863955.863998. 

 

 

Надійшла до редакції 10.06.2024, розглянута на редколегії 15.08.2024 

 

 

ОПТИМІЗАЦІЯ ПАРАМЕТРІВ ПРИСКОРЕННЯ ЧАСТИНОК В СПЕЦІАЛЬНИХ СОПЛАХ  

ДЛЯ ХОЛОДНОГО ГАЗОДИНАМІЧНОГО НАПИЛЮВАННЯ  

З ВИКОРИСТАННЯМ НЕЙРОМЕРЕЖЕВОГО ТА ГЕНЕТИЧНИЙ АЛГОРИТМІВ  

Веньцзе Ху, О. В. Шорінов 

Технологія холодного напилювання – відносно нова технологія надзвукового нанесення твердих части-

нки на поверхні матеріалів. Існує багато факторів, які впливають на прискорення частинок, наприклад, гео-

метрія сопла для напилювання (його звужувальна та розширена частини, критичний діаметр, кут розкриття 

тощо), параметри газу-носія (тип газу, температура і тиск газу тощо), властивості матеріалу частинок (мета-

лічних і неметалічних), розмір частинок (зазвичай від 10 до 50 мкм), їх морфологія (сферична, неправильна 

форма тощо). Метою дослідження є визначення впливу параметрів напилювання на прискорення частинок 

в надзвуковому соплі. Ця робота спрямована на прогнозування та оптимізацію швидкості частинок на вихо-

ді зі спеціального сопла, щоб відповідати вимогам щодо критичної швидкості напилювання для різних мета-

лів для заданих умов напилювання. Завдання, яке вирішується, полягає в пошуку оптимальних режимів 

напилювання для забезпечення необхідної швидкості. Методи дослідження: три ключові параметри, які 

найбільш впливають на швидкість частинок – температура та тиск газу (гелію) та діаметр частинок порошку 

(титану). По-перше, 30 наборів даних швидкості вильоту частинок були відібрані за допомогою латинського 

гіперкубного відбору, з яких 24 були навчальними даними, а решта шість – данні прогнозування. Потім ней-

ронну мережу аналізували, щоб отримати мінімальне значення помилки нейрона, таким чином визначивши 

кількість прихованих шарів. У той же час параметри були нормалізовані, і, нарешті, параметри частинок на 

виході з сопла були оптимізовані за допомогою генетичного алгоритму. Результати показали, що після трьох 

циклів оптимізації та взяття середнього значення швидкість частинок на виході зі спеціального сопла стано-

вила 591 м/с. Отримані наступні оптимізовані параметри: температура газу від 694 до 865 К, тиск від 3,3 до 
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https://www.mdpi.com/1996-1073/12/6/1026
https://dl.acm.org/doi/proceedings/10.1145/863955
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3,7 МПа, діаметр частинок титану від 12 до 20 мкм. Коли оптимізовані параметри були використані при чи-

сельному моделюванні, результат був близький до прогнозованого значення. Таким чином, нейронна мере-

жа та генетичний алгоритм оптимізували параметри з високою точністю, з похибкою 4 %.  

Ключові слова: технологія холодного газодинамічного напилювання; прискорення частинок; спеціа-

льне сопло; нейронна мережа; генетичний алгоритм . 
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