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Cold spraying technology is a method to obtain 
coating by the high-speed collision of particles with 
the substrate through supersonic (300–1200 m/s) 
propulsion gas. The deposition process is mainly 
mechanical bonding, which has attracted more and 
more attention in engineering applications. The cri-
tical component of a cold spraying system is the nozzle.  
The performance of the nozzle directly affects the 
quality of the material surface coating. Therefore, 
the discussion of the nozzle is of great significance. 
At present, there are many examples of cold spray-
ing single-channel nozzles in engineering, but there  
are few reports about multi-channel cold spray-
ing nozzles. This paper explores and studies the 
multi-channel cold spraying nozzle, designs a spe-
cial three internal channel nozzle, and adopts  
a 90° angle in the divergent section of the nozzle. 
When spraying in a small area, the nozzle with angle 
has apparent advantages for spraying more areas. 
The powder injection pressure, particle size, recovery 
coefficient, and internal channel position are ana-
lyzed, which affect the particle trajectory. Combined 
with these factors, the multi-channel nozzle is opti-
mized and improved to solve the problem of particle 
collision with the inner wall of the nozzle. Finally, 
the technological parameters of aluminum, titanium, 
copper, nickel, magnesium, and zinc powders are 
preliminarily studied using the multi-channel nozzle.  
The results show that the multi-channel nozzle meets 
the critical velocity requirements of copper, mag-
nesium, and zinc powder spraying in the homoge-
neous (powder and matrix are the same material) 
and aluminum powder spraying in the case of hetero-
geneous (powder and matrix are different mate-
rials), the multi-channel nozzle has a sound engi-
neering application prospect and provides a specific 
reference for relevant technicians
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1. Introduction

In the early years, global industrial production faced 
wear, corrosion, and surface oxidation, resulting in serious 
energy consumption and material waste. Therefore, how to 
improve the wear resistance and corrosion properties of parts 
surface has always been a topic discussed by researchers. The 
use of effective surface treatment technology is the key to 
improve the service life of parts. Over the years, many tradi-
tional surface technologies have been derived [1]. Based on 
the principle and characteristics, it is usually called thermal 
spraying technology. Because the thermal spraying process 
needs heating, spraying materials will appear high-tempera-
ture dissolution, high-temperature oxidation, gas evapora-

tion, and other defects, resulting in uneven coating forma-
tion, porosity, enormous thermal stress in the matrix and 
other problems. As a result, the emergence of cold spraying 
technology effectively solves the defects and problems in the 
thermal spraying process.

Cold spray technology (CS) is different from traditional 
surface technology, first developed in the mid-1980s [2]. High 
or low pressure (less than 1 MPa) gas passes through the 
nozzle to obtain a supersonic velocity. Supersonic gas pushes 
particles to impact and plastically deform on the substrate. 
The deformation process of the surface [3, 4], and deposits  
a uniform thin coating [5–7], mainly applied in surface pro-
tection [8], recovery coating, and additive manufacturing [9]. 
Compared with thermal spraying [10, 11], CS is carrying out 
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at a lower temperature, solid powders are rarely oxidizing, and 
the phenomenon of grain growth is hard to occur. For exam-
ple, aviation titanium materials are prone to high-temperature 
oxidation, so metallurgy is complex and has high manufac-
turing costs. CS can solve these problems well [12]. Hence, 
scientific research on cold spraying technology is needed to do.

Because of the advantages of CS [13], it expands and 
makes up for the defects in the field of thermal spraying. 
Therefore, it has an optimistic prospect and market. In re-
cent years, a lot of researchers [14–16] have been interested 
in CS. Moreover, more and more cold spraying institutions 
in the world are founded [17]. For the nozzle structure, the 
outlet of the nozzle is a mainly circular section, but there is 
also a square or oval nozzle because of special application 
occasions [18]. However, there is almost no relevant research 
on the multi-channel rectangular nozzle. Therefore, this 
study on multi-channel spraying will provide a new idea and 
theoretical guidance for the surface coating field.

2. Literature review and problem statement

The critical core component of the cold spraying system 
is the nozzle. Since the early nozzle structure comes from the 
rocket tail nozzle, most cold spraying nozzles adopt a circular 
section [19]. In recent years, researchers have studied dif-
ferent types of nozzles for different applications. However, 
most researchers focus on straight line nozzles (Connecting 
lines from nozzle inlet to nozzle outlet center). In paper [20] 
it was proposed a nozzle that can adjust the powder feeding 
position to improve the deposition efficiency of powder and 
increase the particle temperature. The powder is mixed in the 
early stage of the divergent nozzle section to adjust the con-
tact time between powder and fluid. A higher temperature 
is transmitted to the powder material to obtain the required 
coating. All of these nozzles are limited by limited space. 
Therefore, it is necessary to develop a cold spraying nozzle 
that can meet small space needs and convenient operation. 
In addition, the circular nozzle is inefficient for small rotating 
parts in practical engineering applications, and the rectangu-
lar section nozzle can reflect its advantages [18]. Hence, it is 
necessary for the square nozzle with a 90° angle to research. 

The powder injection port of the cold spraying nozzle 
will affect the airflow and affect the powder flow trajectory. 
The work [21] presents the straight nozzle with the same 
diameter as the outlet. Although the airflow speed has been 
improved and powder diffusion has been prevented since the 
movement track of powder particles has not been studied, the 
powder may collide with the inner wall of the outlet. The li-
terature [22] presents a hand-held CS gun and the work [23] 
researched a short nozzle with a total length of less than 
70 mm. It solves the problem that the length is too large to be 
convenient for spraying, but it can still be further optimized 
if the diverging section is designed at 90°. The work [24] 
presents a stepped circle shape, mainly considering the con-
venience of processing. The fluid analysis results show that 
the maximum powder velocity is not at the nozzle outlet but 
the throat, and the length of the nozzle still limits further 
application. The work [25] solved the problem of pressure 
transient imbalance during powder injection but increased 
the processing difficulty and production cost.

A way to overcome these difficulties can be to design 
the divergence section into 90°. The work [26] presents the 
results of the airflow trajectory of the three channels. The 

parameter field from the nozzle to the substrate is obtained, 
but the airflow in The nozzle is not uniform, which leads to 
The low application range of powder particles. This may be 
because the transient pressure is caused by the pressure of 
the powder injection port, and the pressure of the gas inlet 
is unbalanced. The authors suggest that the solution reduces 
the pressure in the internal channel where the powder is 
injected. The author has made a preliminary study on the 
nozzle with angle, but the too-long divergence of the nozzle 
still limits the spray area and is challenging to operate [27], 
so the divergence length needs to be further shortened. All 
this suggests that it is advisable to research multi-channel 
cold spraying nozzles.

3. The aim and objectives of the study

The study aims to develop a multi-channel cold spraying 
nozzle suitable for spraying various powder materials. 

To achieve this aim, the following objectives are ac-
complished:

– the powder injected before the throat was discussed, 
and the influencing factors were studied;

– the powders' application was studied using multi-chan-
nel nozzles, and the technological parameters of standard 
metal materials (nickel, titanium, copper, aluminum, magne-
sium, and zinc) were analyzed.

4. Materials and method

4. 1. Numerical simulation method
The SolidWorks /Flow Simulation module is used for nu-

merical simulation. The boundary conditions are as follows: 
turbulence's influence is considered (turbulence intensity 
2 %, and the inner wall conditions are adiabatic and smooth). 
Nitrogen (N2) was selected as propelling gas. The internal 
cavity and excludes the internal non-flowing area are se-
lected. The inlet of the contraction section was selected as 
the pressure inlet (4.5–5.5 MPa), the initial temperature of 
the gas is 500 K to 1000 K, and the outlet of the expansion 
section was set as the pressure outlet, and it is equal to one 
atmosphere.

4. 2. Multi-channel nozzle preparation method
Due to the lack of literature on the rectangular nozzle, 

the CFD method is used to discuss the situation of the single- 
channel nozzle when the powder inlet is set before the 
compression of the nozzle throat. The author uses the opti-
mized single-channel rectangular section nozzle (the throat 
chamfer radius is 26 mm, the spraying distance is 13 mm, 
and the expansion section length is 12 mm) to discuss the 
multi-channel nozzle further. As shown in Fig. 1, if the pow-
der injection port is set in the diffusion section area, the par-
ticles meet the requirements of single-channel spraying, but 
the length of divergence is suitable for powder acceleration. 

Hence, this paper discussed that the powder injection 
port is set in front of the throat to make powder further 
acceleration. At this time, multiple channels need to be con-
sidered to change the particle trajectory to avoid the collision 
between the particles (nickel, titanium, copper, aluminum, 
magnesium, and zinc) and the nozzle section divergence's 
inner wall. The technological parameters were studied as the 
standard with impact velocity [28] or critical velocity [29]. 
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Fig.	1.	Single	channel	nozzle

To facilitate the understanding of multi-channel nozzle, 
this paper defines some keywords based on Fig. 2: Internal 
part 1 (M), Internal part 2 (N), Internal channel 1 (U),  
Internal channel 2 (V), Internal channel 3 (W). It should 
note that M and N are not final optimized structures and 
need further discussion. U, V, and W also change with the 
optimization of M and N.

 
 
 
 
 

Gas outlet 

Internal part 1 

Internal channel 1 

Internal channel 3 

Internal part 2 

Internal channel 2 

Gas inlet 

Fig.	2.	Initial	model	of	multi-channel	nozzle

The optimal structure can be predicted by numerical 
simulation method to avoid the waste of resources caused by 
direct processing.

5. Results of Particle trajectory in multi-channel  
cold spraying nozzle

5. 1. Multi-channel nozzle results
The collision between particles and the inner wall of 

the nozzle divergent section is mainly affected by the posi-

tion of M, recovery coefficient, particle size [30], nozzle 
material [31], and inject powder pressure. The influence 
position of M is shown in Fig. 3, and its parameters are: 
A (Fig. 10, b) of M is higher than B, the inlet pressure is 
5 MPa, the temperature of N2 is 600 K, the injection pres-
sure is 3.1 MPa, and particle sizes are 10 μm, 20 μm, 30 μm, 
40 μm, and 50 μm respectively. Maintain the inlet pressure 
of 5 MPa, the temperature of 600 K and the particle size 
of 10 microns, and the particle trajectory of different in-
jection pressures (3.1 MPa, 3.3 MPa, 3.4 MPa, 3.6 MPa,  
and 4 MPa) was shown in Fig. 4.

It can be seen from Fig. 3, 4 that particle size and powder 
injection pressure have little influence on particle trajectory, 
and particles are in contact with the inner wall of the nozzle. 
Therefore, the structure needs to be further adjusted. The 
inner passage is flush with the outlet (point A and point B are  
of equal height), as shown in Fig. 5.

Fig. 5, 6 show that the particle trajectory can be im-
proved by improving point A's position and recovery coeffi-
cient, but it is still not ideal. Therefore, in the case of multiple 
internal channels, reducing the position and recovery coeffi-
cient of point A by changing the particle diameter and pow-
der injection port pressure alone cannot solve the problem 
of contact between powder and the inner wall of the nozzle.

Based on the above problems, consider adding another 
channel to solve. Since particles are mainly affected by drag 
forces in the fluid, this paper assumes that the powder is 
spherical particles with smooth surfaces (Fig. 7, a), and the 
aerodynamic drag force formula is shown in (1), ignoring the 
particle gravity, the main force channels U and V of particles 
are represented by 1 and 3 respectively, and the force direc-
tion 2 is the resultant direction. The force analysis diagram 
is shown in Fig. 7, b, when the particle force direction of V is 
horizontal, the particle trajectory can be improved from force 
1 direction to 2 direction.

F C v v SD g p= −( )1
2

2
ρg ,  (1)

where F is the aerodynamic drag force on the particles; CD is 
the drag coefficient; ρg is the density of the air flow; Vg and 
VP are gas flow velocity and particle velocity respectively;  
S is the upwind area of particles.

 
      a                               b                                 c                                d                                  e

Fig.	3.	Particle	trajectories	of	different	particle	sizes:	a –	10	μm;	b –	20	μm;	c –	30	μm;	d –	40	μm;	e –	50	μm
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Fig.	4.	Particle	tracks	of	powder	injection	ports	at	different	injection	pressures:		
a –	3.1	MPa;	b –	3.3	MPa;	c –	3.4	MPa;	d –	3.6	MPa;	e	–	4	MPa

 
     a                              b                              c                              d                               e

Fig.	5.	Particle	tracks	of	different	powder	injection	pressures	when	A	and	B	are	flush:		
a –	3.4	MPa;	b –	3.6	MPa;	c –	3.8	MPa;	d –	4	MPa

 
      a                                      b                                      c                                     d

 
      a                            b                            c                             d                             e

Fig.	6.	Particle	trajectories	with	different	recovery	coefficients:	a – 0.2; b – 0.4; c – 0.6; d – 0.8; e – 1
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Fig.	7.	Particles	are	subjected	to	fluid	action:		
a –	the	path	of	a	fluid	through	a	particle;	b –	force	analysis	

diagram	of	particles	in	fluid

Further, N was added, and the channels were changed into 
U, V, and W. The position of N was optimized to improve the 
particle trajectory. When the distance between 
N and M was further optimized to 1.2 mm, the 
result was relatively ideal, as shown in Fig. 8.

The specific parameters are shown in Fig. 9.

5. 2. The technological parameters of common metal 
materials

The main factors affecting impact velocity are gas pres-
sure, temperature, and particle diameter [32].

Although the recovery coefficient has little influence on 
the collision velocity (Table 1), it influences the particle tra-
jectory, as shown in Fig. 10.

Hence, selecting a smaller recovery coefficient is benefi-
cial to the particle trajectory.

According to the numerical simulation results of several 
common materials (Table 2), particles of different materials 
have different paths (Fig. 11), and their collision velocities 
differ significantly.

Magnesium powder with low density has a speed of 
576 m/s at 600 K.

The velocity of titanium powder can reach 592 m/s at the 
gas temperature of 1000 K, etc.

These results show that the material with lower density 
can obtain higher impact velocity, while the powder material 
with higher density can only obtain lower impact velocity, 
and the temperature has a significant influence on the impact 
velocity, etc.

 
 

 

 

a

b

Fig.	9.	The	specific	size	after	optimization:		
a	–	the	dimension	location	of	the	3D	model;	b	–	detailed	dimensions

Fig.	8.	Distance	between	M	and		
N	components:	a –	1.6	mm	(Al	–	10	μm);		

b –	1.2	mm	(Al	–	10	μm);		
c –	1.2	mm	(Al	–	15	μm)

 

 

 

a

b

c
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Table	1	
Numerical	simulation	parameters	and	results	of	aluminum	particles

The pressure of N2, MPa The temperature of N2, K Injection pressure, MPa Particle diameter, μm Recovery coefficient Vimpact, m/s

5 800 3 10 1 608

5 800 2.55 15 1 535

5 800 2.55 20 1 482

5 700 3 10 1 580

5 900 3 10 1 635

5 900 3.2 10 0.7 633

5 900 3.2 10 0.4 635

5 900 3.2 10 0.2 633

4.5 900 2.9 10 0.7 623

5.5 900 3 10 0.7 589

   
                    a                                                           b                                                      c

Fig.	10.	Trajectory	diagram	of	different	particle	sizes	under	recovery	coefficient	e = 0.1:		
a –	D = 10	μm;	b –	D = 30	μm;	c –	D = 50	μm

Table	2
Technological	parameters	and	results	of	other	common	materials

Materials
The pressure  
of N2, MPa

The tempera-
ture of N2, K

Injection  
pressure, MPa

Particle  
diameter, μm

Recovery  
coefficient 

Vimpact, m/s Timpact, K

Ti 5 1000 2.7 10 0.1 592 808

Cu 5 900 2.7 10 0.1 485 726

Ni 5 1000 2.7 10 0.1 500 835

Mg 5 600 2.9 10 0.1 576 460

Zn 5 500 2.7 10 0.1 416 381

     
          a                                         b                                         c                                        d                                          e

Fig.	11.	Particle	trajectories	of	different	materials:	a –	Ti;	b –	Cu;	c –	Ni;	d –	Mg;	e –	Zn

Comparing the collision velocity with the critical ve-
locity is the standard to judge whether the powder can be 
deposited.

The critical velocities of nickel (Ni), titanium (Ti), cop-
per (Cu), aluminum (Al), magnesium(Mg), and zinc(Zn) 
can be obtained by theoretical calculation equation (2). The 
results are summarized in Table 3:

V C T Tcrit P m i= −( )0 7. ,  (2)

where Cp is the specific heat; Tm is the melting point; Ti is im-
pact temperature. As the melting point of different metal mate-
rials is different, the value range of temperature data in Table 3  
is not more than 0.7Tm. For example, the melting point of alu-
minum is 916 K, hence, the maximum temperature is 600 K.
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6. Discussion on the result of multi-channel cold spray 
nozzle and technological parameters

In this paper, the powder track and technological para-
meters of powders inside the multi-channel nozzle with 90° 
are analyzed, it is feasible to apply the multi-channel nozzle 
to spray typical metal powder. The influence analysis of par-
ticle trajectory, include powder injection pressure, Inlet gas 
pressure, and temperature, particle size, Recovery coefficient, 
has revealed the following:

– due to high-pressure cold spraying, if the powder injec-
tion pressure is too small, it is difficult to inject into the in-
ternal channel of the nozzle. If the powder injection pressure 
is too enormous, there will be different degrees of rebound 
according to the recovery coefficient of M material. There-
fore, it is necessary to adjust the powder injection pressure 
reasonably; Inlet propulsion gas pressure and temperature 
mainly affect fluid velocity and then affect particle accelera-
tion, so parameters need to be adjusted according to practical 
engineering applications; Particle size affects particle accele-
ration, as shown in Fig. 10, a, b. The larger particle trajectory 
is upward, mainly because the force on direction 1 (Fig. 7, b) 
is greater. Therefore, to avoid particle contact with the in-
ner wall, the smaller particle size should be selected as far 
as possible for the multi-channel nozzle with 90°. Distance 
between M and N affects the particle trajectory, as shown  
in Fig. 9. When the distance is larger, the particle trajectory 
is upward, mainly because the force on direction 3 (Fig. 7, b) 
is smaller, resulting in direction 2 of the resultant force being 
more upward;

– as Tables 2, 3 shown, the process analysis of typical me-
tal powders under the condition that the matrix and powder 
materials are the same, the particles that meet the critical 

velocity requirements include copper, magnesium, and zinc. 
When the matrix and powder materials have different pro-
perties, aluminum (aluminum collides with titanium) can 
meet the requirements of critical velocity [33], which has  
a broad application prospect.

Compared with existing single-channel nozzles, multi- 
channel nozzles with 90° have advantages in limited space 
spraying because in practical engineering applications, only 
the divergence length of the nozzle is considered, and the 
operation is more convenient. However, this paper only 
preliminarily proposed the feasibility of multi-channel noz-
zle application in spraying. For the M and N structures in 
Fig. 9, if processing, cost, and other factors are taken into 
further consideration, their structures need to be further 
optimized. As shown in Fig. 10, many sharp points need  
to be filleted, etc. Alternatively, the later research can 
consider further optimization of multiple factors by using 
functional relations.

Because of the technological parameters, this paper only 
discusses the several common kinds of metal powder and  
other materials can be discussed further in the future, be-
cause of the influence of temperature on the nozzle internal 
fluid velocity is larger, thus affect powder particle velocity, it 
is necessary to take into account the manufacturing materials 
of the nozzle, such as titanium and nickel powder can raise 
the temperature further improve powder outlet velocity.

The 90° multi-channel nozzle was presented in this 
paper, which is an innovative structure, and the difficulty 
of multi-channel nozzle research lies in the commonality of 
powder, after all, many factors affecting the movement tra-
jectory of powders. The future trend is to establish a perfect 
mathematical method for the multi-factor or experimental 
method to improve the multi-channel nozzle.

Table	3

Common	metal	critical	values	at	different	temperatures	by	(2)

Temperature, K
Powder parameters

400 500 600 700 800 900 1000 1100 1200

Ni

Maximum speed, m/s – – – – – 533 550 570 585

Critical speed, m/s – – – – – 587 574 564 552

Whether deposition? (yes or no) – – – – – no no yes yes

Ti

Maximum speed, m/s – – – 587 615 640 658 680 698

Critical speed, m/s – – – 632 619 605 590 576 560

Whether deposition? (yes or no) – – – no no yes yes yes yes

Cu

Maximum speed, m/s – – 464 488 512 532 – – –

Critical speed, m/s – – 480 467 452 437 – – –

Whether deposition? (yes or no) – – no yes yes yes – – –

Al

Maximum speed, m/s 525 568 608 – – – – – –

Critical speed, m/s 570 544 517 – – – – – –

Whether deposition? (yes or no) no yes yes – – – – – –

Mg

Maximum speed, m/s 562 608 652 – – – – – –

Critical speed, m/s 630 600 570 – – – – – –

Whether deposition? (yes or no) no yes yes – – – – – –

Zn

Maximum speed, m/s 432 463 – – – – – – –

Critical speed, m/s 299 274 – – – – – – –

Whether deposition? (yes or no) yes yes – – – – – – –
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7. Conclusions

1. The research of cold spraying nozzle is an interesting 
point for science researchers. According to different appli-
cation occasions, different nozzles are designed and manu-
factured. Some special applications need to study special 
nozzles. In order to further facilitate spraying, a three-dimen-
sional model of the multi-channel nozzle is established in this 
paper, and the influencing factors of particle trajectory are 
discussed through the fluid module. For the multi-channel 
cold spraying nozzle with a divergence section of 90°, when 
the powder injection port is located before the throat, mul-
tiple fluid internal channels need to be set in the throat to 
avoid the contact between particles and the inner wall of the 

divergent section of the nozzle. Parameters influence particle 
trajectory such as powder injection port pressure, particle 
size, recovery coefficient, etc.

2. Multi-channel cold spraying nozzle with 90° angle will 
be more convenient to use, such as some corners, internal 
areas, etc. Proper optimization of the nozzle, which can meet 
a variety of powder material (aluminum, copper, magnesium, 
and zinc) spraying, has a good application prospect.
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