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Abstract 

Aerosol Deposition (AD) method is an emerging coating process for deposition of ceramic 

particles for industrial applications such as MEMS, fuel cells, optical devices and radio 

frequency components. In this process, various parameters such as nozzle geometry, powder size 

and type, pressure inside the deposition chamber, and carrier gas flow rate have significant 

influence on the in-flight particle behavior before impact, and therefore, on the coating 

properties. In this study, a two-way coupled Eulerian-Lagrangian model is used to study the 

effects of gas flow rates and substrate location on the gas flow characteristics, bow shock near 

the substrate, and more importantly on the particle velocity and trajectory upon impact. The 

study is carried out with a rectangular sonic nozzle. To validate our simulations, locations of the 

Mach disks in highly under-expanded free-jet conditions are compared with the theoretical and 

experimental results in the literature. Two different computational geometries are utilized; a 2D 

planar and a quarter slice of 3D. It is found that, for the rectangular nozzle, the 3D geometry 

produces more accurate results and can capture the axis-switching phenomenon. Moreover, it is 

observed that the gas flow structure as well as the in-flight particle behavior obtained from 2D 

and 3D geometries are almost identical before the Mach disk. In addition, two different drag 
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expressions are employed and it is shown that the influence of Mach and Knudsen numbers on 

particle behavior in vacuum condition is significant.  

Keywords: Aerosol deposition, Vacuum, Highly under-expanded jet, In-flight particle behavior, 

Drag force, Mach disk 

 

List of symbols 

𝐶𝐷  Drag coefficient 
 

𝑑𝑝  Particle diameter m 

𝑘  Thermal conductivity 
W

m.K
 

𝐾𝑛  Knudsen number  

M Mach number  

𝑚𝑝  Particle mass kg 

𝑅𝑒  Reynolds number 
 

𝑠  Molecular speed ratio  

𝑆𝑡  Stokes number  

𝑇  Temperature K 

𝑢  Velocity 
m

s
 

𝜌  Density  
kg

m3
 

𝜇  Viscosity 
kg

m. s
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1. Introduction 

Fabrication of ceramic coatings with thermal spray methods are associated with high operating 

temperatures close to the particle melting temperature, where particles are deposited on substrate 

in molten or semi-molten state. When particles are solidified on substrate, their phases are 

changed which can cause significant change on coating properties. For instance, alumina 

particles are in α phase when particles are in solid state. In case of rapid solidification, the 

alumina phase transfers from α to γ which is less wear resistance. It can be inferred that, the 

properties of final coating is dependent on the initial particles condition during the coating 

process. Also during the solidification process of molten particles, voids and cracks can be 

introduced between each layer of a lamellar structure. Finally, thermal spray processes are 

challenging for temperature sensitive substrates such as metals, glass and plastics. Therefore, the 

aerosol deposition method (also known as vacuum cold spray or vacuum kinetic spraying) was 

introduced to create highly dense ceramic coatings below particles melting point temperature in 

order to maintain the microstructure properties of both coating material and substrate [1-4].  

The schematic of a typical aerosol deposition system is presented in figure 1. A compressed 

carrier gas such as nitrogen, air, argon or helium is mixed with micron-size ceramic particles 

inside the aerosol chamber to create the aerosol. Afterward, the aerosol is delivered through a 

nozzle in order to accelerate the particles to reach the adequate kinetic energy. The coating is 

built up by the impact of solid particles upon the substrate.  

Aerosol deposition process usually occurs in vacuum condition with a deposition chamber 

pressure between 0.1 - 15 torr (10 - 2000 Pa). The pressure inside the aerosol chamber is 

typically between 45 - 800 torr (i.e. 6 - 106 kPa) and depends on nozzle geometry and carrier gas 

type and flow rate [4-6]. In general, when the aerosol is exhausted through the nozzle to the 
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deposition chamber, a highly underexpanded supersonic jet is created since the ambient pressure 

is much below the nozzle exit pressure. The physics of highly underexpanded supersonic jet can 

be found in the literature such as [7] and is described schematically in figure 2. In a few words, 

in the highly underexpanded regime, as the flow expands into the low-pressure ambient gas, an 

expansion fan forms at the nozzle lip. By interaction of these expansion waves with the free 

pressure jet boundary, weak compression waves are reflected. The compression waves merge to 

produce an intercepting shock in the interior of the jet. Behind the intercepting shock, the flow is 

still supersonic but at a lower Mach number compared to the flow in the jet’s core. Furthermore, 

a slightly curved shock, which is normal to the flow at the jet axis and known as the Mach disk, 

is observed at a certain distance from the nozzle exit. Behind the Mach disk, the flow is 

theoretically subsonic. The location and strength of the Mach disk are not only dependent on the 

pressure ratio of nozzle inlet and deposition chamber but also depend on the diameter of the 

nozzle exit. The interaction of the Mach disk and intercepting shock forms another shock. The 

flow behind this reflected shock is still supersonic, where the second normal shock can happen 

similar to the first one as shown in figure 2. The location and diameter of first Mach disk is a 

function of pressure ratio and diameter of the nozzle’s exit [7]. Prediction of Mach disk location 

is important for aerosol deposition simulation since it has a direct effect on particles velocity and 

trajectory. Shocks location can change the coating structure by affecting in-flight particles 

velocity.   

Several studies have been done so far to increase the quality of ceramic coatings generated by 

aerosol deposition method and to find the optimum operating conditions. In 2001, Akedo and 

Lebedev [8] studied the influence of carrier gas on electrical and optical properties of 

Pb(Zr,Ti)O3 coating. They showed that the carrier gas type (i.e. density) and velocity noticeably 
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affect the particle velocity which has significant influence on transmittance value of PZT thin 

films and their ferroelectric properties [8]. Despite the fact that coating properties depend 

strongly on the particles velocity, in another study [3], Akedo utilized helium and air as the 

carrier gases with flow rates ranging between 1-20 L/min and measured the velocity of micron 

sized alumina and PZT particles under various operating conditions. Velocity measurement was 

carried out using a time-of-flight method [9] in which a slit, which moved perpendicularly to the 

jet axis, was placed between the nozzle and substrate. In another work, a critical velocity around 

150 m/s was estimated for adhesion of micron size particles upon impact [5]. The effect of 

particle velocity upon impact on coating structure was studied by Kwon et al. [10] who found 

that increasing the gas flow rate increases the velocity of the spray particles and facilitates the 

adhesive bonding. As a result, thicker coating can be achieved. In addition, the coating porosity 

was found to increase with higher gas flow rates.  

Since non-intrusive methods for particles velocity measurement are difficult to apply due to the 

limited optical area inside the vacuum chamber and intrusive methods like time-of-flight method 

[9] changes the flow characteristics, numerical analysis of the gas and particles phases can be 

used to predict particle velocity, temperature, and trajectory. Numerical simulation is a powerful 

tool to understand the physics behind the aerosol deposition method and to propose optimum 

operating conditions to improve aerosol deposition process. One of the earliest numerical study 

was done by Katanoda and Matsuo [11] using a two-dimensional (2D) planar computational 

domain which was based on a slit nozzle with a rectangular cross section of 0.4×10 mm2. Since 

the length of the cross section is much larger than its width, they assumed that the gas flow is 

2D. Two different inlet pressures of 2 and 6 kPa were applied while the pressure inside the 

deposition chamber and stagnation temperature were set to 100 Pa and 300 K, respectively. It 
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was also assumed that the jet flow is laminar, therefore, no turbulence model was used. The 

effect of particles on gas flow were ignored as well. In their work, the drag coefficient proposed 

by Henderson [12], which considers the effects of Knudsen, Mach, and Reynolds numbers on the 

particle behavior, was employed. Moreover, a substrate was located at a standoff distance of 15 

mm. In their study, the particle velocity predicted by the numerical simulation was compared 

with the experimental data, and a maximum error of 15% was reported. Park et al. [13] studied 

the effects of the geometry of circular nozzles and chamber pressure on the shock structure in 

aerosol deposition process using re-normalized group (RNG) 𝑘 − 𝜀 turbulence model and a 2D 

axisymmetric computational domain. The pressure inside the deposition chamber was varied 

between 1.316 and 100 kPa. It was shown that, to maximize the flow kinetic energy, the nozzle 

geometry should be adjusted to reach the fully expanded condition (i.e. the nozzle exit pressure 

is equal to ambient pressure). In other words, as the ambient pressure decreases, the nozzle exit 

diameter must be increased to reduce the shock formation and yield optimum condition. Similar 

results were reported experimentally and numerically by Lee et al. [14]. The in-flight behavior of 

Al2O3 particles accelerated with a helium jet in the aerosol deposition process was investigated 

by Park et al. [15]. In this study, the 𝑘 − 𝜀 realizable turbulence model was employed and the 

drag coefficient was dependent on Reynolds number solely (see the spherical drag coefficient in 

ANSYS [16]). It was shown that, generally, the particle velocity and the impact probability 

increase as the gas flow rate enhances. In addition, they revealed that the particle acceleration 

and deceleration, and the impact velocity, depend strongly on the particle size. Beside significant 

effect of gas flow rate, Chun et al. [17] reported in a numerical study that the standoff distance 

has a considerable impact on particle velocity. They used the shear stress transport RANS model 

with 𝑘 − 𝜔 turbulence model in ANSYS-CFX [18] to predict the continuous gas phase 
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behaviour. For the particle phase, the Lagrangian tracking method was utilized and the drag force 

was considered to be the only effective force on particles during spraying. For the drag 

coefficient, the Schiller-Naumann drag correlation [19] was utilized in this study. Johnson et al. 

[20] also numerically studied the effects of particle size and standoff distance on particle velocity 

and trajectory upon impact using 𝑘 − 𝜀 realizable turbulence model and a 2D planar domain. The 

Schiller-Naumann drag correlation [19], which depends only on the Reynolds number, was used. 

It was shown that, although large particles have lower in-flight velocity compared to the small 

particles, they can easily pass the bow shock near the substrate without significant deceleration. 

They revealed that particles with diameters less than 0.5 𝜇𝑚, are easily decelerated and 

distracted near the substrate [20]. 

The main objectives of this study is to determine the influence of drag coefficient, three 

dimensional analysis and thermophoretic force on in-flight particles behaviour. In the current 

work, since sonic nozzles with circular cross sections have been widely used to investigate the 

highly underexpanded jets, at first, we model the gas flow through such a nozzle and compare 

the numerical results with the experimental data in the literature to validate our assumptions. 

Then, a slit nozzle with a rectangular cross section is assumed and 2D planar as well as 3D 

simulations of continuous phase are performed. It is worth mentioning that the cross section of 

the nozzle in aerosol deposition method is typically rectangular. By comparing the results of 2D 

planar and 3D simulations, we are able to explain when the assumption of 2D planar 

computational domain is applicable. In addition, some 3D phenomena such as axis-switching is 

illustrated. Subsequently, Al2O3 particles are injected and their in-flight behavior is simulated 

using two different drag coefficients. One of the drag coefficients is a function of the Reynolds 

number solely while the other one considers the effects of Reynolds, Mach and Knudsen 
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numbers. By comparing the results, the effects of gas compressibility and rarefaction on particle 

in-flight characteristics in aerosol deposition process can be observed and the appropriate drag 

coefficient can be found. After having an accurate model for both continuous and dispersed 

phases, the effect of gas flow rate and standoff distance are studied in order to predict the 

optimized operating condition for aerosol deposition system. The effect of thermophoretic force 

on the particle in-flight behavior is discussed in the last part. 

 

2. Numerical method 

In the current study, based on the pressure ratio range and the Knudsen number of the gas, the 

gas flow is assumed to be continuum and compressible [21] (similar assumptions can be found in 

other numerical studies such as [11, 13-15]). The Eulerian-Lagrangian approach with two-way 

coupling assumption as implemented in ANSYS-Fluent® release 14.5, is utilized [16]. It is worth 

mentioning that since the time-averaged (i.e. Reynolds-averaged) conservation equations as well 

as turbulence formulas were described in detail in our previous papers [22-24] and reference 

[16], only the main points and assumptions are reviewed here. For the gas phase, the 

compressible forms of mass, momentum and energy equations together with the ideal gas 

equation of state are solved. Noting that the viscous heating term is also included in our 

simulations. The kinetic theory is employed to calculate both gas viscosity and thermal 

conductivity. In addition, the realizable 𝑘 − 𝜀 model together with the standard wall function is 

used to simulate the turbulent flow.  

The gas solver used in this study is pressure-based steady state and the gravitational effects are 

ignored. To discretize the conservation equations, the finite volume method with second-order 

upwind scheme is applied. The standard and the least squares cell based options are enabled for 
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pressure and gradient terms, respectively. Furthermore, for coupling of the velocity and pressure 

fields, the semi-implicit method for pressure-linked equations (SIMPLE) algorithm is used [16]. 

To obtain a converged solution for the gas phase, at least 100,000 iterations are done. Then, the 

ceramic particles are injected into the nozzle. 

The particles are assumed to be solid, spherical and inert. To calculate the particle velocity and 

momentum, the particle motion equation which comprises the drag force is applied [25]. As 

mentioned in the introduction part, two different drag coefficients are utilized in the current 

work. The first one, given below, is the Schiller-Naumann drag expression [19] 

𝐶𝐷 = (1 + 0.15𝑅𝑒𝑝
0.687) (

24

𝑅𝑒𝑝
)  (Eq 1) 

𝑅𝑒𝑝 =
𝜌𝑔|𝑢𝑔−𝑢𝑝 |𝑑𝑝

𝜇𝑔
     (Eq 2) 

where 𝜌𝑔 , 𝑢𝑔, 𝜇𝑔, 𝑢𝑝, and 𝑑𝑝 are gas density, velocity, viscosity, particle velocity, and particle 

diameter, respectively. The above correlation is widely used in high velocity conditions such as 

thermal sprays and employed recently by Johnson et al. [20] to predict the particle velocity in 

aerosol deposition process. The second drag coefficient used in this study was introduced by 

Loth [26] in 2008 and considers the effects of compressibility and rarefaction on the particle 

behavior. It should be pointed out here that, since the pressure inside the deposition chamber is 

very low, the particle Knudsen number increases significantly and may reach greater than unity. 

In addition, due to the existence of a highly underexpanded supersonic jet, the particle Mach 

number changes noticeably and might be much greater than 1. In other words, the Mach and 

Knudsen numbers may play a significant role and their influence on the particle in-flight 

behavior should be understood. Particles Mach number, Knudsen number and speed ratio are 
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defined as; 𝑀𝑝 =
|�⃗⃗� −�⃗⃗� 𝑝|

√𝛾𝑅𝑇
 , 𝐾𝑛𝑝 = √

𝜋𝛾

2
(

𝑀𝑝

𝑅𝑒𝑝
) and 𝑠 = 𝑀𝑝√

𝛾

2
 for dispersed phase. Subsequently, 

the Loth’s drag coefficient is calculated as follows.  

𝐶𝐷 =
𝐶𝐷,𝐾𝑛,𝑅𝑒

1+𝑀𝑝
4 +

𝑀𝑝
4𝐶𝐷,𝑓𝑚,𝑅𝑒

1+𝑀𝑝
4                                       for Rep ≤ 45                                    (Eq 3) 

𝐶𝐷 =
24

𝑅𝑒𝑝
[1 + 0.15𝑅𝑒𝑝

0.687]𝐻𝑀 +
0.42𝐶𝑀

1+
42500𝐺𝑀

𝑅𝑒𝑝
1.16

      for 𝑅𝑒𝑝 > 45                                                                                          
(Eq 4) 

𝐶𝐷,𝑓𝑚,𝑅𝑒 =
𝐶𝐷 ,𝑓𝑚

1+(
𝐶𝐷,𝑓𝑚
′

1.63
−1)√

𝑅𝑒𝑝

45

    
(Eq 5) 

𝐶 ′
𝐷,𝑓𝑚 =

(1+𝑠2 )𝑒𝑥𝑝(−𝑠2 )

𝑠3√𝜋
+

(4𝑠4+4𝑠2−1)erf (𝑠)

2𝑠4
                                         (Eq 6) 

𝐶𝐷,𝑓𝑚 =
(1+𝑠2 )𝑒𝑥𝑝(−𝑠2 )

𝑠3√𝜋
+

(4𝑠4+4𝑠2−1)erf  (𝑠)

2𝑠4
+

2

3𝑠
√𝜋

𝑇𝑝

𝑇∞
                                         (Eq 7) 

𝐶𝐷,𝐾𝑛,𝑅𝑒 = 𝐶𝐷,𝑅𝑒𝑓𝐾𝑛 =
24

𝑅𝑒𝑝
(1 + 0.15𝑅𝑒𝑝

0.687 )𝑓𝐾𝑛                                         (Eq 8) 

𝑓𝐾𝑛 =
1

1+𝐾𝑛𝑝 [2.514+0.8 exp(
−0.55

𝐾𝑛𝑝
)]

                                         (Eq 9) 

𝐶𝑀 =
5

3
+

2

3
𝑡𝑎𝑛ℎ[3ln (𝑀𝑝 + 0.1)]         for 𝑀𝑝 ≤ 1.45                                         (Eq 10) 

𝐶𝑀 = 2.044 + 0.2𝑒𝑥𝑝{−1.8 [ln (
𝑀𝑝

1.5
)]

2

}          for 𝑀𝑝 ≥ 1.45                                         (Eq 11) 

𝐺𝑀 = 1 − 1.525𝑀𝑝
4         for 𝑀𝑝 < 0.89                                         (Eq 12) 

𝐺𝑀 = 0.0002+ 0.0008𝑡𝑎𝑛ℎ[12.77(𝑀𝑝 − 2.02)]   for 𝑀𝑝 > 0.89                                         (Eq 13) 

𝐻𝑀 = 1 −
0.258𝐶𝑀

1+514𝐺𝑀
                                         (Eq 14) 

where 𝛾, 𝑅, 𝑇 and 𝑇𝑝 are the ratio of specific heats, the gas constant, the gas temperature and the 

particles temperature, respectively.  

In addition to the drag force, the thermophoretic force can affect the particle dynamics in the 

aerosol deposition process, especially near the substrate. This force is due to the temperature 
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gradient in the gas phase and is in the direction of decreasing temperature. In the last part of the 

paper, the thermophoretic force is added to the particle motion equation and its effects on the 

particle in-flight behavior is discussed. The thermophoretic force suggested by Talbot et al. [27] 

is used here 

𝐹𝑇 =
−6𝜋𝜇𝑔

2𝑑𝑝𝐶𝑠

𝜌𝑔𝑚𝑝

1

1+6𝐶𝑚𝐾𝑛𝑝

𝑘𝑔 𝑘𝑝⁄ +2𝐶𝑡𝐾𝑛𝑝

1+2𝑘𝑔 𝑘𝑝⁄ +4𝐶𝑡𝐾𝑛𝑝

∇𝑇

𝑇
                                         (Eq 15) 

where 𝑚𝑝, 𝑘𝑔 , and 𝑘𝑝 are the particle mass, and the gas and the particle thermal conductivities, 

respectively. Moreover, 𝐶𝑠, 𝐶𝑚, and 𝐶𝑡 are constants and equal to 1.17, 1.14, and 2.18, 

respectively. The above correlation is extensively used for a wide range of Knudsen numbers and 

thermal conductivity ratios. 

The particle heat transfer is simulated by the lumped capacity method since the particle is 

homogenous and the Biot number is less than 0.1. The Nusselt number and the heat transfer 

coefficient are calculated using the Ranz-Marshal equation [28]. For more information about the 

particle motion and heat transfer equations, interested readers are referred to our previous paper 

[22]. 

 

3. Geometry, computation mesh, and boundary conditions 

Firstly, a 2D axisymmetric computational domain is prepared to validate the continuous phase 

solver mentioned above. A circular converging nozzle with 13 mm length, and inlet and exit 

diameters of 10 and 2.25 mm, respectively, is utilized. The nozzle geometry is the same as that 

used in the experimental work of Crist et al. [7] to study of highly underexpanded sonic jets. 

Nitrogen with different flow rates (i.e. 3, 6 and 13 L/min) at 300 K is injected into the nozzle. 

Furthermore, based on the range of Knudsen number associated with the gas phase [21], no-slip 

boundary condition is imposed on the walls of the nozzle. The turbulent intensity at the inlet 
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boundary is assumed to be 10%. In figure 3, the computational grid as well as the boundary 

conditions are illustrated. In all the cases, the outlet pressure is fixed at 150 Pa. 

After validation of the gas phase solver, a rectangular nozzle is utilized for the numerical 

simulation of both continuous and dispersed phases (since the spray nozzle in aerosol deposition 

process is usually a slit nozzle with a rectangular cross section). The geometry of this rectangular 

nozzle is the same as that used in the work of Naoe et al. [6]. As presented in figure 4, the inlet 

and exit areas of the nozzle are 8×10 and 0.4×10 mm2, respectively. Assuming the symmetry of 

the process for the considered geometry, only one quarter of the nozzle and the external domain 

are taken into account. In figure 5, the computational domain and the boundary condition are 

revealed. Similar to our previous case, nitrogen at 300 K with a turbulent intensity of 10% is 

injected into the nozzle. The gas flow rates are set to 2.5, 5.0 and 7.5 L/min for the inlet 

boundary, while the outlet pressure is constant and equal to 150 Pa.  

Afterwards, to study the effect of standoff distance, a flat rectangular substrate with a cross 

sectional area of 5×3 cm2 and 2 mm thickness is placed perpendicular to the nozzle axis at 

different standoff distances (i.e. 4, 8 and 16 mm from the nozzle’s exit). Figure 6 shows the 

computational domain as well as the boundary conditions for the impinging jet modeling. It is 

worth mentioning that, to analyze the effect of standoff distance, the nitrogen flow rate is fixed at 

5.0 L/min and the outlet pressure is maintained at 150 Pa. In table 1, the parameters investigated 

using the 3D computational domain are summarized. 

In addition to 3D simulations, the 2D planar assumption is applied to model the fluid flow 

through the rectangular nozzle shown in figure 4. As discussed in the introduction section, this 

assumption was employed by Katanoda and Matsuo [11] and Johnson et al. [20] to simulate the 

aerosol deposition process. The main goal here is to find when the assumption of 2D planar is 
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acceptable. In this analysis, the inlet boundary condition for the 3D and the 2D planar cases is 

assumed to be the constant mass flux. In other words, since the depth of the 2D planar model is 

infinitely long, the mass flow rate applied to the actual geometry is converted to the mass flux, to 

ensure that the inlet boundary condition is independent of the cross sectional area. The inlet 

boundary condition is the mass flux calculated from the 5 L/min of flow at standard condition 

crossing the inlet cross sectional area of 8 × 10 mm2. So, the mass flux is constant and equal to 

1.25 kg/m2s for both 2D planar and 3D cases. In this case, because the flow inside the nozzle is 

chocked, the stagnation pressure inside the nozzle is the same for different cross sectional areas 

(i.e. is independent of the cross sectional area) [29]. Similar trends are observed for other 

parameters like temperature, density and static pressure inside the nozzle. In this study, the outlet 

pressure is fixed at 150 Pa, and there is no substrate in the domain.  

In computational fluid dynamics, mesh quality and cell size are crucial factors that affect the 

results’ accuracy and CPU time. If the mesh quality is poor or its cell number is too low, the 

accuracy of the results is decreased. On the other hand, increasing the cell number causes the 

computational time to increase significantly. Therefore, in order to reach accurate results within 

reasonable computational time, mesh study should be performed. In this study, for the 3D free-

jet case mentioned above, three hexahedral meshes with different cell sizes are generated; 1) 

coarse mesh with 800,000 cells, 2) fine mesh with 2,200,000 cells, and 3) ultra-fine mesh with 

4,600,000 cells. Figure 7 shows the effects of cell size on the variations of velocity magnitude 

and Mach number along the jet centerline, where the gas inlet flow rate is 5.0 L/min. As can be 

observed, the results obtained from the mesh with 2,200,000 cells are almost identical to the 

results of mesh with 4,600,000 cells. Therefore, for the free jet analysis, the fine mesh with 
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2,200,000 cells is selected. Similar study is done when the substrate is present in the 

computational domain. 

Spherical Al2O3 (alumina) particles, in solid state and at room temperature, are injected into the 

nozzle. The surface injection method together with the Rosin-Rammler diameter distribution 

method are applied [16]. In other words, the streams of particles with diameters defined by the 

Rosin-Rammler function are injected from each face on the inlet surface. The particle size 

distribution is obtained from the work of Naoe et al. [6], as revealed in figure 8. The particle 

mass flow rates are assumed to be 0.25, 0.5 and 0.75 g/min for carrier gas flow rates of 2.5, 5 and 

7.5 L/min, respectively (similar linear trend is shown in the work of Johnson et al. [20]). Here 

with a rough estimation the ratio of powder to gas consumption is kept constant.  

 

4. Results and discussion  

In this study, by assuming a circular sonic jet, the gas phase solver is validated against 

experimental measurements of Mach disk location and Mach number upstream of the shock [7], 

for a wide range of operating conditions. Then, the results for continuous phase obtained from 

3D and 2D planar computational domains are presented and compared with each other. 

Afterwards, the particle velocities resulting from two different drag expressions are compared 

with each other and with experimental data found in literature [6]. Subsequently, the impact of 

gas flow rate and standoff distance on particles in-flight characteristics and their distributions at 

the substrate are shown. At the end, the effect of the thermophoretic force on the particle velocity 

is discussed. 
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4.1. Validation  

As stated in the introduction part, according to the nature of highly underexpanded jets, a strong 

normal shock, known as Mach disk, exists at a certain distance from the nozzle exit. The Mach 

disk location is heavily dependent on the nozzle pressure ratio. Indeed, by increasing the pressure 

ratio, the Mach disk moves farther downstream and the diameter of the Mach disk increases [7]. 

In our numerical simulations, nitrogen at 300 K with three different flow rates (i.e. 3, 6, and 13 

L/min) is injected into a circular converging nozzle with an exit diameter of 2.25 mm, while the 

outlet pressure is fixed at 150 Pa. It is clear that each of these flow rates represents a unique 

pressure ratio between the inlet and the outlet boundaries. For instance, figure 9 shows the 

contour of Mach number for 13 L/min nitrogen flow rate at the inlet boundary. In table 2, the 

Mach disk location (𝑋𝑚) as well as Mach number upstream of the Mach disk obtained from 

numerical simulations are compared with the experimental data given by Crist et al. [7]. As it can 

be seen, a good agreement is achieved, validating our assumptions and numerical model.  

 

4.2. Effect of three dimensional analysis 

After validating the gas solver, the 3D rectangular and the 2D planar simulations are run. Figures 

10 and 11 demonstrate the comparison between the contours of velocity magnitudes and Mach 

numbers, resulting from these simulations. Moreover, the values of velocity magnitude and 

Mach number along the centerline of the nozzles are shown in figure 12. As can be observed, the 

Mach disk location and the flow structure behind the Mach disk are considerably different. In the 

3D simulation, the Mach disk is captured and the flow reaches the subsonic condition shortly. 

However, in 2D planar case, the flow expansion is much longer and the occurrence of Mach disk 

is not clear. In addition, the flow behind the strong shock is supersonic for a long distance (where 

the velocity is around 400 m/s) and a structure like shock diamonds can be observed. It is worth 
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mentioning that, near the nozzle exit (i.e. before the Mach disk location in the 3D case (standoff 

distance less than around 10 mm)), both 3D and 2D planar simulations predict similar results. It 

should be noted that, knowing the Mach number distribution is useful since it provides important 

information regarding the flow regimes and has significant influence on the particles drag 

coefficient, and therefore, the in-flight particles behavior.  

Jet-axis switching is probably the main reason why the results of 2D planar and 3D simulations 

are not consistent. It is established in the literature that, for non-circular three-dimensional jets, a 

major change in the jet’s cross-sectional shape occurs with increasing the downstream distance 

from the orifice [30]. Although the jet cross section is highly skewed at first, it evolves through 

near circularity and then becomes skewed in the direction perpendicular to that of the initial 

skewness [30]. This phenomenon, obtained from our simulations, can be seen in figure 13. In 

this figure, the velocity magnitude iso-surfaces and their contours at various standoff distances 

(SD) are displayed. It clearly shows that, by increasing the downstream distance from the nozzle 

exit, the rectangular jet originated from a horizontal slot stretches vertically. It is obvious that the 

axis-switching phenomenon as well as Mach disk formation are not captured by the 2D planar 

simulations and can affect the calculated particle in-flight behavior. Hereafter, the 3D 

computational domain is employed to study the effects of gas flow rate and substrate presence on 

the flow structure, and to analyze the particle in-flight characteristics. 

 

4.3. Effect of gas flow rate on continuous phase 

Figures 14 and 15 show the dependency of the velocity magnitude, Mach number and Mach disk 

location and diameter on the gas flow rate. In general, increasing the gas flow rate (from 2.5 to 5 

and 7.5 L/min) causes the velocity magnitude, Mach number and Mach disk location and 
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diameter as well as the jet angle to increase. This outcome is consistent with the experimental 

results in the literature [7].  

 

4.4. Effect of standoff distance on continuous phase 

Figures 16 and 17 illustrate the influence of substrate presence and standoff distance on the gas 

flow structure, velocity magnitude, Mach number, and bow shock formation and strength. As 

mentioned in the introduction part, a flat rectangular substrate is located at 4, 8 and 16 mm from 

the nozzle exit. Again, the outlet pressure and the gas flow rate are fixed at 150 Pa and 5 L/min, 

respectively. It is clearly shown in these figures that, as the gas approaches the substrate, its axial 

velocity as well as the Mach number significantly decrease while the static pressure on the 

substrate dramatically increases. This region is called stagnation or deceleration region and can 

significantly affect the particle impact velocity and angle. It can also cause the particles with low 

Stokes number to decelerate and follow the gas streamlines without impacting the substrate (for 

more information regarding the effects of Stokes number, see [24, 31]). Figure 18 shows the 

stagnation or the high pressure region near the substrate at various standoff distances. As can be 

observed from figures 16-18, the bow shock formation and strength as well as the pressure 

distribution on the substrate depend on the substrate location and Mach disk. When the standoff 

distance is less than the Mach disk distance, a bow shock is formed near the substrate (see the 

cases with standoff distances of 4 and 8 mm). In this condition, increasing the standoff distance 

causes the strength of bow shock and the pressure value on the substrate to reduce. However, the 

surface area of the stagnation region increases with the standoff distance. If the standoff distance 

is slightly more than the Mach disk distance, the flow structure becomes more complex due to 

the interaction of the Mach disk and a possible bow shock. For example, in our simulations when 
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the standoff distance is 16 mm, the Mach disk is formed at first. Behind the Mach disk, there is a 

high pressure region with low velocity and Mach number (see figures 16c, 17c, and 18c). 

Afterwards, the velocity and Mach number increase and the gas approaches the substrate. Here, 

since the flow is supersonic near the substrate, a bow shock is formed and the pressure on the 

substrate increases. This is the reason why, in figure 18c, two high pressure regions are 

presented. It is also worth mentioning that, for the standoff distance of 16 mm, the high pressure 

region on the substrate is vertical due to the axis-switching phenomenon. As a final point, when 

the substrate location is far behind the Mach disk, where the gas flow is subsonic, the bow shock 

near the substrate cannot be theoretically formed. 

 

4.5. Effect of drag force expression and three dimensional analysis on particles phase  

In the current work, the in-flight particle behaviour is analyzed using two different drag 

expressions (i.e. Loth [26] and Schiller-Naumann [19]) and two computational geometries (i.e. 

2D planar and 3D). In figure 19, the effects of drag coefficient and gas compressibility and 

rarefaction on the particle velocity are revealed. Similar to other numerical studies in this field 

(e.g. see [11, 20, 32]) the 2D planar simulation is run, and the velocities of the particles located 

at the standoff distance of 8 mm are captured. As can be observed, compared to the Schiller-

Naumann drag expression, the Loth’s drag expression that considers the effects of 

compressibility and rarefaction predicts much lower particles velocities with a narrower 

distribution. In table 3, the comparison between numerical results and experimental data obtained 

from particle image velocimetry (PIV) [6] is presented. The calculated errors and standard 

deviations verify that the Loth’s drag expression [26] predicts more accurate results, and is 

utilized in this study hereafter. In other words, in aerosol deposition process, since the particle 
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diameter is very small and the vacuum condition exists, the Mach and Knudsen numbers play 

significant roles and their effects must be taken into account. 

Figures 20 shows the particle velocity distributions at the standoff distances of 8 mm, obtained 

from 2D planar and 3D simulations with the constant mass flux inlet boundary condition 

mentioned above. As presented, using the 3D simulation, the particle velocity distribution is 

around 195 m/s which is close to the value for 2D planar model. By increasing the standoff 

distance to 16 mm, the results of particle velocity distribution obtained from 2D planar and 3D 

simulations are more different (see figure 21). It is shown that by using 3D simulation, particles 

velocity distribution becomes slightly narrower and shifts to the left. This is due to difference 

between predicted gas velocities particularly after the Mach disk (see figures 10-12). 

 

4.6. Effect of gas flow rate on particle phase 

As discussed above and shown in figures 14 and 15, the gas flow rate has significant influence 

on the pressure of aerosol chamber, and the jet velocity profile and Mach number. Therefore, it is 

reasonable to expect that the particle in-flight behavior changes with the gas flow rate. Figure 22 

demonstrates the particles velocity distributions for different gas flow rates at the standoff 

distance of 8 mm. As can be seen, in general, increasing the gas flow rate causes the velocity 

distribution to be wider and the average velocity to enhance. The average particle velocity for 

2.5, 5, and 7.5 L/min gas flow rates are 163, 195, and 221 m/s, respectively.  

 

4.7. Effect of standoff distance on particle phase 

In the aerosol deposition process, the particles normal velocity upon impact is important and 

controls the coating quality. To study the effects of standoff distance, Mach disk, and bow shock 

on the particle trajectory and velocity, the substrate is located at 4, 8 and 16 mm from the exit of 
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the nozzle while the gas flow rate is fixed at 5 L/min. Figures 23 reveals the particle velocity and 

trajectory during flight and near the substrate for different standoff distances. As one can see, in 

general, smaller particles have higher velocities. In addition, it seems that the particle velocity is 

not a strong function of the standoff distance. However, for standoff distance of 16 mm, the 

trajectories of a few particles (i.e. those that are away from the jet centerline) are affected near 

the substrate, mainly due to the existence of jet axis-switching.  

In order to determine the dependency of particle normal velocity on the substrate location, the 

velocity distributions at various standoff distances, while the gas flow rate is fixed at 5 L/min, 

are shown in Figure 24. This figure verifies that the particle normal velocity is almost 

independent of substrate location and standoff distance, because the Stokes number of the 

particles is on the order of magnitude of 1000. Similar to other papers [33, 34], the Stokes 

number is defined as the ratio of particle response time to the characteristic time of the flow. It is 

related to the ratio of the particle’s inertia and the drag force (𝑆𝑡 = 4𝑚𝑝𝑢𝑝 6𝜋𝜇𝑔𝑑𝑝
2⁄ =

𝜌𝑝𝑑𝑝𝑢𝑝/9𝜇𝑔, where 𝜌𝑝 is the particle density). Obviously, a particle with a low Stokes number 

follows the gas streamlines while a particle with a high Stokes number is less affected by the gas 

flow and tracks its own trajectory. In this figure, the particle velocity profile for a free jet 

(without substrate) at 8 mm from the nozzle exit is also illustrated. It clarifies that the substrate 

presence causes the particle velocity to reduce slightly, owing to occurrence of the bow shock 

and the stagnation region. 

The landing condition of the particles on the substrates with the standoff distances of 4, 8, and 16 

mm is shown in Figure 25. The gas flow rate and the outlet pressure are kept constant and equal 

to 5 L/min and 150 Pa, respectively. The information provided here can be useful to understand 

where the particles land and how the coating is built-up. As presented, generally, the particles 
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land along the major axis of the jet. However, by increasing the standoff distance, the particles 

with low Stokes number (e.g. small particles as well as large particles with low velocity 

magnitude) are deflected from the major axis towards the minor axis of the rectangular jet due to 

the axis-switching phenomenon. In a word, Figures 23-25 show that particles with diameters of 

1-6 μm have sufficient kinetic energy to overcome the Mach disk, the bow shock, and the 

stagnation region, and reach the substrate without significant deceleration and deflection. 

 

4.8. Effect of thermophoretic force on particle velocity 

As mentioned in the introduction part, the thermophoretic force is in a direction opposite to the 

gas temperature gradient (i.e. it is directed towards lower gas temperature [35]) and can affect 

the behavior of small particles. Figure 26 shows the effect of thermophoretic force on the particle 

normal velocity upon impact. Here, the substrate distance from the nozzle exit is 8 mm, the 

nitrogen flow rate is 5.0 L/min, and the outlet pressure is 150 Pa. Adding the thermophoretic 

force results in a slight reduction of particle impact velocity, due to the presence of stagnation or 

high temperature region near the substrate as illustrated in Figure 27. 

 

5. Conclusion 

In the current study, a two-way coupled Eulerian-Lagrangian model was used to simulate the 

aerosol deposition process and to understand the effects of gas flow rates and substrate location 

on the particle in-flight characteristics. It was shown that, for a rectangular sonic nozzle, a 3D 

simulation is needed to capture the Mach disk as well as the axis-switching phenomenon. In 

addition, it was found that increasing the gas flow rate causes the gas velocity magnitude, Mach 

disk location and diameter, and the particle velocity to increase. It was also shown that the bow 
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shock formation and strength as well as the pressure distribution on the substrate depend on the 

locations of substrate and Mach disk. Moreover, it was found that the particle velocity does not 

significantly vary with the standoff distance. Furthermore, it was revealed that the 

compressibility and rarefaction effects on the drag of particles are not negligible and must be 

taken into account for accurate computation results. In addition, the thermophoretic force results 

in a slight decrease of particle impact velocity. 
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Tables 

 

Table 1 Investigated process parameters 

 

 

 

 

 

 

 

 

 

 

 

  

Investigated 

Parameters 

Flow rate 

(L/min) 

Standoff 

distance 
(mm) 

Powders flow 

rate (g/min) 

Flow rate 
effect 

2.5, 5.0, 
7.5 

Free jet 
0.25, 0.5, 

0.75 

Standoff 
distance 

effect 

5.0 4, 8, 16 0.5 
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Table 2 Mach disk location and Mach number upstream of the shock obtained from experiment 

[7] and numerical simulation 

 

 

 

 

 

 

 

 

 

 

  

Flow rate 𝟑 𝐋/𝐦𝐢𝐧 𝟔 𝐋/𝐦𝐢𝐧 𝟏𝟑 𝐋/𝐦𝐢𝐧 

𝑋𝑚(𝐸𝑥𝑝) 10.3 mm 15.8 mm 20.9 mm 

𝑋𝑚(𝑁𝑢𝑚) 10.4 mm 16.1 mm 21.4 mm 

𝑀𝑚𝑎𝑥(𝐸𝑥𝑝) 6.2 7.5 8.4 

𝑀𝑚𝑎𝑥(𝑁𝑢𝑚) 6 7.2 8.2 
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Table 3 Particle velocity data at 8 mm distance from the nozzle exit; Numerical results (using 

Loth [26] and Schiller-Naumann [19] drag expressions and 2D planar approach) vs PIV 

experimental data [6] 

 

 

 

  

        Velocity               

   

    Drag 

Maximum Minimum Average 
Standard 

deviation 
Error (%) 

Loth 342 m/s 67 m/s 190 m/s 87 5 

Schiller-

Naumann 
725 m/s 77 m/s 263 m/s 206 30 

Particles average velocity measured with PIV method by Naoe et al. [6] = 200.3 m/s 
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List of figure captions 

 

Figure 1 Schematic of aerosol deposition system 

Figure 2 Schematic of a highly underexpanded jet 

Figure 3 2D axisymmetric computational domain for circular sonic nozzle 

Figure 4 Geometry of the rectangular nozzle  

Figure 5 Computational domain for free-jet modeling (one quarter of the rectangular nozzle)  

Figure 6 Computational domain for impinging jet modeling (one quarter of the rectangular 

nozzle) 

Figure 7 (a) Velocity magnitude and (b) Mach number along the free-jet centerline for different 

grid sizes 

Figure 8 Particle size distribution  

Figure 9 Contour of Mach number for a circular converging nozzle with 13 L/min nitrogen flow 

rate 

Figure 10 Contour of velocity magnitude for a rectangular nozzle, obtained from 2D planar and 

one quarter 3D assumptions 

Figure 11 Contour of Mach number for a rectangular nozzle, obtained from 2D planar and one 

quarter 3D assumptions 

Figure 12 (a) Velocity magnitude and (b) Mach number along the nozzle centerline for the 2D 

planar and one quarter 3D simulations  

Figure 13 Velocity magnitude iso-surface (top) and contours at different standoff distance 

(bottom) with 5 L/min gas flow rate; SD stands for standoff distance   

Figure 14 Contour of velocity magnitude for nitrogen flow rates of a) 2.5, b) 5 and c) 7.5 L/min  

Figure 15 Contour of Mach number for nitrogen flow rates of a) 2.5, b) 5 and c) 7.5 L/min  
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Figure 16  Contour of velocity magnitude for different standoff distances; a) 4, b) 8, c) 16 mm 

and d) free jet 

Figure 17 Contour of Mach number for different standoff distances; a) 4, b) 8, c) 16 mm and d) 

free jet 

Figure 18 Contours of pressure on the flat substrate located at a) 4, b) 8, and c) 16 mm from the 

nozzle exit; left images are from X-Y view and right images are from Y-Z view 

Figure 19 Particles velocity distribution at 8 mm from the nozzle’s exit plane 

Figure 20 Particle velocity distribution at 8 mm from the nozzle exit  

Figure 21 Particle velocity distribution at 16 mm from the nozzle exit 

Figure 22 Particles velocity distribution for different gas flow rates at 8 mm from the nozzle exit  

Figure 23 Particles trajectory at XY plane for different standoff distances a) 4, b) 8, and c) 16 

mm 

Figure 24 Particle normal velocity distributions for different substrate locations (i.e. standoff 

distances (SD) of 4, 8, and 16 mm), and free-jet at 8 mm from the nozzle exit 

Figure 25 Landing location, particle velocity and size on the substrate for various standoff 

distances a) 4, b) 8, and c) 16 mm 

Figure 26 Distribution of particles normal velocity upon impact with and without considering 

the thermophoretic force 

Figure 27 Contour of gas temperature for the standoff distance of 8 mm 
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Graphical Abstract  
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Highlights  

 

 

 A precise numerical simulation is provided to predict the in-flight particles condition 

during the aerosol deposition.  

 The result of free jet for 2D and 3D are compared with each other to show the effect of 

3D analysis on gas flow behavior.  

 Two different drag forces are compared to show the importance of Mach number and 

Knudsen number on coating particles characteristics upon impact. Due the large 

temperature gradient during the spray, the effect of thermophoretic force is also studied in 

this work. 

 The effects of gas flow rate and standoff distance are studied for both gas and particles 

phase.  
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