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Abstract 

Aerosol deposition is an emerging coating process for solid state deposition of ceramic particles 

at room temperature. The industrial applications for aerosol deposition method are MEMS, fuel 

cells, optical devices and RF components. During deposition, various parameters play influential 

roles such as nozzle geometry, powder size and material, pressure inside the deposition chamber 

and carrier gas pressure. Two different drag expressions for the particle phase modeling are 

proposed and compared in order to capture the physics governing the fluid-particle flow in partial 

vacuum conditions. Then, the main focus is dedicated to the effect of three-dimensional analysis, 

gas flow rate and substrate location on the gas flow and particle condition upon impact on the 

substrate. Numerical study is performed using a two-way coupled Eulerian-Lagrangian model for 

a slit sonic nozzle with various gas flow rates and standoff distances. Locations of the predicted 

shocks for the free jet case are validated against the theoretical and experimental studies in the 

literature. By placing a substrate in the computational domain at various standoff distances, the 

characteristics of gas flow, bow shock and importantly particle trajectories and conditions upon 

impact have been examined rigorously. Accordingly, the optimized model to predict particles 

velocity are proposed and the effect of different parameters on particles velocity during the spray 

and upon impact are discussed.   
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1. Introduction 
 

 

Overview  

 

 
In this chapter, a brief introduction to thermal spray processes is provided and a specific 

description of aerosol deposition technology is presented. Moreover, different parts of 

aerosol deposition and their roles in the deposition process are explained in detail. At the 

end, objectives and significance of this work are presented.  
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1.1. Overview of cold spray coating process 

Cold spray refers to the group of coatings where a stream of ductile particles is deposited into a 

prepared substrate. Upon impact a bond forms between the new incoming particle and the 

surface causing a coating build-up until it reaches the final thickness. In this process, the 

operating temperature is lower than the melting point of the particles; therefore, in this method, 

oxidation is eliminated and the final coating is highly dense and has fewer voids and cracks. In 

this process, solid state particles adhere to the surface because of their high kinetic energy upon 

impact that creates plastic deformation. In the cold spray process a compressed gas is accelerated 

by a converging-diverging nozzle discharging to deliver the particles to the substrate. Upon 

impact, usually there is a significant bow shock near the substrate that decelerates the particles. 

During the process, a residual stress is created due to the impact of the particles [1]. Figure 1.1 

shows the schematic of a cold spray system.  

 

 

Figure 1.1 Schematic of cold spray system [2] 
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The earliest invention in cold spray process was done by Alkhimov et al. in 1980’s in the Soviet 

Union. In this method, particles are accelerated in an unheated gas flow in the range of 650 m/s 

– 1200 m/s to be deposited on the substrate. Later, they added a mixing chamber powder feeder 

and rectangular supersonic nozzle working with the preheated gas-powder mixture [3]. 

Continuous improvement of cold spray technology is about to reduce oxidation during the 

process. In the latest version of cold spray technology, the oxidation is eliminated due to the 

elimination of particles melting. However, for a high number of passes, oxidation is unavoidable 

due to the local melting of metallic particles during impact. Schmidt et al. [4] illustrated this 

phenomenon by explaining the adiabatic shear instability for deposition of metallic ductile 

particles in cold spray process. Oxidation results in poor bonding between different layers [4]. 

Cold spray method is limited to ductile materials and for the ceramic particles conventional 

methods are still using molten or semi molten particles in high operating temperature causing 

the oxidation in the coating and also limits the process for only certain substrate materials that 

can tolerate high temperatures; therefore, to create dense ceramic coating for different substrate 

materials a recent method called aerosol deposition spray is introduced [3, 5, 6]. This method is 

explained comprehensively in this chapter including the industrial application and the history of 

the process.  

1.2. Aerosol deposition spray process 

In aerosol deposition (or so called vacuum cold spray), despite the cold spray process, deposition 

happens in a near vacuum condition instead of atmospheric conditions; therefore, each system 

contains a mechanical pump and a deposition chamber. Operating pressure inside the deposition 

chamber is usually between 0.1 – 15 torr and the pressure inside the aerosol chamber varies 

between 0.06 – 1 atm, depending on the gas flow rate and nozzle geometry. The difference 
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between pressure inside the aerosol chamber and deposition chamber causes acceleration of 

particles through the nozzle in order to reach adequate velocity for bonding. There is a unique 

flow rate for each pressure difference, so one way to control the process is having control over 

the gas flow rate. For this purpose, a gas flow rate controller has been introduced to the system 

for controlling the carrier gas flow rate. Moreover, the nature of the gas is also another key 

parameter in this process. For instance; Air, Nitrogen, Argon and Helium are some of the 

common gases that have been used so far in the aerosol deposition process. In order to avoid the 

agglomeration of particles inside the aerosol chamber, an aerosol generator is utilized to create 

vibration and facilitate the mixing process of particles and the carrier gas to create the aerosol. 

Finally, the aerosol goes through a nozzle to spray particles on the substrate with adequate 

velocity [5, 7–10]. Figure 1.2 shows the schematic of a typical aerosol deposition system 

including all the components.  

 

 

Figure 1.2 Schematic of aerosol deposition system 
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The in-flight particles behaviour during their travel inside the nozzle to the substrate is important 

to understand and can change the coating properties. Interaction between the particles and 

shocks in this region can decelerate the particles velocity. Therefore, the nozzle geometry has a 

significant influence on the process. The most widely used geometry for this process to 

accelerate particles is a slit nozzle with the rectangular cross sectional area of 0.4 × 10 𝑚𝑚2, 

while in  some cases supersonic nozzles have been used in order to reach higher velocity of the 

particles [5, 6, 8, 11, 12]. 

Although many parameters can affect the coating formation, the final part can be significantly 

influenced by manipulating the mass flow rate, pressure inside the vacuum chamber, standoff 

distance, nozzle geometry, particles material and size distribution. Each of these parameters 

directly and indirectly affects the in-flight particles behaviour including their trajectory and 

velocity leading to different kinetic energy and particles velocity upon impact [6, 13–16]. 

1.3. Applications and bonding mechanism of aerosol deposition    

Fabrication of ceramic coatings by conventional thermal spray methods involves high operating 

temperatures. This temperature increase can change the mechanical and optical properties of 

materials. For instance; alumina at room temperature is in 𝛼 phase. In case of rapid 

solidification, 𝛼-alumina can change to 𝛾-alumina which is much less wear resistant. Therefore, 

it is desirable to have a process at room temperatures to maintain the initial properties of the 

powder. Also due to the high operating temperature for thermal spray methods, it is difficult to 

apply them on low melting point materials such as metals, polymers and plastics. In industry, 

fabrication of display devices, fuel cells, optical devices microelectromechanical systems 

(MEMS) and RF components depends highly on operating temperatures of the process. The 

quality of the coating regarding the density of the coating and also the adhesion between each 
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layers are important elements for industrial applications. The most recent method to create fully 

dense ceramic coatings is aerosol deposition process, also known as the vacuum cold spray and 

the vacuum kinetic spray method. In this method, coated layers are fully dense due to the low 

temperature and high impact velocity of fine ceramic particles on the substrate. Although the 

principle behind the bonding mechanism of this method has not been clarified yet, studies show 

that particle’s kinetic energy is converted into thermal energy during the impact and plays a key 

role in the process. This thermal energy creates high temperature at the impact location, which 

can create local melting of the substrate but not high enough to melt the ceramic particles 

resulting in the adhesion between the ceramics and substrate and creating a highly dense coating 

with minimum cracks between layers compared with conventional methods. To create a high 

quality coating, the kinetic energy of the particles plays a significant role and it depends on the 

impact velocity and particle size distribution[1–5].  

Compared with the cold spray technology for metallic coatings, in aerosol deposition technology 

brittle ceramic particles differentiates the fundamental of the process; therefore, instead of 

adiabatic shear stress in cold spray, which causes the bonding between the metallic particles and 

the substrate, fracture of ceramic particles and local increase of temperature causes the adhesion 

and coating buildup in the aerosol deposition process [3], [4].  

Abrasive features of the ceramic particles makes this method complicated and results in a narrow 

window of deposition compared with the cold spray process, high velocity impact can result in 

erosion, while low velocity impact cannot create a coating due to the low kinetic energy. These 

phenomena can be seen in Figure 1.3 presenting the window of deposition for aerosol deposition 

process and cold spray process [5]. 
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Figure 1.3 illustrates the comparison between the window of deposition for Aerosol Deposition 

(AD) and Cold Spray (CS) processes.   

 

Figure 1.3 Window of deposition for cold spray and aerosol deposition processes 

AD: Aerosol Deposition, CS: Cold Spray [5] 

In addition to the effect of impact velocity, particle size distribution and degree of agglomeration 

have a significant influence on the process. Large particles have higher kinetic energy result in 

the same erosion rate as high impact velocity. For agglomerated particles, kinetic energy causes 

deagglomeration of the particle instead of adhesion and create a porous coating with low 

adhesive strength. On the other hand, small particles cannot pass the bow shock at the location 
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of the substrate and even if they pass, they do not have enough energy to create strong bonding 

with the substrate or sub layers. These facts can be seen in Figure 1.4 [5], [17].  

 

Figure 1.4 Effect of particles size and degree of agglomeration on deposition process [2] 

 

1.4. Vacuum physics  

Below atmospheric pressure, transport phenomena are dependent on the vacuum pressure, 

hence; attention to the properties of the gas in the vacuum condition is a vital point in the study 

of vacuum science technology. By reducing the pressure from atmospheric to high vacuum 

condition, the chance for molecular collision will reduce. The reason behind this fact is the 

reduction in the population of gas molecules that increase the distance between the molecules 

with each other or with the walls of the container. In order to define the level of vacuum 

quantitatively, mean free path and physical length are introduced to make a correlation between 

the pressure of the physical domain and the flow region. Equation 1-1 shows that mean free path 

is a pressure dependent property because of the dependency of the gas density to the pressure 
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[18]. Where, 𝜆 is the meanfree path,  𝑑0 is the diameter of the gs molecules and 𝑛 is the number 

of density.  

𝜆 =
1

√2𝜋𝑑0
2𝑛

  (1-1) 

Table 1-1 shows the properties of air for different range of the vacuum pressures at room 

temperature (𝑇 = 22 ℃), where dˊ is the average molecular spacing, T is the temperature in 

Kelvin, m is the particles mass and Γ is the particle flux. 

Pressure  

(Pa) 

n 

(𝑚−3) 

dˊ 
(m) 

λ 
(m) 

Γ 

(𝑚−2. 𝑠−1) 

1.01 × 105 

(760 Torr) 
2.48 × 1025 3.43 × 10−9 6.50 × 10−8 2.86 × 1027 

100 

(0.75 Torr) 
2.45 × 1022 3.44 × 10−8 6.60 × 10−5 2.83 × 1024 

1 

(7.5 × 10−3 Torr) 
2.45 × 1020 1.60 × 10−7 6.60 × 10−3 2.83 × 1022 

10−3 

(7.5 × 10−6𝑇𝑜𝑟𝑟) 
2.45 × 1017 1.60 × 10−6 6.64 2.83 × 1019 

10−5 

(7.5 × 10−8𝑇𝑜𝑟𝑟) 
2.45 × 1015 7.41 × 10−6 6.64 × 102 2.83 × 1017 

10−7 

(7.5 × 10−10𝑇𝑜𝑟𝑟) 
2.45 × 1013 3.44 × 10−5 6.6 × 104 2.83 × 1015 

 

Table 1.1 Low pressure properties of Air at 22 ℃ [18] 

 

This particle flux is directly proportional to the square root of temperature based on equation 1-

2 which means that by increasing temperature, the energy of the molecules and subsequently, 

the collision rate within the molecules of the gas increases [18]. 

𝛤 = 𝑛 (
𝑘𝑇

2𝜋𝑚
)

1/2
  (1-2) 
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In aerosol deposition technology process happens in room temperature, so the properties of the 

gas are mainly a function of pressure.  

In general, the flow regions in vacuum science divides into three different regions described by 

a non-dimensional parameter called the Knudsen number. The Knudsen number is the ratio of 

mean free path to the characteristic dimension of the system and in aerosol deposition 

technology, the characteristic length is assumed to be the smaller side wall thickness of the 

nozzle throat for the gas phase analysis, but for circular nozzles this term can be simply 

considered as the diameter of the throat [18, 19].  

𝐾𝑛 =
𝜆

𝑑
  (1-3) 

For the continuum assumption, the diameter of the throat should be much larger than the mean 

free path; therefore, the collision rate of the gas molecules is significant and the flow is 

categorized as viscous continuous flow. When the mean free path is equal or greater than the 

nozzle throat, the concept of the viscosity becomes meaningless because of the more collision 

of the molecules with the wall boundaries instead of themselves. This region is called the 

molecular flow region that happens usually in high vacuum systems where the mean free path 

is large compared with the dimensions of the system. At the end, there is a region that the flow 

is neither molecular nor viscous which is called transitional flow. Table 2-2 shows the relation 

between the Knudsen number and the flow regions [19]. In aerosol deposition technology, the 

process happens usually in 1 torr and above while some experiments have been done so far 

below this range. Therefore, the gas phase is located in the continuum region.  
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Knudsen number Flow region 

Kn ≤ 0.01 Continuum  

0.01 < Kn < 1 Transient 

Kn ≥ 1 Molecular 
 

Table 1.2 Different flow regimes based on Knudsen number 

 

1.4.1. Density 

For the operating range of pressure in aerosol deposition process, the gas is dilute and consist 

of a large number of molecules with the chaotic motions. The only significant force acting on 

the molecules are the elastic collisions with each other, so the gas is considered as an ideal gas 

and the density is calculated from equation 2-4, where P is the absolute pressure, R is the gas 

constant and T is the absolute temperature [20]. 

𝜌 =
𝑃

𝑅𝑇
  (1-4) 

1.4.2. Viscosity   

The viscosity term for a gas defines the viscous force when the gas undergoing shearing motion. 

This force is the result of the momentum difference between the molecules, which means that it 

acts like a frictional force. In vacuum science, viscosity is merely the result of momentum 

transfer between the molecules due to the reduction of molecular collisions. Here instead of the 

classical approach, kinetic theory predicts that viscosity is independent of density and 

proportional to the square root of the absolute temperature and molecular mass [18]. From the 

kinetic theory, gas molecules are considered as hard spheres; therefore, the viscosity also 
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decreases as the square of the molecular diameter. It should be noted that this theory is only 

valid for a limited range of pressures. In a medium vacuum condition (e.g. less than 10−3 Torr), 

the viscous force will be eliminated due to the elimination of molecular collision and momentum 

transfer mechanism [18, 21]. 

To summarize, kinetic theory is valid only when the physical length is equal or greater than the 

mean free path [18]. Viscosity is calculated by equation 1-5, where μ is the viscosity in units of 

kg/m.s, T is the absolute temperature in units of Kelvin, σ is the molecular diameter in units of 

Angstroms and Ω𝜔 is the collision integral reported in an empirical term with the dimensionless 

temperature [21], [22]. In equation 1-6, T∗ is the dimensionless temperature, k is the Stephan 

Boltzmann constant and 𝜖 is the minimum pair-potential energy; where σ and 𝜖/k are known as 

Lennard-Jones parameters [23]. 

𝜇 = 2.67 × 10−6 √𝑀𝜔𝑇

𝜎2Ω𝜇
  (1-5) 

𝑇∗ =
𝑇𝑘

𝜖
  

  

 (1-6) 

1.4.3. Thermal conductivity  

Kinetic theory explains heat conductivity in the same manner as viscosity and based on this 

theory, it is independent from pressure if the mean free path is smaller than the physical 

dimensions. The thermal energy in the gas transfers by the collision of the molecules; therefore, 

at very low pressures when mean free path is much greater than the physical dimensions, heat 

transfer is the result of the collision between the molecules with wall boundaries of the physical 

domain instead of each other and kinetic theory is no more valid in this condition. While in the 
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aerosol deposition process, the Knudsen number is less than 0.01 and the kinetic theory can be 

used for the thermal conductivity same as viscosity [18]. 

According to equation 2-6, thermal conductivity is calculated based on kinetic theory, where R 

is the universal gas constant, Mω is the molecular weight, μ is the viscosity and Cp is the specific 

heat [23]. 

𝑘 =
15

4

𝑅

𝑀𝜔
𝜇 [

4

15

𝐶𝑝𝑀𝜔

𝑅
+

1

3
]  (1-7) 

1.5. Physics of highly under-expanded flows 

When a high pressure gas is exhausted into an area with low pressure like a vacuum chamber, 

the jet expands rapidly into that area by increasing the cross section of the jet and creating a 

strong normal shock known as a Mach disk. A schematic of this physical phenomenon is 

displayed in Figure 1.5 showing a highly under-expanded jet [24]. The flow is subsonic right 

after the Mach disk. 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 1-5. The location and 

diameter of first Mach disk is a function of pressure ratio and diameter of the nozzle’s exit. Due 

to the importance of the in-flight particles velocity and trajectory in aerosol deposition process, 

prediction of Mach disk location is important. Shocks location can change the coating structure 

by affecting the in-flight particles velocity and trajectory.  
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Figure 1.5 Schematic of a highly under-expanded jet 

 

The Mach disk location and the Mach number associated with the distance from nozzle exit is 

presented based on the pressure ratio for the pressure inlet from 150 – 15000 psia and pressure 

outlet from atmospheric to 0.1 torr. The stagnation temperature also varies from 300 – 4200 K 

for different gases such as Nitrogen, Argon, Helium, Helium-Argon mixture, Carbon-dioxide 

and Freon 22 [24]. 

The nozzles associated with this study were circular converging nozzles and the exit diameter 

ranged from 0.026 to 0.119 in. The Mach disk location can be obtained from figure 1.6 which 

shows the relation between the pressure ratio and non-dimensional Mach disk distance from the 

nozzle exit plane [24]. 

Circular 
Nozzle 
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Figure 1.6 Relation between the pressure ratio and non-dimensional Mach disk distance [24] 

 

The relation between the Mach number upstream of the shock for the non-dimensional distance 

associated with that is also presented in Figure 1.7 for different specific heat ratios of the gas. 
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Figure 1.7 Relation between the Mach number upstream of the shock and non-dimensional distance [24] 

 

From Figure 1.6, the correlation between pressure ratio and non-dimensional Mach disk location 

for different gases is as follow. 

𝑃0

𝑃∞
≈ 2.4 (

𝑋𝑚

𝐷𝑖
)

2
                                          (1-8) 

Where, 𝑃0 and 𝑃∞ are the stagnation and back pressure, 𝑋𝑚 is the Mach disk location and 𝐷𝑖 is 

the diameter of nozzle exit [24].  

 

1.6. Previous work in aerosol deposition spray  

In 2001, Akedo and Takagi proposed a new method for deposition of fine ceramic particles to 

the substrate inside a vacuum chamber. This was the first version of an aerosol deposition system 

for creating highly dense ceramic coatings well below the particles melting point temperature 
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in order to preserve the microstructure properties of both substrate and coating material. During 

the same year, Akedo and Lebedev studied the influence of the carrier gas on electrical and 

optical properties of Pb(Zr, Ti)O3 coating. They found that the carrier gas has a significant 

influence on the transmittance value of PZT thin film and influence of carrier gas velocity on 

the ferroelectric properties. They concluded that these properties are related to the particles 

impact velocity [25]. In order to clarify the particles adhesion process, in 2006, Akedo did study 

on the mechanical properties of particles and their impact velocity using a compression test for 

single submicron particle and time-of-flight method to obtain the conditions upon impact for 

the later finite element method (FEM) impact analysis. Figure 1.8 shows the FEM simulation 

for the local temperature and pressure increase due to the impact of particle and substrate with 

the 300 m/s impact velocity [8].  

 

Figure 1.8 FEM simulation of local rise in temperature and pressure during impact [8] 

 

In the same year, Akedo presented the relation between gas flow rate and particle velocity for 

different particles and different carrier gases. Figure 1.9 shows the relation between gas flow 

rate and particle velocity for the slit nozzle with cross section of  0.4 × 10𝑚𝑚2. Air and Helium 
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were utilized as a carrier gases to spray 𝐴𝑙2𝑂3 and 𝑃𝑍𝑇 powders and to determine the particle 

velocity upon impact, the time of flight method was utilized to precisely evaluate the velocity 

of the particles upon impact [6, 26]. 

 

Figure 1.9 Relation between impact particle velocity and gas consumption [6] 

 

In order to get control over the process, and also to estimate the particles trajectory and velocity 

magnitude, CFD studies has certain advantages for aerosol deposition technology, therefore, 

Katanoda et al. [27] performed a gas dynamic simulation of the aerosol deposition method to 

investigate the effect of carrier gas on particles during the spray. They presented the correlation 

between the gas velocity and particle velocity in aerosol deposition process. The two-

dimensional, time-dependent form of the Navier-Stokes equations was used for the gas flow 

modelling. The stagnation pressure upstream of the nozzle was set to the constant values of 2 – 

6kPa, while the back pressure, stagnation temperature and substrate location was fixed at 100 

Pa, 300 K and 15mm, respectively. Finally, for the drag expression, Henderson’s equation was 
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used in their study to calculate the inflight particles velocity [17], [27]. Later on, Park et al. [16] 

simulated and discussed the effect of the bow shock in aerosol deposition application by 

studying the effect of nozzle geometry and operating condition in the formations of the shocks. 

Finally, they concluded that by reducing the pressure inside the deposition chamber from 

0.01316 − 1 bar; nozzles with greater diverging angles are needed [15]. This was the earliest 

work in spray nozzle optimization for the aerosol deposition process that revealed the significant 

influence of the nozzle geometry on this process. Subsequently, in 2011, Lee et al. [11] studied 

the performance of supersonic nozzle flow in both experimental and numerical fields for aerosol 

deposition applications. They presented the effect of shockwaves, nozzle geometry, carrier gas 

viscosity and particle density using Fluent 6.3 CFD code for fully compressible Navier-Stokes 

equations. They concluded that nozzles with optimum condition; 𝑃𝑒 = 𝑃𝑎𝑚𝑏 provide maximum 

kinetic energy for the particles due to the reduction of shock formation leading to a uniform and 

void free coating [11]. 

Alongside the effect of carrier gas and nozzle geometry on particles velocity, other parameters 

such as particles size and material can drastically change the microstructure of final coating. 

Moreover, deposition efficiency and its correlation with the impact velocity were not clarified 

until 2013 that Naoe et al. [14] studied the relation between the impact particle velocity with the 

carrier gas consumption and deposition efficiency. They found that by increasing the carrier gas 

consumption, particles velocity will increase, but it will not necessarily increase deposition 

efficiency of the coating because of erosion that happens in higher impact velocity. This fact 

had been already mentioned earlier by Akedo et al. [7] and Hanft et al. [4]. Naoe et al. [14] 

investigated the effect of particles manufacturing process in deposition efficiency of aerosol 

deposition method. They found that with the same particle size distribution, sintered particles 
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have higher deposition rate compared to the one produced by Chemical Vapor Deposition 

(CVD) methods [5, 8, 13, 14].  

Application of aerosol deposition process is not limited only in ceramic coatings. For instance, 

metallic alloys such as Fe-based alloys have been deposited by this method. Kwon et al. [28] 

studied the correlation between the carrier gas consumption and mechanical properties of Fe-

based amorphous alloys with a vacuum kinetic spray method. They have concluded that in spite 

of ceramic coatings obtained from vacuum kinetic spray method, thickness of this coating is 

higher and proportional to the carrier gas consumption. They also showed that by increasing the 

carrier gas consumption, coating roughness will increase due to higher impact velocity. Their 

coating shows higher porosity compared with the non-porous ceramic coatings and by 

increasing the carrier gas consumption, porosity of the coating will increase. They concluded 

that from the mechanical properties point of view, increasing the gas flow rate will also increase 

the adhesive bonding strength of this coating while the cohesive bonding strength remains the 

same [28]. 

Park et al. [29] numerically and experimentally studied the effect of gas flow rate, agglomeration 

and particle size on the 𝐴𝑙2𝑂3 particles impact velocity. In this study, the Reynolds-averaged 

Navier Stokes (RANS) equations were used with the realizable 𝑘 − 휀 turbulence model. For the 

discrete phase modeling, they assumed that the particle phase is dilute compare with the gas 

phase so, the interaction of the particles with each other are negligible and Lagrangian approach 

can be utilized. For the particles dynamic, they assumed that the only existing force is the drag 

force and the spherical drag expression from ANSYS Fluent v.13 library is utilized in this work. 

They concluded that particles velocity are proportional to the flow rate. Moreover; smaller 

particles under 1μm have higher inflight velocity magnitude but, their impact velocity decrease 
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due to the bow shock effect at the substrate. Also the coating obtained from the sub-micron 

particles was very weak in terms of bonding strength. The effect of working distance is also 

reveals the relation between the film thickness, width of the coating and the standoff distance. 

They concluded that by increasing the standoff distance, film thickness decreases and width of 

the coating increases [29]. Johnson et al. [17] also did two-dimensional numerical study to 

predict a single particle velocity and trajectory for different particle sizes at 7.5 mm and 10 mm 

standoff distances. Fully compressible Navier-Stokes equations with the ideal gas assumption 

is utilized for the gas phase modelling and only one-way coupling of the gas phase to the 

dispersed-phase utilized due to the very low volume fraction assumption in this study. For 

particle tracking, the simplest high velocity drag correlation (Schiller-Naumann) is considered 

for the calculation of the drag force applied to the particles. They concluded that, larger particles 

could overcome the bow shock at the substrate location, while smaller particles below 0.5μm 

are distracted by the bow shock. Moreover, smaller particles have higher inflight velocity 

compare with large particles  [16]. 

Along with the numerous experimental and numerical studies on the effect of flow rate, carrier 

gas and particle size distribution on particles inflight behaviour, there is some work that has 

been done to study some other parameters such as powder structure, substrate hardness and the 

correlation between the fracture mode of the particles and critical impact velocity to clarify this 

coating process [30, 31]. 
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1.7. Objectives 

The main motivation for the current study is to address the necessity of a numerical study to 

obtain a repeatable and controllable coating for different gas flow rates and standoff distances. 

The objectives are summarized below:  

1. Study the effect of three-dimensional simulation on flow characteristics compared 

with the two-dimensional simulation.  

2. Study the effect of gas flow rate and standoff distance on flow characteristics such 

as location of the shock, velocity magnitude and Mach number. 

3. Investigating the effect of compressibility and rarefaction on in-flight particles 

behaviour.  

4. Predicting the particles velocity upon impact in different conditions such as carrier 

gas flow rate, standoff distance and thermophoretic force effect. 
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2. Methodology 
 

 

Overview  

 

 
In this chapter, the fundamental physics of vacuum and governing equations for both 

continuous and discrete phase are presented. In addition, all the assumptions, boundary 

conditions and the reasons behind them are discussed in this chapter. This study includes 

solution for the continuous gas phase and then utilizes this solution for the discrete phase 

calculation with Eulerian-Lagrangian approach, where the volume fraction of the solid 

phase assumed to be less than 5 % compared with the gas phase.  
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2.1. Continuous phase governing equations 

According to the physics of the process, continuous phase is considered as a viscous flow; 

therefore, Navier-Stokes equations are utilized for the continuous phase analysis. These 

equations are written as follow. 

2.1.1. Mass conservation equation 

The equation for conservation of mass, or continuity is written as follows. 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗�) = 𝑆𝑚  (2-1) 

Equation 2-1 is the general form of the mass conservation equation valid for both incompressible 

and compressible fluids. The added mass to the continuous phase from the discrete second phase 

is the source term shown by 𝑆𝑚 in equation [23]. 

2.1.2. Momentum conservation equation  

The general form of the momentum conservation equation for an inertial reference frame is 

described as follow. 

𝜕

𝜕𝑡
(𝜌�⃗�) + ∇ ∙ (𝜌�⃗��⃗�) = −∇p + ∇ ∙ ( 𝜏 ̅̅) + 𝜌�⃗� + �⃗�  (2-2) 

Where p is the static pressure, 𝜏 ̅̅ is the stress tensor described in equation 2-3, 𝜌�⃗� is the 

gravitational force and �⃗� is the external body forces. For instance, a common external forces 

that exist in spray processes is the force arises from the interaction of dispersed phase and 

continuous phase.  

𝜏̅̅ = 𝜇 [(∇�⃗�𝑇) −
2

3
∇ ∙ �⃗�𝐼]  (2-3) 
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In equation 2-3, 𝜇 is the molecular viscosity, I is the unit tensor and the second term in the right 

hand side explains the changes in volume in case of volume dilation [23], [32]. 

2.1.3. Energy equation  

The general form of energy equation is described as follow.  

𝜕

𝜕𝑡
(𝜌𝐸) + ∇ ∙ (�⃗�(𝜌𝐸 + 𝑝)) = −∇ ∙ [∑ ℎ𝑗𝐽𝑗𝑗 ] + 𝑆ℎ  (2-4) 

Where, 𝑆ℎ is the energy source term and E in equation 2-11 is described as follow.  

𝐸 = ℎ −
𝑃

𝜌
+

𝑉2

2
  (2-5) 

2.1.4. Equation of state  

To complete the system of equations for the continuous phase and also to take the 

compressibility into account, the equation of state for ideal gas is utilized as follow.  

𝑝 = 𝜌𝑅𝑇  (2-6) 

2.2. Turbulence modeling  

Due to the high pressure difference between the aerosol chamber and deposition chamber in 

aerosol deposition process, sudden expansion of the flow after the nozzle exit is unavoidable 

which causes acceleration of the flow and creating a large turbulent area. To create an acceptable 

prediction of the flow characteristic, a suitable turbulence model is necessary here.  

According to the large computational cost associated with DNS and LES, RANS models have 

been used frequently in aerosol deposition spray simulation. Among the various models of 

RANS, RNG 𝑘 − 휀  and realizable 𝑘 − 휀 models have been used widely, due to their better 

performace compared with the standard 𝑘 − 휀 model for spray applications. This model is also 
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need less computational time compared with Reynolds stress models [15], [23], [29]. The 

realizable 𝑘 − 휀 turbulence model is utilized in this study.  

In Reynolds averaging, the exact solution of Navier-Stokes equations are divided into two 

components. One is the mean component and the other is the fluctuating component. For 

instance, the velocity components are as follows. 

𝑢𝑖 = �̅�𝑖 + 𝑢′𝑖  (2-7) 

Where �̅�𝑖 is the mean and 𝑢′𝑖 is the fluctuating component of velocity [23]. 

Also for the scalar quantities like pressure, the same approach is applied.  

𝜙 = �̅� + 𝜙′  (2-8) 

In equation 2-18, 𝜙 represents a scalar such as pressure or energy [23]. 

Substituting this expression with the instantaneous continuity and momentum equations and 

taking the Reynolds-averaged Navier-Stokes approach leads to following equations. 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0  (2-9) 

𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3
𝛿𝑖𝑗

𝜕𝑢𝑙

𝜕𝑥𝑙
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅)  

(2-10) 

Where in equation 2-10 each term of the equation are as follows.  

 
𝜕

𝜕𝑡
(𝜌𝑢𝑖) : Unsteady term  

 
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) : Advection term  

 
𝜕𝑝

𝜕𝑥𝑖
 : Pressure gradient term  
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𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3
𝛿𝑖𝑗

𝜕𝑢𝑙

𝜕𝑥𝑙
)] : Diffusion term  

The term (−𝜌𝑢′
𝑖𝑢

′
𝑗

̅̅ ̅̅ ̅̅ ̅), known as the Reynolds shear stresses are related to the velocity gradient 

with a common approach known as the Boussinesq approximation as follow, where 𝜇𝑡 is the 

turbulent viscosity. 

𝜌𝑢′
𝑖𝑢

′
𝑗

̅̅ ̅̅ ̅̅ ̅ = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
(𝜌𝑘 + 𝜇𝑡

𝜕𝑢𝑘

𝜕𝑥𝑘
) 𝛿𝑖𝑗  (2-11) 

for the 𝑘 − 휀 models two additional transport equation are solved including the turbulence 

kinetic energy (𝑘) and turbulence dissipation rate (휀) to compute the turbulent viscosity as a 

function of  𝑘 and 휀. 

2.2.1. Transport equations for the realizable 𝒌 − 𝜺 model 

The general form of equations for realizable 𝑘 − 휀 model are described as follows.  

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌휀 − 𝑌𝑀 + 𝑆𝑘  (2-12) 

𝜕

𝜕𝑡
(𝜌휀) +

𝜕

𝜕𝑥𝑗
(𝜌휀𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆 − 𝜌𝐶2

2

𝑘+√𝑣
+

𝐶1 𝑘
𝐶3 𝐺𝑏 + 𝑆   

(2-13) 

Where 𝐶1 = max [0.43,
𝜂

𝜂+5
] , 𝜂 = 𝑆

𝑘
 , 𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 and 𝐺𝑘 represents the turbulence kinetic 

energy generation from the mean velocity gradients and 𝐺𝐵 is the turbulence kinetic energy 

generation due to buoyancy, while 𝑌𝑀 is the term for the contribution of fluctuating in dilatation 

in compressible turbulence to the overall dissipation rate, 𝐶2 and 𝐶1  are both constant. To close 

the equation, 𝜎𝑘, 𝜎 , 𝑆𝑘 and 𝑆  are the turbulent Prandtl numbers and source terms for 𝑘 and 휀 

respectively. In above equations, 𝐶1 = 1.44, 𝐶2 = 1.9, 𝜎𝑘 = 1.0 and 𝜎 = 1.2 [23]. 
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In the realizable 𝑘 − 휀 model, like the standard and RNG 𝑘 − 휀 models, the turbulent viscosity 

is computed as follow, where 𝐶𝜇 = 0.09  [23]. 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

  (2-14) 

The rest of the parameters from equations 2-12 and 2-13 are written as follow.  

𝐺𝑘 = 𝜇𝑡𝑆2  (2-15) 

𝐺𝑏 = −𝑔𝑖
𝜇𝑡

𝜌𝑃𝑟𝑡

𝜕𝜌

𝜕𝑥𝑖
  (2-16) 

Effect of compressibility is also described by 𝑌𝑀 due to the high Mach number existing in the 

physics of process as follow, where 𝑀𝑡 is the turbulent Mach number [23]. 

𝑌𝑀 = 2𝜌휀𝑀𝑡
2  (2-17) 

𝑀𝑡 = √
𝑘

𝛾𝑅𝑇
  

(2-18) 

2.2.2. Near wall treatment  

The effect of solid walls on turbulence behaviour of the flow is significant; therefore, a precise 

prediction of the flow behavior near the wall can maintain the accuracy of the solution. Three 

different layers near the wall are shown in figure 2.1 [33].  

 

Figure 2.1 Velocity and shear distribution near the wall [33] 
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In viscous wall layer, molecular viscosity and viscous shear are dominant and the flow is almost 

laminar. Further away from the wall, turbulent shear becomes more important and the flow is 

changed to turbulence region. In between, there is a transitional layer in which both molecular 

and turbulent viscosities have significant effect [33]. 

2.2.3. Wall function  

There are two different approaches for the near wall region. In the first approach, the viscous 

sublayer is solved all the way until it reaches the wall. In this approach, fine meshes are required 

near the wall; therefore, this method needs more computational time. In the second approach, 

semi empirical equations are utilized in order to connect the turbulent outer region to the wall 

region. This method is described as follow [23].  

𝑈∗ =
1

𝑘
ln (𝐸𝑦∗)                                                𝑦∗ > 11.225 (2-19) 

𝑈∗ = 𝑦∗                                                              𝑦∗ < 11.225 (2-20) 

Where 𝑈∗ is the dimensionless velocity and 𝑦∗ is the dimensionless distance of the element 

from the wall and they can be calculated as follow [23]. 

𝑈∗ ≡
𝑈𝑃𝐶𝜇

1/4
𝑘𝑃

1/2

𝜏𝑤/𝜌
  (2-21) 

𝑦∗ ≡
𝜌𝐶𝜇

1/4
𝑘𝑃

1/2
𝑦𝑃

𝜇
  

(2-22) 

Where the parameters that are associated with these two terms are listed below.  

 𝑘 = Von Karman constant (= 0.4187) 

 𝐸 = Empirical constant (= 9.793) 

 𝑈𝑃 = Mean velocity of the fluid at the wall-adjacent cell centroid 

 𝑘𝑃 = Turbulent kinetic energy at the wall-adjacent cell centroid 
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 𝑦𝑃 = Distance from the centroid of the wall-adjacent cell centroid 

 𝜇 = Dynamic viscosity of the fluid  

For highly compressible flows, the distribution of temperature near the wall is clearly different 

from subsonic flows, due to the viscous heating dissipation the law of wall for the temperature 

is as follows [23], [34].  

𝑇∗ ≡
(𝑇𝑤−𝑇𝑃)𝜌𝑐𝑝𝐶𝜇

1/4
𝑘𝑃

1/2

�̇�
  (2-23) 

𝑇∗ = 𝑃𝑟𝑦∗ +
1

2
𝜌𝑃𝑟

𝐶𝜇
1/4

𝑘𝑃
1/2

�̇�
𝑈𝑃

2                               𝑦∗ < 𝑦𝑡
∗ (2-24) 

𝑇∗ = 𝑃𝑟𝑡 [
1

𝑘
ln(𝐸𝑦∗) + 𝑃] +

1

2
𝜌

𝐶𝜇
1/4

𝑘𝑃
1/2

�̇�
{𝑃𝑟𝑡𝑈𝑃

2 + (𝑃𝑟 − 𝑃𝑟𝑡)𝑈𝑐
2                                     (2-25) 

                                                                                                 𝑦∗ > 𝑦𝑡
∗ 

Where P is computed from the formula introduced as follow [23]. 

𝑃 = 9.24 [(
𝑃𝑟

𝑃𝑟𝑡
)

3/4

− 1] [1 + 0.28𝑒−0.007𝑃𝑟/𝑃𝑟𝑡]  (2-26) 

From the equations 2-23 – 2-26, the utilized parameters for these equations are listed as follow.  

 �̇� = Wall heat flux 

 𝑐𝑃 = Specific heat of the fluid 

 𝑘𝑃 = Turbulent kinetic energy at the wall-adjacent cell centroid 

 𝑇𝑃 = Temperature at the wall adjacent cell centroid  

 𝑇𝑤 = Temperature at the wall  

 𝑃𝑟 = Molecular Prandtl number 

 𝑃𝑟𝑡 = Turbulent Prandtl number (0.85 at the wall) 

 𝐴 = Van Driest constant (=26) 
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 𝑈𝑐 = Mean velocity magnitude at 𝑦∗ = 𝑦𝑡
∗ 

The effect of compressibility in equations 2-24 and 2-25 is considered according to the second 

terms of the right hand side of each equation [23]. 

2.3. Numerical technique  

Governing equations in ANSYS-Fluent such as; momentum, mass, energy, etc. are solved based 

on finite volume method.  

In this study, a pressure based solver (SIMPLE scheme) is chosen Solution loop for this 

segregated pressure-based algorithm is shown in Figure 2.2 [23]. For the sake of accuracy, the 

second order upwind scheme is used to solve the continuity, momentum and energy equations.  

Figure 2.2 Solution algorithm for the pressure-based segregated solver [23] 
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2.4. Dispersed phase  

After convergence of the solution for the continuous phase, a solution for dispersed phase is 

obtained by injecting particles into the calculated flow field that can exchange mass, momentum 

and energy with the continuous phase. Lagrangian particle tracking is used in this study to 

simulate the motion of the particles. Furthermore, particles are assumed to be solid, spherical 

and inert with negligible volume fraction. To predict the particles trajectory based on 

Lagrangian approach, main active forces applied to the particles should be taken into account 

as follow.  

𝑑�⃗⃗⃗�𝑝

𝑑𝑡
= 𝐹𝐷(�⃗⃗� − �⃗⃗�𝑝) +

�⃗⃗�(𝜌𝑃−𝜌)

𝜌𝑃
+ �⃗�  (2-27) 

Where, the first term in the right hand side of the equation is the drag force per unit particle 

mass, the second term is the effect of gravitational force per unit particle mass and the third term 

is an additional acceleration force per unit particle mass. In above equation, 𝐹𝐷 is calculated as 

follow.  

𝐹𝐷 =
18𝜇

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒

24
  (2-28) 

The utilized parameters in equations 2-27 and 2-28 are listed as follow.  

 �⃗⃗� = Fluid phase velocity  

 𝐶𝐷 = Drag coefficient  

 �⃗⃗�𝑝 = Particle velocity  

 𝜇 = Molecular viscosity of the fluid 

 𝜌 = Fluid density   

 𝜌𝑝 = Particle density   
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 𝑑𝑝 = Particle diameter  

The Reynolds number in these expressions are the particle Reynolds number calculated as 

follow.  

𝑅𝑒 =
𝜌𝑑𝑝|�⃗⃗⃗�𝑝−�⃗⃗⃗�|

𝜇
   (2-29) 

The gravitational force is neglected in this study due to the small particles mass and their 

negligible effect of the particles trajectory. For the additional force, effect of Thermophoretic 

force is studied in this work in presence of substrate. The reason behind this study is the 

existence of temperature gradient in this process when low temperature carrier gas reaches the 

ambient temperature at the bow shock location. At this point, it is expected to see the effect of 

Thermophoretic force in the opposite direction of temperature gradient. The equation of 

Thermophoretic force is as follow [23], [35], [36]. 

�⃗� = −𝐷𝑇,𝑝
1

𝑚𝑝𝑇
∇𝑇  (2-30) 

Where, 𝐷𝑇,𝑝 is the thermophoretic coefficient which is defined based on equation 2-30 suggested 

by Talbot [37]. 

𝐷𝑇,𝑝 =
6𝜋𝑑𝑝𝜇2𝐶𝑠(𝐾+𝐶𝑡𝐾𝑛)

𝜌(1+3𝐶𝑚𝐾𝑛)(1+2𝐾+2𝐶𝑡𝐾𝑛)
  (2-31) 

The utilized parameters in equations 2-30 and 2-31 are listed as follow. 

 𝐾𝑛 = Knudsen number  

 𝐶𝑆 = 1.17 

 𝐶𝑡 = 2.18 

 𝐶𝑚 = 1.14 
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 𝑚𝑝 = Particle mass  

 𝑇 = Local fluid temperature 

This expression is valid only for spherical particles and ideal gas assumption [23]. 

2.4.1. Drag coefficient 

In this study, two drag expressions are compared with each other; where in the first drag 

expression, the effects of compressibility and rarefaction are neglected. The most widely used 

non-linear stokes drag correction in multiphase flow study is Schiller-Naumann drag expression, 

where in 2017, Johnson et al. used this expression in their study for particle tracking [16], [35]. 

The equation for this drag expression for Reynolds number less than 800 is as follow [38]. 

𝐶𝐷,𝑅𝑒 = 𝑓𝑅𝑒 (
24

𝑅𝑒𝑝
)  (2-32) 

𝑓𝑅𝑒 = 1 + 0.15𝑅𝑒𝑝
0.687                                         (2-33) 

  

 

Figure 2.3 Drag coefficient for a smooth solid sphere at various Reynolds number for incompressible conditions 

with the reported experimental data [33] 
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To include the effect of compressibility and rarefaction, effect of Knudsen number and particles 

Mach number should be considered in the drag expression for the aerosol deposition spray 

simulation. Due to the low pressure inside the vacuum chamber, particles Knudsen number is 

greater than 1, therefore; the non-continuum condition exists in this process. Also due to the 

instant expansion of the gas inside the vacuum chamber, particle Mach numbers are much 

greater than 1; therefore, a drag expression defined based on the effect of compressibility and 

rarefaction of the carrier gas is necessary for simulation of a particles motion. Among different 

drag expressions for the compressible and rarefied condition such as; Crowe, Henderson and 

Hermsen; the most recent drag expression is introduced by Loth in 2008 that is suitable for 

hypersonic and vacuum conditions [39]. Figure 2.4 shows the deviation of this drag expression 

from the conventional expressions.   

 

 

Figure 2.4 Rarefaction and compression effects on drag of spherical particles [39] 



36 
 

It can be concluded from figure 2.4 that, the incompressible drag expressions are only valid for 

continuum flow conditions in a certain range of Mach numbers. It can be also seen in figure 2.5 

that the drag expression presented by Loth, is the most accurate expression compare with the 

other expressions.   

 

Figure 2.5 Different drag coefficient in Mp = 2.95 [39] 

2.4.2. Compressibility and non-continuum parameters for drag  

In order to consider the effects of compressibility and rarefaction on drag coefficient, the impact 

of these two parameters on the drag coefficient will become important. To clarify the level of 

compressibility, relative Mach number is introduced as follow [39]. 

𝑀𝑝 =
|�⃗⃗⃗�−�⃗⃗⃗�𝑝|

√𝛾𝑅𝑇
                                         (2-34) 

Compressibility effect becomes significant when the relative Mach number is more than 0.4 that 

happens when particles are entrained with high speed carrier gas. In this case, particle’s response 

time can lead to significant Mach number; therefore, compressibility effect becomes important 

for such conditions [39], [40]. 
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To evaluate the validation of continuum condition, particle Knudsen number is defined as the 

ratio of mean free path of the surrounding gas molecules to the particle diameter. This 

expression, is also defined as follow based on particle’s Reynolds and Mach number for the 

ideal gas law as follow proposed by Schaaf and Chambré [40]. 

𝐾𝑛𝑝 = √
𝜋𝛾

2
(

𝑀𝑝

𝑅𝑒𝑝
)                                         (2-35) 

If the continuum condition is considered for 𝐾𝑛𝑝 ≪ 1, it can be concluded that, the continuum 

condition is violated in aerosol deposition process due to the low density condition (vacuum 

condition) and small particles diameter. Therefore, the consideration of rarefaction in drag force 

for the particles tracking is necessary [39].  

In the suggested drag expression, the effect of Mach number, Knudsen number and Reynolds 

number are all considered due to the presence of different physical conditions existing during 

the spray process. This drag coefficient is expressed based on the relative Reynolds number and 

for 𝑅𝑒𝑝 > 45 is as follow for a compressible dominated flow [39]. 

𝐶𝑀 =
5

3
+

2

3
𝑡𝑎𝑛ℎ[3ln (𝑀𝑝 + 0.1)]         for 𝑀𝑝 ≤ 1.45                                         (2-36) 

𝐶𝑀 = 2.044 + 0.2𝑒𝑥𝑝 {−1.8 [ln (
𝑀𝑝

1.5
)]

2

}          for 𝑀𝑝 ≥ 1.45                                         (2-37) 

𝐺𝑀 = 1 − 1.525𝑀𝑝
4         for 𝑀𝑝 < 0.89                                         (2-38) 

𝐺𝑀 = 0.0002 + 0.0008𝑡𝑎𝑛ℎ[12.77(𝑀𝑝 − 2.02)]   for 𝑀𝑝 > 0.89                                         (2-39) 

𝐻𝑀 = 1 −
0.258𝐶𝑀

1+514𝐺𝑀
                                         (2-40) 

𝐶𝐷 =
24

𝑅𝑒𝑝
[1 + 0.15𝑅𝑒𝑝

0.687]𝐻𝑀 +
0.42𝐶𝑀

1+
42500𝐺𝑀

𝑅𝑒𝑝
1.16

      for 𝑅𝑒𝑝 > 45                                         (2-41) 
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When 𝑅𝑒𝑝 < 45, the rarefaction effect is become dominant; therefore, the effect of particles 

Knudsen number should be taken into account. In such conditions, the drag coefficient is as 

follow [39]. 

𝑓𝐾𝑛 =
1

1+𝐾𝑛𝑝[2.514+0.8exp (
−0.55

𝐾𝑛𝑝
)
                                         (2-42) 

This empirical equation is introduced to add Knudsen number and the slip effect in Schiller-

Naumann expression as follow [39], [41]. 

𝐶𝐷,𝐾𝑛,𝑅𝑒 = 𝐶𝐷,𝑅𝑒𝑓𝐾𝑛 =
24

𝑅𝑒𝑝
(1 + 0.15𝑅𝑒𝑝

0.687)𝑓𝐾𝑛                                         (2-43) 

This expression is appropriate for free-molecular flow, in which the drag is no longer 

proportional to the viscosity. Moreover, Mach number is considered small in this expression 

and to extend this expression for high Mach number condition, another term called molecular 

speed ratio is introduced as follow [39].  

𝑠 = 𝑀𝑝√
𝛾

2
                                         (2-44) 

𝐶𝐷,𝑓𝑚 =
(1+𝑠2)𝑒𝑥𝑝(−𝑠2)

𝑠3√𝜋
+

(4𝑠4+4𝑠2−1)erf (𝑠)

2𝑠4 +
2

3𝑠
√𝜋

𝑇𝑝

𝑇∞
                                         (2-45) 

In equation 2-51, the first two terms of the right hand side refer to diffuse reflection; while the 

third term refers to particle temperature ratio. In this expression, 𝑇∞ is the surrounding gas 

temperature whereas, 𝑇𝑝 is the particle temperature. This equation is valid for non-thermal 

equilibrium conditions that happens in most of spray technologies that, particles are undergoing 

rapid heating or cooling due to the injection conditions or shock interactions. In case of thermal 

equilibrium where 𝑇𝑝 = 𝑇∞, equation 2-51 is equal to the Epstein [42] model and can be written 

as follow.  
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𝐶′
𝐷,𝑓𝑚 =

(1+𝑠2)𝑒𝑥𝑝(−𝑠2)

𝑠3√𝜋
+

(4𝑠4+4𝑠2−1)erf (𝑠)

2𝑠4                                          (2-46) 

From the equations 2-45 and 2-46, the empirical drag expression for finite Reynolds number for 

free-molecular flow is as follow [39]. 

𝐶𝐷,𝑓𝑚,𝑅𝑒 =
𝐶𝐷,𝑓𝑚

1+(
𝐶𝐷,𝑓𝑚

′

1.63
−1)√

𝑅𝑒𝑝

45

    
(2-47) 

Following expression is appropriate for hypersonic conditions whereas, 𝑠 ≥ 1 and become 

undefined when Mach number gets zero value; therefore, following empirical expression is 

proposed for the overall drag coefficient with finite Reynolds number [39]. 

𝐶𝐷 =
𝐶𝐷,𝐾𝑛,𝑅𝑒

1+𝑀𝑝
4 +

𝑀𝑝
4𝐶𝐷,𝑓𝑚,𝑅𝑒

1+𝑀𝑝
4                                 𝑓𝑜𝑟 𝑅𝑒𝑝 ≤ 45    (2-48) 

 

2.5. Geometry and boundary conditions  

The simulated spray nozzle, is a slit nozzle with the exit dimensions of 0.4 × 10 𝑚𝑚2 utilized 

by Naoe et al. [14] which the 3D view of nozzle’s geometry is presented in figure 2.6 and  half 

of the nozzle’s cross section in front plane is given in figure 2.7 along the axis.   
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Figure 2.6 3D geometry of the nozzle        

 

Figure 2.7 Cross section of the geometry along centerline 

In this work, Nitrogen is utilized as a carrier gas to study the effect of carrier gas flow rate in 

free-jet case and the effect of substrate including bow shock, particle deceleration and standoff 

distance in the aerosol deposition process. These conditions are described as follow in table 2.3 

for the simulation.  
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Flow rate 

(Free-Jet) 

Standoff distance 

(Flow rate = 5 L/min) 

2.5 L/min 4 mm 

5.0 L/min 8 mm 

7.5 L/min 16 mm 
 

Table 2.1 Modeling conditions for free-jet and with the presence of the substrate 

For the boundary conditions, the mass flux is utilized for the inlet boundary condition and for 

the outlet the pressure inside the vacuum chamber is given to the solver which is set to the 

constant value of 150 Pa used by Naoe et al. [13]. The stagnation temperature in this study is 

also 300 K and the boundary condition for the wall of the nozzle is the isothermal with the no 

slip boundary condition.  

For the dispersed phase, the fine alumina particles are injected from the nozzle inlet based on 

the size distribution utilized by Naoe et al. [13]. To implement this distribution for the 

simulation, the expression of distribution is transferred to the Rosin-Rammler cumulative 

distribution (Mugele and Evans, 1951) available in ANSYS Fluent 14.5, where equation 2.49 

describes this expression [23], [35]. 

𝐹𝑚(𝐷) = 1 − exp [(
𝐷

𝛿
)

𝑛

]                                         (2-49) 

The exact cumulative distribution and the approximated one using Rosin-Rammler distribution 

is shown in figure 2.8 based on the obtained values for the utilized parameters.  

Where, 𝐹𝑚(𝐷) is the mass fraction smaller than a given diameter (𝐷), 𝛿 = 3.3 𝜇𝑚 is the mean 

diameter and 𝑛 = 2.75 is the Rosin-Rammler exponent. 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, 
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respectively. It is also assumed that, the particles are entering the domain from the inlet surface 

with the carrier gas. The boundary conditions for the walls inside the nozzle is assumed to be 

reflect which means that, once a particle hit the surface it bounces off with the same angle. For 

the substrate surface the boundary condition is assumed to be trapped, since it is assumed that 

the particle adheres to the substrate.  

 

Figure 2.8 Cumulative particle size distribution using the exact distribution and Rosin-Rammler 

 

2.6. Mesh and computational domain  

The numerical analysis is done based on the nozzle geometry mentioned above working with a 

compressed Nitrogen gas discharging in a vacuum chamber; therefore, the computational 

domain includes the nozzle and the area around the exit of the nozzle inside the vacuum chamber 

for free-jet CFD analysis. In order to study the effect of standoff distance, a flat rectangular 

substrate with the cross sectional area of 5 × 3 𝑐𝑚2 and 2 𝑚𝑚 thickness is placed in different 

standoff distances. 
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These two geometries including their meshes and boundary conditions are shown in Figures 2.9 

and 2.10 as follows, where only one quarter of the physical domain is simulated in terms of 

computational cost efficiency. The XY and XZ planes are set as symmetry boundaries. In this 

study, total number of cells are set to 2,200,000 cells for the free-jet simulation and for the 

standoff distance study, number of cells inside the domain before the substrate are as same as 

the number of cells in free-jet domain before the certain location of the substrate.  

 

Figure 2.9 Computational domain and mesh for free jet simulation 
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Figure 2.10 Computational domain and mesh for substrate effect analysis 
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3. Results 
 

 

Overview  

 

 
In this chapter, numerical results for continuous and dispersed phases are presented 

including the theoretical and experimental validations. Moreover, numerous factors such 

as drag expression, and effect of three dimensional analyses are discussed. At the end, the 

impact of gas flow rate and standoff distance on inflight particles characteristics are 

studied.   
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3.1. Validation   

In this section, the numerical results from a 2D axisymmetric study case for the gas flow are 

validated based on the theoretical and experimental study of highly under-expanded flow by 

Crist et al. [24] and for the particle phase the numerical results are validated for the 2D planar 

slit nozzle with the PIV results measured by Naoe et al. [13].  

3.1.1. Continuous phase  

According to the geometry of the nozzle, a 2D axisymmetric computational domain is created 

for this study as shown in figure 3.1; while the boundary conditions and nozzle geometry are all 

set based on the operating conditions and experimental setup presented by Crist et al. [24]. In 

this study, a circular converging nozzle with 13 mm length and exit diameter of 2.25 mm is 

utilized with nitrogen gas in 300 K to validate the numerical approach with the theory and 

experiment.  

 

Figure 3.1 Computational domain including circular converging nozzle and a vacuum chamber 
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For the inlet boundary, three different flow rates of 3, 6 and 13 L/min are utilized in this study 

with the constant back pressure of 150 Pa inside the vacuum chamber.  

In order to validate the solver for the continuous phase, the contours and plots of velocity 

magnitude and the Mach number are presented for three different gas flow rates to compare the 

numerical results with the theory and experimental data.  

According to the figures 3.2 and 3.3, the gas is accelerated due to the pressure gradient between 

the inlet region and the outlet and after releasing inside the vacuum chamber a significant normal 

shock happens because the pressure at the exit of the nozzle is much lower than the pressure 

inside the vacuum chamber leading to a significant expansion during the spray. The Mach 

number associated with the 13 L/min flow rate is the highest compare with two other flow rates 

which is also the result of higher pressure ratio and more significant expansion during the spray 

process.   
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Figure 3.2 Contours of velocity magnitude for different flow rates a) 3, b) 6 and c) 13 L/min 

 

(b) 

(a) 

(c) 
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Figure 3.3 Contours of Mach number for different flow rates a) 3, b) 6 and c) 13 L/min 

(b) 

(a) 

(c) 
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The Mach number contours for different flow rates shows that the Mach disk becomes larger 

for higher flow rates due to higher pressure ratio; moreover, the Mach disk location is shifted 

outward from the nozzle exit by increasing the flow rate.  

In order to present the effect of flow rate on the Mach disk location, Mach number is plotted for 

different flow rates along the centerline of the nozzle in figure 3.4 where the indicated points of 

A, B and C in the graph represent the location of the Mach disk and the Mach number upstream 

of the shock. Furthermore, in Table 3.1, the numerical results are also compared with the 

experimental and theoretical results from Crist et al. [24].   

 

Figure 3.4 Mach number along the centerline 
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According to table 3.1, the obtained values for Mach disk location and the Mach number 

upstream of the shock from the numerical simulation are close to experimental values; therefore, 

the selected numerical approach is suitable for continuous phase modeling. 

3.1.2. Dispersed phase   

In order to predict the inflight particles velocity, the solution for dispersed phase is validated 

based on the measured velocity of particles with PIV method. The measurement is done by Naoe 

et al. for alumina particles at 8mm distance from nozzle exit [13]. Here, a 2D planar model is 

created to model the spray nozzle and the vacuum chamber in order to just show the effect of 

compressibility and rarefaction on inflight particles velocity. Therefore, two drag expressions 

are utilized where the first one is  suitable for  hypersonic flows considering both compressibility 

and rarefaction presented by Loth in 2008 [39] and the other one is the Schiller-Naumann drag 

expression widely used for spray applications not considering the compressibility and 

rarefaction effects [38]. The gravity force and also the additional force term for the applied force 

equation is also neglected in this study and the only effective force is the drag force applied to 

the particles.  

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 

Table 3.1 Mach disk location and Mach number upstream of the shock for different flow rates 
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Figure 3.5 Particle velocity magnitude with two different drag models 

a) Schiller-Naumann and b) Loth 
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The particles velocity is shown in figure 3.5 for different drag expressions with 5 L/min gas 

flow rate where, 3.5 (a) represents the particle tracking without consideration of compressibility 

and rarefaction in drag force while, 3.5 (b) is obtained by implementing the effect of Mach 

number and Knudsen number for the calculation of drag coefficient. It can be concluded that, 

not only the particle velocity but also the spray angle is affected by changing the drag 

coefficient. It can be inferred from figure 3.5 that, neglecting the effect of compressibility and 

rarefaction leads to higher velocity prediction for the particles. In order to compare the predicted 

particles velocity with the experimental data from Naoe et al. [13], particles velocity distribution 

at 8 mm distance from the nozzle exit is plotted for both drag formulas in figure 3.6 in order to 

show the effect of compressibility and rarefaction for particle velocity prediction.  

 

Figure 3.6 Particles velocity distribution using two drag models 



54 
 

To compare the obtained data from these two different approaches, the predicted velocities 

including the maximum, minimum and mean velocity for both cases are presented in table 3.2 

and the mean velocity obtained from each drag model is compared with the experimental value. 

 

3.2. Gas flow modeling 

3.2.1. Mesh dependency test  

In order to examine the dependency of the results to the grid size, a grid refinement test has been 

carried out in this section. This study is only implemented for continuous phase without the 

presence of the substrate for one quarter of the 3D model. Three levels of grid size are chosen 

for this study, a coarse grid with a total of 800,000 elements, a fine grid with a total of 2,200,000 

elements and an ultra-fine grid with a total of 4,600,000 elements where, the number of nodes 

in each coordinates is roughly doubled from one size to the other one. The mesh dependency of 

the solution for this study is examined for velocity magnitude and Mach number along the 

centerline in figure 3.7 (a)-(b) to show the accuracy of the results. It can be inferred from these 

two plots that the solution obtained from the fine grid size with 2,200,000 elements and ultra-

        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 

Table 3.2 Particle velocity distribution data at 8 mm distance from nozzle exit 

 

 

 



55 
 

fine grid size with 4,600,000 elements are almost identical and the largest difference between 

the solution of these two grids are less than 4 % at worst; therefore, the fine grid size mesh with 

the total of 2,200,000 elements are utilized in this study to consider both accuracy and also 

computational costs. In this mesh dependency test, all the residuals were below 10−6.  
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Figure 3.7 Velocity magnitude and Mach number along the centerline with different grid size 

(a) 

(b) 

Coarse mesh 

Fine mesh 

Ultra-fine mesh 
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3.2.2. Comparison between 2D and 3D models  

In order to simulate the gas flow, two different approaches are utilized based on the 

computational domain associated with the physical system. The first one is the 2D planar 

approach which the depth of the slit is considered very long compare the width of it. The second 

approach is a 3D quarter slice of the physical domain. The motivation of this study is to compare 

the effect of 3D analysis on velocity and Mach number profiles, because these two parameters 

can affect in-flight particles velocity and trajectory leading to different prediction for particles 

behavior during the spraying. This effect is shown in figures 3.8 and 3.9 for velocity magnitude 

and Mach number for the free jet with 5 L/min gas flow rate.  

 

 

Figure 3.8 Velocity magnitude for both 2D planar and 3D models 
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Figure 3.9 Mach number profile for both 2D and 3D models 

 

It can be concluded from the velocity magnitude and Mach number contours that, using 2D 

planar model eliminates the Mach disk and significantly changes the formation of the shocks in 

certain locations. In this model, the simulated results are almost identical before the 𝑋 = 0.07 𝑚 

where the Mach disk is located. This normal shock can change particles trajectory; therefore, it 

is expected to see difference between the predicted particles trajectory from 2D to 3D analysis 

after this location.  

Since most of the particles are moving with the carrier gas around the centerline of the nozzle, 

these two parameters are plotted along the centerline of the nozzle.   
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Figure 3.10 Plot of velocity magnitude and Mach number for 2D and 3D models along centerline 
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It can be inferred from these plots that particles velocity and trajectory prediction in 2D analysis 

is valid only before the Mach disk location. Where in this study, the 2D analysis will be reliable 

only until 10 mm distance from the exit of the nozzle. 

In order to show the non-symmetric behavior of the jet, an iso-surface of velocity magnitude 

with the velocity contour at different standoff distances (SD) from the exit of the nozzle are 

shown in Figure 3.11 for the 3D model. It can be inferred from the mentioned figure, the “axis-

switching” and “bifurcation” phenomena happen for this non-circular jet. When the gas exits 

the nozzle, the cross sectional area of the jet is close to the cross section of the nozzle’s exit, but 

after the expansion of the jet, it gradually tends to increase its diameter along the minor axis, 

where eventually leading to a situation that the diameter of the jet is larger along the minor axis 

of the nozzle compare with its major axis. The continuous increase of the jet diameter along the 

minor axis of the nozzle with the continuous decrease of its diameter along the major axis of the 

nozzle will result in separation of the jet into two portions as it shown in Figure 3.10 known as 

bifurcation. This phenomenon can be important since the in-flight particle velocities and 

trajectories can be affected by the gas flow field. Axis-switching can change the location of the 

shocks and as a result it can affect the particle trajectories.  
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Figure 3.11 Velocity magnitude Iso-surface and slices at different distance from nozzle exit 

SD: Standoff distance   

Velocity Magnitude  
(m/s) 



62 
 

These two phenomena are also studied by Grinstein [43] shown in Figure 3.12 for the study on 

vortex dynamics and entrainments in rectangular free jets [43]. 

 

Figure 3.12 Axis-switching and bifurcation in rectangular free jets [43]            

3.2.3. Effect of gas flow rate 

The focus of this study is to investigate the effect of carrier gas flow rate on shock 

formation and velocity profile of the gas without presence of the substrate; therefore, the 

dependency of the flow characteristics including the velocity magnitude profile, Mach 

number and location of the shocks on carrier gas flow rate are presented in this section.  To 

do so, the carrier gas flow rate is set to three different values of 2.5, 5 and 7.5 L/min. Where, 

the contours of velocity magnitude and Mach number for each of these flow rates are 

presented in Figures 3.13 (a)-(c) and 3.14 (a)-(c) as follows. 
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Figure 3.13 Contours of velocity magnitude for a) 2.5, b) 5 and c) 7.5 L/min flow rate 
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Figure 3.14 Contours of Mach number for a) 2.5, b) 5 and c) 7.5 L/min flow rate 
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It can be concluded that the velocity magnitude does not change significantly in the near field 

of the nozzle by changing the gas flow rate, where the maximum velocity of the gas is in the 

same range for these three flow rates. While the expansion ratio of the gas after the nozzle is a 

function of gas flow rate. On the other hand, the Mach number and shock locations change 

significantly with the gas flow rate. Therefore, the compressibility effect becomes dominant by 

increasing the gas flow rate. These facts have been discussed in validation section based on the 

experimental analysis presented for highly under-expanded jets by Crist et al. [24] for circular 

jets. Here it is shown that, for non-circular nozzles the Mach number and Mach disk distance is 

proportional to the gas flow rate like circular sonic nozzles 

Since the aerosol moves along the centerline of the nozzle, most of the particles are in-flight 

around the area of centerline. Hence, the value of gas velocity and Mach number along the 

centerline is important to know. In order to show the relation between the gas velocity and Mach 

disk location at the centerline, both velocity and Mach number are plotted in Figure 3.15 (a)-

(b). It can be inferred that, the behaviour of gas flow is independent of its flow rate before the 

Mach disk location associated with the minimum flow rate shown in blue. This means that, once 

the Mach disk happens, the flow characteristics are highly dependent on gas flow rate. It can be 

also seen that, the Mach disk location is shifted to longer distance from nozzle exit plane and 

become stronger due to more pressure gradient between inlet and outlet boundaries.  
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Figure 3.15 Effect of gas flow rate on velocity magnitude and Mach number in centerline 
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3.2.4. Effect of standoff distance  

In this section, the effect of substrate distance from the nozzle known as standoff distance is 

studied for 4, 8 and 16 mm distances while, the Nitrogen gas consumption is 5 L/min and the 

pressure inside the deposition chamber is 150 Pa.  

The 3D view of the gas profile for each case is presented in Figures 3.16.  

 

Figure 3.16 Iso-surface of impinging jet with different standoff distances a) 4, b) 8 and c) 16 mm 

It can be concluded from Figure 3.16 that, the effect of axis-switching is more dominant for 

longer standoff distances. Longer distance allows the jet to expand across the minor axis of the 

nozzle; therefore, the profile of the gas is closer to the gas profile associated with the free jet 

case. Figures 3.17 and 3.18 are served to illustrate the velocity magnitude of the jet and also the 

Mach number associated with each case.  

(a) (b) 

(c) 

Velocity Magnitude  
(m/s) 
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Figure 3.17 Contour of velocity magnitude for different standoff distances                                                                 

a) 4, b) 8, c) 16mm and d) free jet 
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Figure 3.18 Contour of Mach number for different standoff distances                                                                            

a) 4, b) 8, c) 16mm and d) free jet       
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According to the contours of velocity magnitude and Mach number, it can be inferred that the 

not only the jet profile but also the value of the velocity magnitude and Mach number is similar 

to the free jet case by increasing the standoff distance. In other word, the effect of substrate is 

negligible for long standoff distances. 

The effect of substrate on particles trajectory is related to the effect of bow shock near the 

substrate; where the high pressure zone near the substrate apply a significant force to incoming 

particles. Hence, it is desire to evaluate the significance of this force by knowing the pressure 

gradient near the substrate.  

The effect of bow shock at each three standoff distance are shown in Figures 3.19 (a)-(c) as 

follows. It can be concluded that, by increasing the standoff distance the effect of bow shock 

near the substrate becomes less and due to the axis-switching of the jet, the contour of pressure 

gradient near the substrate rotates 90 degree from figure 3.19 (a)-(c).   
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Figure 3.19 Contours of pressure on a flat substrate located at a) 4, b) 8, and c) 16 mm 

(a) 

(b) 

(c) 

Pressure  
(Pa) 
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The temperature gradient for each standoff distance is shown in figure 3.20 (a)-(c) as follows. 

  

 

 

                   Figure 3.20 Contour of temperature for different standoff distances 

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

(a) (b) 

(c) 
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It can be concluded from figure 3.20 that, the spray process is associated with high temperature 

gradient in all three cases; therefore, the effect of Thermophoretic force is studied in the 

dispersed phase section. 

3.3. Particle phase modeling  

In this section, the effect of 3D analysis on in-flight particles velocity prediction is studied 

without presence of the substrate; then the effects of carrier gas flow rate, flat substrate and 

standoff distance on inflight particles behaviour are presented.  

3.3.1. Comparison between 2D and 3D analysis 

According to the gas flow modeling section, 3D analysis has significant influence on flow 

characteristic after the Mach disk; hence the in-flight particles velocity obtained from 3D model 

compare with the 2D model can be different depending on the standoff distance. In order to 

compare the results obtained from these two approaches, the average particles velocity for both 

cases are compared for two different standoff distances in Figures 3.21 (a – b) as follows. 

 

 

Figure 3.21 Particle velocity distribution at a) 8 mm and b) 16 mm from nozzle exit     

(a) (b) 
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It can be inferred from Figure 3.21 that, the difference between the results of 3D model become 

more by increasing the standoff distance. One can explain that, this difference is a consequence 

of different flow prediction after the Mach disk. According to the Experimental data for particles 

velocity from Naoe et al. [13], It can be seen that the predicted particles velocity from 3D model 

is closer to the measured velocity compare with the 2D planar model.  

3.3.2. Effect of gas flow rate 

According to gas flow modeling section, gas flow rate has significant influence on velocity 

profile and Mach number of the carrier gas; therefore, it can affect the in-flight particles during 

the spray process. Therefore, particles trajectory during the process are shown in figure 3.22, 

showing the effect of carrier gas flow rate on in-flight particles velocity.  

 

 

3 𝜇𝑚 
(a) 
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Figure 3.22 In-flight particles trajectory and velocity for different gas flow rates                                                          

a) 2.5, b) 5 and c) 7.5 L/min 

 

It can be inferred from the particles trajectory that, the velocity magnitude of the in-flight 

particles are proportional to their carrier gas flow rate. Moreover, the velocity of the smaller 

particles is always higher than large particles, since the applied force from the carrier gas to the 

3 𝜇𝑚 

3 𝜇𝑚 

(b) 

(c) 
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particles are identical and the effect of this force is adverse on small particles leading to more 

acceleration. In order to be more precise in terms of in-flight particles velocity, their 

distributions are plotted for different gas flow rates in Figure 3.23 and their velocity data 

including the maximum, mean and minimum velocity are reported in Table 3.3 as follow.   

 

Figure 3.23 Particles velocity distribution for different gas flow rates 

 

 

 

 

 

 

 

            �̇�𝒈𝒂𝒔          

  𝑽𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆 
𝟐. 𝟓 𝑳/𝒎𝒊𝒏 𝟓 𝑳/𝒎𝒊𝒏 𝟕. 𝟓 𝑳/𝒎𝒊𝒏 

Minimum 67 m/s 74 m/s 89 m/s 

Mean 162.6 m/s 190 m/s 221 m/s 

Maximum 340 m/s  360 m/s 362 m/s 

Table 3.3 Particle velocity distribution based on gas flow rate 



77 
 

3.3.3. Effect of standoff distance  

In aerosol deposition process, the most important parameter that can affect the deposition of 

ceramic particles is their kinetic energy upon impact which brings the attentions to the normal 

velocity impact of the particles. To see the effect of standoff distance on normal impact of the 

particles, a flat rectangular substrate as it mentioned in gas flow modeling section is located at 

4 mm, 8mm and 16 mm far from the exit of the nozzle with a consistent gas flow rate of 5 L/min 

for each case. According to the gas flow modeling, the bow shock near the substrate can 

decelerate the particles impact velocity which can be seen in Figures 3.24 showing the in-flight 

particles velocity from the nozzle exit to the substrate. It can be inferred from Figures 3.24 that, 

the average in-flight particles velocity for all cases are in the same range and there is no 

significant change happens for the kinetic energy of the particles. This fact can be explained 

based on the low pressure gradient that is associated with this coating process, where the 

pressure difference from the expansion region and bow shock region near the substrate is quite 

the same and small for different cases. This figure verifies that the particle normal velocity is 

independent of substrate location and standoff distance, since the particles’ Stokes number are 

on the order of magnitude of 1000. According to other papers [44]–[46], the Stokes number is 

defined as 𝑆𝑡 = 4𝑚𝑝𝑢𝑝 6𝜋𝜇𝑔𝑑𝑝
2⁄ = 𝜌𝑝𝑑𝑝𝑢𝑝/9𝜇𝑔 (where 𝜌𝑝 is the particle density) which is 

the ratio of the particle’s inertia and the drag force. Therefore, a particle with lower Stokes 

number follows the gas streamlines while, a particle with higher Stokes number is not affected 

significantly 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. 



78 
 

 

 

 

 

Figure 3.24 Particles trajectory at XY plane for different standoff distance 

 a) 4, b) 8 and c) 16 mm 
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Since the normal velocity upon impact is an important data, the distribution of normal velocity 

upon impact for different standoff distances are plotted as well as the normal impact velocity at 

8mm from the nozzle exit without the presence of the substrate.  

 

Figure 3.25 Normal velocity distribution for different standoff distances and  

Free-jet at 8 mm from the nozzle exit 

It can be concluded from this graph that, although the bow shock near the substrate reduces the 

particles normal velocity upon impact by less than 10 % compare to the free-jet spray condition; 

the effect of standoff distance on normal velocity of the particles are negligible due to the 

negligible effect of the bow shock in aerosol deposition process. In order to show the particles 

distribution at the substrate for different standoff distances, their distributions are displayed in 

Figure 3.26, where the gas flow rate are equal to 5 L/min and consistent for all three cases.  
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Particles’ landing locations are presented in Figure 3.26 for different standoff distances. To 

study the effect of bow shock on particles trajectory and impact velocity. For this section, only 

particles smaller than 4 μm are presented due to the negligible percentage of larger particles and 

the fact that larger particles cannot be deposited.  
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Figure 3.26 Particles distribution at the substrate for a) 4 b) 8 and c) 16 mm standoff distances 

 

Y (m) 

Y (m) Y (m) 

Y (m) Y (m) 
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According to Figure 3.26 (a), particles landing locations are located along the major axis of the 

slit nozzle. Since the axis-switching happens in far distance from the exit of the nozzle, most of 

the particles are locating near to the major axis. Therefore; at 4 mm from the nozzle’s exit, all 

particles are landed near the major axis of the nozzle. Moreover, small particles are distracted 

from the center of the jet due to the bow shock near the substrate. It can be inferred from Figure 

3.26 (b) that, particles landing locations are closer to the minor axis of the nozzle because, the 

carrier gas has more distance for the axis-switching but, according to Figure 3.19 (b), the axis-

switching phenomena is not completed when the substrate is located at 8 mm and the bow shock 

pattern is quite uniform in both directions. Therefore, particles are less distracted from the center 

of the substrate. Moreover, deceleration of the particles near the substrate are less due to the 

reduction of bow shock strength. Finally at 16 mm from the nozzle’s exit, the axis-switching is 

completed and more particles are distracted from the center of the substrate although, the 

significance of the bow shock is less compare with the previous standoff distances. In other 

word, the axis-switching of the jet is affected the particles trajectory and deviated them from the 

center of the jet toward the minor axis direction.   

To conclude, only particles with enough kinetic energy can remain around the centerline and 

the rest are distracted due to the shocks mainly near the substrate. Therefore, particles size 

distribution is important parameter because having large particles results in lower velocity and 

small kinetic energy; on the other hand, small particles also have low kinetic energy due to their 

low mass and can be easily distracted although their velocities are high. This phenomena is 

explained based on the definition of Stokes number in previous section as well. The best size 

distribution range for the particles according to Figure 3.26, approximately starts from minimum 

1 μm to 4 μm in maximum case.  



83 
 

3.3.4. Effect of Thermophoretic force 

According to the significant temperature gradient due to the impingement of the jet with the 

substrate, the effect of thermophoretic force is shown in Figure 3.27 as follow only for 8 mm 

different standoff distance.  

 

Figure 3.27 Distribution of particles normal velocity upon impact with and  

without considering the effect of thermophoretic force   

It can be inferred from the graph that due to the temperature gradient at the substrate location, 

there is a slight deceleration on particles normal velocity upon impact approximately for 

particles with 125 - 225 m/s particles velocity. According to the Talbot [37] correlation, the key 

parameters for thermophoretic force are particles mass, temperature gradient and 

thermophoretic coefficient, which itself is a function of particles size. By incorporating the 

thermophoretic force effect in the model, it is concluded from Figure 3.26 that large particles 

with 5 𝜇𝑚 diameter and above have lower velocity(i.e. approximately below 150 m/s), while 
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small particles below 1 𝜇𝑚 have higher normal velocity approximately over 225 m/s. This 

means that in figure 3.27, the effect of thermophoretic force is rather small for the large particles 

in lower range of velocity and also negligible for the higher range of velocities because, particles 

existing in this range have small diameter which decrease the value of thermophoretic 

coefficient.  
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4. Conclusion and 

Future work 
 

 

Overview  

 

 
In this chapter, the conclusion of this study is presented and future work for numerical 

study in aerosol deposition technology are proposed.  
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In this numerical study, the effect of compressibility and rarefaction of the carrier gas (Nitrogen) 

on solid particles (e.g. 𝐴𝑙2𝑂3) velocity and trajectory are studied by implementing Schiller-

Naumann [38] and Loth [39] drag expressions in a 2D planar geometry. The numerical results 

show that the expression presented by Loth is the more accurate one due to the inclusion of 

particle Knudsen, Mach and Reynolds numbers resulted in a very good agreement with the 

experimental results in the literature. Consequently, the 3D geometry is proposed instead of 2D 

planar model to capture the complex 3D fluid flow features outside the nozzle and near the 

substrate. It is observed that, the result of 2D is close to the 3D one before the Mach disk but, 

afterward there exists a significant difference between the 3D and 2D results. Moreover, the 3D 

analysis shows the axis-switching and Mach disk location which is not possible to capture in 

2D planar model.  

Special attention was paid in this study to investigate the effect of carrier gas flow rate on the 

in-flight particles velocity. It is concluded that by increasing the gas flow rate from 2.5 to 7.5 

L/min, particles velocity increase by about 100 m/s.    

The effect of substrate and standoff distance on normal velocity of the particles upon impact are 

also studied in this work by locating the substrate at 4, 8 and 16 mm from the exit of the nozzle 

with 5 L/min constant gas flow rate. The normal velocity of the particles with the substrate 

compare with the normal velocity of the particles at the same distance in free-jet show that the 

bow shock near the substrate reduces the particles normal velocity by 10 %, while changing the 

substrate location does not make significant change on particles normal velocity. It is explained 

that the vacuum condition and low pressure gradient inside the deposition chamber causes this 

situation and minimized the effect of bow shock and deceleration of the particles.  
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Finally, the effect of thermophoretic force on particles normal velocity upon impact is also 

discussed in this work based on the high temperature gradient associated to aerosol deposition 

coating process. It is concluded that, this effect is only sensible for particles in a certain range 

of velocity based on their mass and diameter which means that for large particles and also for 

ultra-fine particles with small diameter, this phenomenon does not have a significant impact.   

The complexity level of aerosol deposition process including the pressure inside the deposition 

chamber, particles shape and numerical approach for this physical process, have made it difficult 

to come up with a unique method of simulation. However, there are some future steps to improve 

the existing model and also other phenomena that play roles during the process. Some of these 

steps are summarized as follows.  

 In this study, it is assumed that the pressure inside the deposition chamber is high 

enough that the flow can be considered in continuum region and Navier-Stokes 

equations are valid for the numerical modeling. However, by operating system in low 

pressures below 0.1 torr the flow in some areas may act as free-molecular regime which 

means that Boltzmann equations should be used for the gas flow modelling.  

 In terms of turbulence study, different turbulence models can be compared with each 

other for both free-jet and impinging jet modeling. 

 For the solid particles phase, the existing model assumed all particles to be perfectly 

spherical; therefore, future step could be done for the study of particles shape on their 

in-flight and normal impact velocity.  

 The effect of nozzle geometry mainly for the shape of their cross section on particles 

velocity and distribution can be considered as a potential future study.       
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