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ABSTRACT 
 

Gas atomisation is the process of producing melt powders for additive manufacturing 

applications. The process involves high-speed gas flow to break-up and disintegrate molten 

melt into ultra-fine metal powders about the order of micrometers (ɛm). Although gas 

atomisation is the commercially viable process to produce realisable yield to meet the 

industrial scale production, yet the process is highly inefficient due to its chaotic and 

unpredictable gas-melt interaction, resulting in increased particle size distributions. 

This thesis presents a series of 22 computational fluid dynamics (CFD) simulations, 

numerically modelling close-coupled gas atomisation (CCGA) process to investigate the gas-

melt interactions and their individual instabilities under varying gas-to-melt ratios (GMRs), 

and melt temperatures. The premise of these simulations is to understand the coupled nature 

of the gas-melt interactions resulting in a chaotic and unpredictable process, as typically seen 

in the physical atomisation process. To capture the gas-melt interactions using a CFD model, 

the melt flow is coupled to the atomiserôs internal pressure (aspiration pressure), which varies 

over time due to the unsteady behaviour of the gas flow-field, induced by the gas-melt 

interactions. The CFD simulations are modelled as two-phase flow, with Argon gas as the 

primary phase, and melt as the secondary phase (particles), modelled via coupled Euler-

Lagrange framework. The CFD study was investigated using five different GMRs and melt 

temperatures: GMRs of 5.5, 2.6, 1.32, 0.88, and 0.44, and melt temperature of 300K, 600K, 

1000K, 1500K, and 2000K, and they were run in various combinations. These series of 

simulations investigated into the gas and melt instabilities and their association with each 

other.  

The study, via CFD models revealed that the atomisation process at higher GMR (5.5 

& 2.6) is extremely stable due to the dominance of the gas flow, and that it effectively 

attenuates any external instability induced into the system. Similarly, investigation into 

varying GMRs and melt temperatures exhibited that with decreasing GMR or increasing melt 

temperature, a melt instability was introduced into the process. The melt instability observed 

across decreasing GMR or increasing melt temperature were profound and displayed multi-

layered frequency of fluctuations. However, the effect of melt temperature on the process is 

more prominent and substantial compared to that of the GMR. This is manifested by the 

evolving complexity and unpredictability in the process with increase in melt temperature.  
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1 Introduction 

With the world moving towards more sustainable manufacturing practices like never 

before in the pursuit to reach the zero-carbon footprint, the manufacturing sector has 

transformed by adopting the climate-friendly strategy ï Industry 4.0. This revolutionised the 

manufacturing sector to discard the old and conventional manufacturing means of subtractive 

manufacturing, and to embrace the ónet-zero wastageô method ï additive manufacturing. 

Moreover, unlike conventional subtractive manufacturing where material is wasted in 

significant proportions, in additive manufacturing intricate and challenging designs, spanning 

from millimetre to large-scale components, are manufactured with little-to-no wastage at a 

fraction of the traditional machining time (Aksoy and ¦nal, 2006). And in the context of 

additive manufacturing in the metal industry, the feedstock to produce components is the metal 

powders. The applications of the metal powders depend on their size ï ultra-fine powders 

having D50
1
 ~ 20Õm are utilised in Material Binder Jetting (MBJ), Powder Injection Moulding 

(PIM) (Miyanaji et al., 2020); fine to medium powders having D50 ~ 30-50Õm are utilised in 

Laser Powder Bed Fusion (LPBF) and Selective Laser Melting (SLM) (Gallagher et al., 2023); 

medium to coarse powders having D50 ~ 90Õm are utilised in Electron Beam Melting (EBM) 

and Direct Energy Deposition (DED) (Karlsson et al., 2013); coarsest powders having D50 > 

100Õm are utilised in Hot Isostatic Pressing (HIP), Laser Cladding, and Press-and-Sinter 

Powder Metallurgy processes (Qu et al., 2022).  

Although, different methods are adopted to manufacture metal powders, gas 

atomisation is one of the widely used process to manufacture ultra-fine metal powders owing 

to its commercially viable yield, and its capability to produce pre-alloyed powders with high 

purity (Cai et al., 2016). Gas atomisation process uses the principle of converting kinetic energy 

of a high-speed gas-jet to break-up and disintegrate molten metal stream into fine droplets 

while solidifying it simultaneously, to produce ultra-fine metal powders smaller than 50Õm 

which are of high quality, purity and sphericity (¦nal and Aydēn, 2007, Zeoli and Gu, 2006). 

The high-pressure gas-jet exiting the gas nozzle rapidly expands downstream, forming a 

supersonic flow, with typical characteristics flow features like oblique shocks, expansion 

waves, recompression shocks, and Mach-disk. Owing to the symmetrical arrangement of the 

gas jets, by virtue of the flow, there is a recirculation zone formed in front of the melt nozzle. 

This recirculation zone forces the melt to flow over the melt nozzle tip before flowing 

 
1 D50 is the median particle size, a key parameter used in powder characterisation. 
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downstream, in a process known as pre-filming (Zeoli and Gu, 2008a). As a result of the 

recirculation zone an aspiration pressure is induced just in front of the melt nozzle which pulls 

the melt from the melt reservoir proportional to its pressure (Anderson et al., 1991). 

Nevertheless, due to the gas-melt interaction between the high-speed gas and molten 

melt, the process is extremely chaotic, rapid and unpredictable; the entire duration of melt 

droplet transitioning from its liquid state to a solid powder occurs incredibly quick, in the order 

of milliseconds (Mullis et al., 2013b, Zhao et al., 2009). The instability in the process is further 

aggravated by the choice of melt to be atomised, since the alloy in question determines the melt 

temperature, it directly affects the process instability, leading to variations in output powder 

size for different alloys. Owing to this chaotic nature of the process, its underlying physics is 

poorly understood despite the use of high-speed cameras. And this chaotic gas-melt interactions 

results in increased particle size and particle size distribution (PSD), which is adverse for the 

process, consequentially leading to significant proportions of out-of-specification powders 

causing unnecessary energy expenditure. This undesirable outcome in the metal powder yield 

is also reflected in its undue monetary expenditure. Due to the wider PSD and the fact that most 

AM processes require particles within specify particle size ranges, the out-of-specifications 

powders are deemed worthless for that AM process, unless and otherwise targeted by a different 

industrial application. Moreover, narrow PSD also aids the maximised consumption of the 

powders; reducing powder wastage, ensures consistency in the powder layers, provides 

improved flowability, and leads to higher packing density efficiency.  

Although numerous experimental and numerical studies have been carried out on the 

close-coupled gas atomisation (CCGA) process, they have been focussed on primary 

atomisation mechanism, secondary atomisation mechanism and particle characteristics. 

However, a full coupling between the gas and melt in a fully coupled atomisation system has 

not yet been investigated, which is one of the primary reasons for the chaotic and unpredictable 

instability seen in the process.  In this thesis, detailed numerical study is carried out by coupling 

the melt flow rate to the aspiration pressure to investigate the instabilities in the gas and melt 

flow, and to analyse their association between them. In addition to the coupling, this research 

endeavours to explore the effect of two primary factors that substantially affects gas 

atomisation process ï melt flow rate and melt temperature, and how these two parameters 

change the dynamics of the gas atomisation process. The output of this research will draw the 

attention of both academics and industries to extend the research by providing academics with 
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valuable insights into process instability, enabling a deeper exploration of its underlying 

mechanisms and the influence of key parameters. For industries, this research will serve as a 

strategic framework to develop optimisation strategies aimed at achieving the desired yield and 

enhancing overall process efficiency. This research is also a first step towards a full process 

model for process optimisation and elimination of instabilities, thereby paving the way for 

substantial improvements to achieve optimal CCGA performance. 
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2 Background Science 

 Gas atomisation is the process of manufacturing fine metal powder using kinetic energy 

of a high-speed gas-jet to break down molten metal into finer particles, and simultaneously 

solidify it (Antony and Reddy, 2003). The apparatus consists of a crucible (tundish), the 

atomiser setup and the atomisation chamber as shown in Figure 2.1. Molten metal from the 

crucible is introduced into the atomisation chamber. The method of melt introduction may be 

of constant flow rate as in the case of free-fall atomiser, or a function of aspiration pressure as 

in the case of close-coupled gas atomiser. The atomisation chamber houses the two primary 

components of an atomiser, the melt delivery nozzle and the gas-die nozzle. As the name 

suggests, molten melt from the crucible is delivered into the atomisation chamber through the 

melt delivery nozzle. Similarly, pressurised gas is sent through the gas-die nozzle, which 

subsequently upon releasing into the atomisation chamber expands to develop into supersonic 

gas-jet (Yule and Dunkley, 1994). Argon and nitrogen are commonly preferred as the operating 

gases, depending on the metal in question for production, to prevent oxidation (Uslan et al., 

2013).  

 

Figure 2.1 Schematic representation of close-coupled gas atomiser set-up indicating its key 

components. 

Generally, the gas atomisation process can be classified into three variants ï inert gas 

atomisation, Vacuum inert gas atomisation (VIGA), and Electrode induction gas atomisation 

(EIGA). Inert gas atomisation usually yields powders of 30-200µm, and are utilised in LPBF, 

SLM, MBJ, and PIM; VIGA generally yields powders of 30-90µm, and are utilised in Metal 

injection moulding (MIM) and HIP; and EIGA produces ultra-pure powders with high 



Background Science 

5 

 

flowability, usually in the range of 15-50µm, utilised in LPBF, SLM, and EBM (Dunkley, 

2019). Although there are various other production methods to manufacture metal powders, 

gas atomised metal powders possess high quality, purity and sphericity, making it ideal for 

AM and PM applications (¦nal and Aydēn, 2007, Zeoli and Gu, 2006). 

Based on the method of melt introduction, gas atomisation process can be classified 

into two types, namely; free-fall gas atomisation and close-coupled gas atomisation (CCGA) 

(Chang and Zhao, 2013). In free-fall atomisation, the melt falls under its own gravity without 

the aid of any external force, and travels down for some distance before coming in contact 

with the gas-jet. Contrastingly, in CCGA, as shown in Figure 2.1, the melt delivery nozzle 

and the gas nozzle are placed in close proximity with the melt nozzle present in the centre 

(axis) and the gas nozzle surrounding it axisymmetrically, such that gas nozzle distributes 

gas symmetrically about the central melt nozzle (Urionabarrenetxea et al., 2022). Owing to 

the symmetrical arrangement of the gas jets, by virtue of the flow, there is a recirculation 

zone formed in front of the melt nozzle. As a result of the recirculation zone a region of lower 

pressure known as aspiration pressure is formed just in front of the melt nozzle tip, which 

draws out the melt from the crucible proportional to its pressure (Ting and Anderson, 2004). 

The recirculation zone forces the melt to flow over the melt nozzle tip, wetting it before 

flowing downstream, in a process known as pre-filming. The melt from the circumferential 

edge of the melt nozzle tip comes in contact with the gas-jet, and undergoes effective 

breakdown as ultra-fine particles due to the gas-melt interaction. The major advantage in 

free-fall atomisation is the established control over the melt and gas interaction. But, on the 

contrast, this method produces powder with bigger particle size and increased particle-size 

distribution (PSD) which diminishes its suitability for many applications (Zhao et al., 2012). 

This is because, the melt in free-fall atomisation undergoes column break-up mechanism, 

and this disadvantage is effectively overcome by the CCGA process, wherein the melt 

undergoes film break-up mechanism through the pre-filming mechanism leading to finer 

particle size and narrow particle-size distribution (PSD). This immense endowing potential 

makes the commercial atomisation companies prefer CCGA over free-fall atomisation, 

which also draws the attention of this thesis and research.  

  The background science of gas and melt flow seen in the atomisation process is further 

explained in detail in the following sections.  
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2.1 Gas flow and generation of shock 

 The gas released from the gas-die nozzle expands from a high-pressure source to 

develop into a high-speed gas flow, exhibiting supersonic flow, i.e., compressible flow. The 

behaviour of such high-speed gas flow is characterised by using a dimensionless unit known 

as Mach number, which is defined as the ratio of the velocity of the moving fluid in a medium 

to the speed of the sound waves in the same medium. This parameter is vital in understanding 

the dynamics and effects observed within compressible flows, such as shock waves, expansion 

fans, and other characteristics such as seen in the gas atomisation process. The Mach number 

is given by the expression presented in Equation 2.1 (Rathakrishnan, 2019), 

ὓ  
ὠ

ὥ
 

2.1 

where ὓ is the Mach number of the flow, ὠ is the velocity of the flow in the medium, ὥ is the 

speed of the sound waves in the same medium (Rathakrishnan, 2019). On the basis of Mach 

number, the flow is divided into subsonic flows (0 < M < 0.8), transonic flows (0.8 < M < 1.2), 

supersonic flows (1.2 < M < 5) and hypersonic flows (M > 5). In subsonic flow the fluid is 

generally considered incompressible as the kinetic energy contained by the flow is much less 

significant compared to the thermodynamic properties of the flow, such as pressure, volume 

and temperature. Whereas for flows having M > 0.8, the increase in kinetic energy substantially 

influences the thermodynamic properties of the flow (Kundu et al., 2012). 

Compressible flows, as typically seen in the gas atomisation process is analysed using 

isentropic flow theory, assuming the flow to be adiabatic and reversible. This helps to 

understand the relationship between the static and total (stagnation) thermodynamic properties 

of the flow based on its Mach number. The relationship between the static and total pressure, 

temperature and density for a given Mach number is given by Equations 2.2, 2.3, and 2.4 

(Rathakrishnan, 2019), respectively. 

ὴ

ὴ
ρ
‎ ρ

ς
ẗὓ  2.2 

Ὕ

Ὕ
ρ
‎ ρ

ς
ẗὓ  2.3 

”

”
ρ
‎ ρ

ς
ẗὓ  2.4 
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where, the ὴȟὝÁÎÄ ” are static pressure, temperature and density, respectively; and ὴȟὝ 

and ” are total pressure, temperature and density, respectively; and ɾ is the ratio of the specific 

heats. Generally, in the industrial atomisation process, nitrogen or argon gases are employed to 

prevent oxidation on the molten metal during solidification, and their respective ɾ values are 

1.4 and 1.66  (Rathakrishnan, 2019).  

In the gas atomisation process, as the high-speed gas-jet exits from the gas nozzle into 

the ambient atmosphere, oblique shocks, normal shocks and expansion waves are formed. 

Shocks are formed when the supersonic flow compresses the gas present ahead of them without 

allowing time to respond to the changes occurring in the flow (Kundu et al., 2012). Normal 

shocks are formed perpendicular to the flow creating a finite discontinuity in the medium. This 

is shown in Figure 2.2a. Oblique shocks, presented in Figure 2.2b, occur when the flow is 

constrained to change its path by a concave corner having a definite angle. This change in path 

compresses the gas flow and generates an attached shock-wave at an angle known as deflection 

angle (q). Similarly, if the flow expands along a convex corner, expansion waves, presented in 

Figure 2.2c, are formed. A shock can only compress the gas to a high pressure across the flow 

but can never act as an expanding shock as it violates the second law of thermodynamics which 

profoundly states that the entropy of a system can never decrease, hence known as expansion 

waves (or fans) rather than expansion shocks (Rathakrishnan, 2019),   

 

Figure 2.2 Types of shock waves. a) normal shock, b) oblique shock, and c) expansion wave 

(Rathakrishnan, 2019, Moura and Rosa, 2013, Kundu et al., 2012).  

 

2.2 Generation of supersonic gas flow.  

As mentioned earlier, gas atomisation exploits the kinetic energy of high-speed gas to 

disintegrate molten metal to produce fine metal powders. This is achieved via nozzle flows. It 

is observed that at subsonic speeds flow through a converging nozzle increases the velocity of 
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the flow at the outlet of the nozzle. This is dictated by the area-velocity relationship presented 

in Equation 2.5 (Rathakrishnan, 2019), derived from the continuity equation.  

Ὠὃ

Ὠὠ
 
ὃ

ὠ
ρ ὓ  2.5 

where, ὃ is the cross-sectional area, and ὠ is the velocity. From Equation 2.5 it is obtained that 

for subsonic flows for 0 Ò ὓ Ò 1, a decrease in area as seen in convergent duct, increases the 

velocity, whereas increase in area as seen in divergent duct, decreases the velocity at the outlet. 

However, for ὓ > 1, Equation 2.5 reveals that decrease in area, decreases the velocity, whereas 

increase in area, increases the velocity. The flow across convergent and divergent ducts for 

subsonic and supersonic flows are presented in Figure 2.3.  

 

Figure 2.3 Flow through converging and diverging ducts at subsonic and supersonic speeds.  

 

From Equation 2.5 it is also obtained that at ὓ = 1 the area of the duct is the least. This 

led to development of Convergent-Divergent (C-D) nozzle, which has both converging and 

diverging section in its nozzle (Figure 2.4). In the converging section, the velocity of the flow 

increases and attains ὓ = 1 at the minimum area of the duct, also known as throat. Thereafter, 

when the flow passes through the diverging section, the velocity further increases to ὓ > 1 

achieving supersonic speeds. To ensure ὓ = 1 at the throat, such that the diverging sections 

achieves supersonic speeds, a favourable pressure gradient is maintained between the inlet and 
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the throat. From Equation 2.2, it is calculated that the minimum pressure gradient to ensure 

ὓ = 1 at the throat is ὴ Ⱦὴ < 0.528, were ὴ  is the pressure at throat (Rathakrishnan, 2019). 

Based on this pressure gradient the area of the throat, ὃ , is designed. The exit Mach number 

of the supersonic flow downstream of the throat is governed by the exit area, ὃ, of the 

diverging section of the nozzle, and it is governed by Equation 2.6 (Oosthuizen and Carscallen, 

1997).  

ὃ

ὃ

ρ

ὓ

ς

‎ ρ
ρ
‎ ρ

ς
ẗὓ  2.6 

 

 From Equation 2.6 it is revealed that for a given exit Mach number, there can be only 

one unique ὃ for a C-D nozzle, and if another Mach number is required, then a new ὃ is 

needed, meaning a new C-D nozzle is designed fitting the geometrical calculations. This is a 

major disadvantage in the C-D nozzle operation, although the manufacturing of the C-D nozzle 

itself is excruciatingly difficult (Rathakrishnan, 2019). However, in gas atomisation process 

cylindrical nozzles, i.e., nozzles with constant cross-sectional area are also employed. The 

disadvantage is that, irrespective of the inlet pressure, the maximum exit Mach number is 

limited to ὓ = 1. Section 3.1.3 discusses more on the operation of C-D and cylindrical nozzles 

in gas atomisation process.  

 

 

Figure 2.4 Convergent-Divergent (C-D) nozzle, showing sections of the nozzle having 

subsonic and supersonic flow (Rathakrishnan, 2019).  

 

2.3 Ideally-expanded, over-expanded, and under-expanded flows 

 

Equations 2.2, 2.3, 2.4, and 2.6 describe the isentropic flow through a C-D nozzle 

designed to produce an ideally-expanded flow. An ideally-expanded flow across a nozzle is a 



Background Science 

10 

 

fully supersonic and isentropically expanded flow, whose exiting pressure is equal to the 

ambient pressure. In ideally-expanded flow, a normal shock appears precisely at the exit of the 

nozzle, with the absence of any shocks within the nozzle. To obtain such a flow in C-D nozzles, 

for a fixed pressure and temperature, a unique throat area and nozzle exit area is designed to 

result in a Mach number that is ideally-expanded at the exit (Rathakrishnan, 2019). Flows 

whose exit pressure is not equal to the ambient pressure result in over-expanded or under-

expanded flows.  

In over-expanded flows, the ambient pressure of the surrounding gas is greater compared 

to the pressure of the exiting gas and hence the exiting gas flow is compressed. This effectively 

changes the direction of flow, directing the shocks towards the axis of the nozzle. The oblique 

shocks produced at the either side of the nozzle edge, as observed in Figure 2.5, meet at the 

axis of nozzle and is deflected, changing the flow direction. With the shock meeting the 

boundary where the pressure of the flows is equal to the ambient pressure, the shock gets 

reflected into an expansion wave (Jadidi et al., 2015). This repetitive formation of oblique 

shock wave and expansion wave continues till the flow deteriorates, wherein the pressure of 

the flow merges with the ambient pressure. In the over-expanded flow, a Mach-disk is formed 

when the incident angle of the oblique shock formed by both edges of the nozzle (in 2D), as 

seen in Figure 2.5, is beyond a critical angle such that a normal shock, perpendicular to the 

flow is generated. Since, Mach-disks manifest in the direction perpendicular to the gas flow, 

they are also considered to be a form of normal shock.  

 

Figure 2.5 Schematic representation of over-expanded flow (Jadidi et al., 2015).  
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In under-expanded flow a similar fashion is observed but on the contrast, the pressure 

of flow at the exit is greater than the ambient pressure (Mi et al., 1996). This pressure gradient 

results in expansion waves occurring at the edge of the exit, causing the gas to expand radially 

outward, as observed in Figure 2.6. When the pressure drop in the gas flow equalises with the 

ambient pressure, the expansion waves reflect from the free boundary and coalesce into 

recompression waves or oblique shocks, resulting in flow turning towards the axis of the nozzle 

(Jadidi et al., 2015). As mentioned above, when the incident angle of oblique shock is beyond 

a critical angle, a Mach-disk is formed.  

The combination of oblique shock and expansion waves forms a series of diamond 

shaped shocks known as shock diamonds, illustrated using the yellow shading in Figure 2.5 

and Figure 2.6 (Rosario, 2012). Figure 2.7 (only for representation and not scaling) shows the 

difference between over-expanded and under-expanded flow while comparing the intricate 

details observed between the type of gas-jets. 

 

Figure 2.6 Schematic representation of under-expanded flow (Rosario, 2012).  
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Figure 2.7 Detailed comparison of shock structures seen in under-expanded and over-

expanded flows (not to scale) (Biswas and Qiao, 2017). 

 

2.4 Melt break-up mechanism 

As mentioned earlier, the transfer of kinetic energy from the high-speed gas-jet on to the 

molten melt causes the break-up of liquid melt into ligands, and subsequently into fine particles 

(¦nal, 2006). The melt break-up consists of sequence of events, and it starts with the melt being 

radially pulled away from the melt nozzle exit due to the presence of recirculation zone. This 

facilitates the spreading of melt on to the nozzle tip, forming a thin layer of film, in a process 

known as pre-filming (Mullis et al., 2013a). The illustration of melt being pulled radially away, 

and undergoing pre-filming is shown in Figure 2.8. The melt break-up takes place in two stages: 

Primary atomisation, followed by secondary atomisation. The primary atomisation occurs 

when the aerodynamic forces destabilises the surface tension force and viscous force of the 

melt film into ligands and sheets (Zeoli and Gu, 2008a). With further continuous agitation on 

the ligands/sheets due to the aerodynamic force generated by the gas-jet, it breaks-up into 

droplets. Due to the persistent and strong aerodynamic forces the droplets themselves break-

up into smaller and finer droplets. This break-up of liquid melt into ligands, filaments, or 

droplets is known as primary atomisation; and break-up of droplets into finer droplets is known 

as secondary atomisation. The final droplet size from secondary atomisation is directly affected 

by the viscosity, density and surface tension of the melt, and melt with high viscosity, density 

and surface tension tends to result in increased particle size and particle-size distribution (Jiang 
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et al., 1988). The primary and secondary atomisation are further classified based on their break-

up mechanisms, and are discussed below. A schematic representation detailing the different 

types of break-up mechanisms are presented in Figure 2.9. 

 

Figure 2.8 Schematic representation showing the gas-melt interaction and the process of pre-

filming at the melt nozzle front (Anderson and Achelis, 2017). 

 

2.4.1 Primary break-up mechanism 

In CCGA, primary atomisation (primary break-up) takes place at close proximity to the 

melt nozzle, and during the early stages of the melt being introduced from the melt nozzle exit. 

Generally, it can be classified into four fundamental break-up mechanisms, namely: liquid 

dripping break-up, liquid column break-up, liquid film break-up and ligament break-up. 

Liquid dripping break -up 

This is the most simple and basic mechanism observed in a liquid break-up. The surface 

tension coalesces the liquid into a spherical shape, and while the liquid accumulates the gravity 

pulls it downward, causing the droplet to elongate. As it continues to elongate, necking initiates 

in the droplet, and with sufficient elongation, the region of necking breaks-up into an individual 

droplet (Xiao, 2012). And this repeats for the rest of the liquid flow. However, it is to be noted, 

that this mechanism occurs largely due to the effect of gravity, whereas in CCGA, gravity has 

negligible effect on the process, making this break-up mechanism irrelevant to CCGA process.  

Liquid column break-up 

This mechanism is observed in both free-fall and close-coupled gas atomisers under 

low operating pressure conditions. The liquid column is broken-up into smaller droplets or 



Background Science 

14 

 

segments by the relatively low inertial force acting on the liquid column. This break-up 

mechanism is affected by the intensity of the instability acting on the liquid column. Liquid 

column break-up mechanism is further divided based on the weber number, which is defined 

by,  

ὡ
”Ä ό

„
 2.7 

where, ὡ is the weber number, ” is the density of the gas, Ä is the diameter of the liquid 

column, ό is the relative velocity, and „ is the surface tension (Sa, 2017). Based on Equation 

2.7 (Wierzba, 1990), the break-up mechanism is divided into three types, namely: Rayleigh 

type break-up or normal pulsing for 0 < ὡ < 25; membrane type breakup for 25 < ὡ < 70; 

and fibre type breakup also known as super pulsing for 70 < ὡ < 500 (Chigier and Farago, 

1992). The three types of break-up mechanism are shown in Figure 2.9. In Rayleigh break-up, 

the lower weber number leads to perturbations in the liquid column to form droplets, while at 

higher weber number, i.e., the membrane break-up, the liquid undergoes an intermediate bag-

like formation before bursting into droplets. Similarly, at significantly high weber number, 0 < 

ὡ < 500, i.e., fibre break-up, the liquid transforms into fibres, breaking apart into droplets due 

to the substantial stretching caused by the gas flow.   

Liquid film  break-up 

Liquid film breakup occurs in the CCGA process during pre-filming where the melt 

slides on the nozzle tip to form thin film sheets, ultimately breaking-up into droplets. There are 

three types of liquid film break-up namely; a) rim disintegration, b) wave disintegration, and 

c) perforated film break-up (Mansour and Chigier, 1990). Rim disintegration is observed in 

fluids with high surface tension and viscosity, where the fluid built-up near the edges of the 

nozzle edge, breaks up along the free edges as larger droplets. Wave disintegration occurs in 

fluids where disturbances are in definite patterns possessing distinct segments of wavelengths. 

The disturbances break the film into wavelengths before breaking them into droplets 

(Deshpande et al., 2015). Perforated film break-up occurs when holes develop in the fluid film 

and simultaneously propagate toward the edges until they completely split-up the film, creating 

droplets. They are observed in liquids with high surface tension which are unstable due to 

surface tension forces, as small perturbations or instabilities on the film would lead to the 

growth of the holes in the film, eventually leading to the break-up of the film.  
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Ligament breakup  

In ligament breakup, threads or filaments of liquid melt, also known as ligaments are 

broken-up prior to becoming smaller droplets (Shao et al., 2018). The mechanism is driven by 

the instabilities due to the surface tension, primarily due to Rayleigh-Plateau instability, where 

the instability forces surface tension to minimise the surface area of the ligament, resulting it 

to break into smaller droplets (Shinjo and Umemura, 2010). In the CCGA process, during pre-

filming, the melt undergoes liquid film break-up forming ligaments. Subsequently, the 

ligaments undergo ligament break-up to produce smaller droplets, which ultimately determine 

the particle size and PSD, making the ligament thickness and the ligament break-up stage a 

major importance in the CCGA process.  

2.4.2 Secondary break-up mechanism 

With the continuous presence of high-speed gas flow in the CCGA process, the larger 

droplets formed during the primary atomisation undergo further break-up, i.e., secondary 

atomisation to become fine droplets, which eventually solidifies to form metal powder. The 

secondary break-up mechanism depends on the weber number (Hsiang and Faeth, 1992). They 

are divided into six mechanisms, based on their increasing weber number, and they are: 

no-breakup, vibrational breakup, bag breakup, multimode breakup, film/sheet stripping and 

catastrophic breakup (Sadhal et al., 2012). The different types of secondary break-up 

mechanisms and their corresponding weber number is presented in Figure 2.9. The initiation 

and propagation of the instability with the droplet and until break-up varies uniquely over the 

mechanism it undergoes. Moreover, the microstructure of the solidified particles depend on the 

initial cooling rates, which in turn is directly affected by the break-up mechanism (Anderson 

et al., 2010).   
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Figure 2.9 Schematic representation detailing the different types of melt break-up. 

 

For 0 < ὡ < 3, the droplet does not undergo any fragmentation or break-up, hence the 

break-up is also called as no-breakup (Mazumdar et al., 2016). For, 3 < ὡ < 5, the droplet 

undergoes vibrational break-up, wherein the particles due to the vibrational instability usually 

split-up into two child droplets. For 5 < ὡ < 20, the droplet undergoes bag break-up, wherein 

due to the higher weber number the droplet transforms its shape into a hemispherical bag, 

subsequently it further enlarges before breaking-up into fine droplets. The hemispherical part 

of the bag atomises finer than the circumferential edge of the bag (Jalaal and Mehravaran, 

2012).  

For 20 < ὡ < 100, the droplets undergo multimode break-up. They are sub-divided 

into two types: bag break-up and plume break-up. At the lower range of the weber number, the 
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droplets undergo bag break-up, with multiple number of bags formed during the break-up 

(Hsiang and Faeth, 1992). At higher ranges of the weber number, the droplets undergo plume 

shear break-up.  

For 100 < ὡ < 350, the droplets undergo sheet-ripping break-up, wherein the edges of 

the droplet move faster than the centre of the droplet, and hence due to the significant relative 

speed between the parts of the droplet, the edges are ripped apart from the droplet to produce 

finer child droplets (Mazumdar et al., 2016).  

The final form of the droplet break-up mechanism is the catastrophe break-up, for ὡ  > 

350. This mechanism is similar to the sheet-ripping break-up mechanism; however, due to the 

immense inertial force, the entire droplet disintegrates into finer droplets, leaving no trace of 

the parent droplet (Negeed et al., 2011).   

 

2.5 Overview of Computational Fluid Dynamics (CFD) 

 

The research on the CCGA process presented in this thesis is carried out using CFD. 

This section overviews the various CFD models and their background science which are of 

importance for this research. The fundamentals of solving a CFD model is in solving the 

Navier-Stokes equation, since it describes the motion of the fluid within the considered CFD 

domain. The below sub-sections also elaborate on the various CFD models which are employed 

in Chapter 4 - Methodology of the numerical modelling.  

2.5.1 Navier-Stokes equation 

Navier-Stokes equations are a set of partial differential equations that describe the 

direction and motion of the fluid flow. They are derived from Newtonôs second law, and provide 

the time-dependent equations for conservation of mass (continuity), momentum, and energy. 

The Navier-Stokes equations for compressible flow are:  

Continuity equation (conservation of mass): 
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Momentum equation (conservation of momentum): 
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Energy equation (Conservation of energy): 
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where, ” is the density of the fluid, and ό & ό are the velocity components along the ὼ and 

ὼ directions,  ὴ is the pressure, † is the viscous stress term, Ὁ is the total energy, ή is the 

heat flux, and Ὄ is the enthalpy fluctuations due to turbulence (Zhang et al., 2023a). 

With the flow being turbulent, characterised by the randomness caused by the instabilities, 

eddies and swirls, it is infeasible to define every flow path through time using Equations 2.8, 

2.9, and 2.10 (Ğukaszewicz and Kalita, 2016). Hence the instantaneous physical properties of 

the fluid are decomposed via a process known as Reynolds decomposition, to split the property 

into a steady mean (Reynolds-averaged) value and a fluctuating part (Wang et al., 2023a). The 

flow property at any given point can be described as  

ᶮ ᶮ ᶮ ᶮ ᶮᴂ 2.11 

where,  ɲis the instantaneous value of the flow property,  ɲis the Reynolds averaged steady 

mean value, and ᶮ is the fluctuating part in the Reynolds method. Density and pressure are 

usually decomposed using the Reynolds decomposition, whereas other flow variables such as 

velocity, temperature, and internal energy are decomposed using Favre averaging (density-

weighted averaging), where  ɲis the Favre averaged steady mean value and ᶮᴂ is the fluctuating 

part in the Favre method (Wang et al., 2023a). 

 

2.5.2 Reynolds-Averaged Navier-Stokes (RANS) equations 

The Reynolds-averaged Navier-Stokes (RANS) equations for the compressible flows seen 

in Equations 2.8, 2.9, and 2.10, following the execution of statistical operation in 

Equation 2.11, are given below: 

Continuity equation:  
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 Momentum equation 
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Energy equation 
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where,  is the convective term, 
Ӷ
 is the pressure work term,  is the viscous 

work term,  is the heat conduction term, and 
 
 is the turbulent energy transport 

term, and ”όᴂᴂόᴂᴂ is the Reynolds stress tensor which represents the turbulent stresses. The 

variables with bar on the top are Reynolds-averaged (time-averaged) and variables with tilde 

on the top are Favre-averaged (density-weighted averaged) (Wilcox, 1998).  

 

2.5.3 Turbulence modelling 

 

Equation 2.13 and 2.14 of RANS equation for conservation of momentum and energy, 

respectively, has an additional term which represent the effect of turbulence, ”όᴂᴂόᴂᴂ, which 

must be modelled in order to close the system of equations and are typically in the form of 

turbulence models. There are multiple turbulence models to close the Reynolds stress tensor 

via empirical or semi-empirical formulations, however, these models rely on assumptions, 

calibrations, and empirical constants, leading to fundamental limitations and constraints in the 

model. Owing to these limitations, the models perform better in certain flow scenarios, while 

it fails to perform in certain other flow conditions. Some of the most common turbulence 

models used in the CFD modelling of fluid flow are ə - Ů model, ə - ɤ model, Reynold Stress 

model (RSM), and Large Eddy Simulation (LES).  

 

ə - Ů model 

ə - Ů model is one of the most widely used turbulence models owing to its robustness, 

computational economy, and reasonable accuracy. The model is widely used in industrial flow 

with heat transfer simulations. The model uses two transport equations to calculate turbulent 

kinetic energy (ə) and the rate of dissipation of turbulent kinetic energy (Ů), based on which the 

turbulent length and time scales are determined. The transport equations for ə and Ů are given 

as: 

Turbulent kinetic energy (ə) equation: 
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 Rate of dissipation (Ů) equation: 
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Turbulent length scale (L): 

ὒ ὅ
Ὧ

‐
 

2.17 

Turbulent time scale (T): 

Ὕ
Ὧ

‐
 

2.18 

where, Õ is the dynamic viscosity, Аὸ is the turbulent viscosity, „Ὧ and „‐ are the turbulent 

Prandtl numbers for ə and Ů, respectively. ὖὯ is the production term of turbulent kinetic energy, 

ὒ is the Turbulent length scale, Ὕ is the Turbulent time scale, and ὅρ, ὅς, and ὅὒ are model 

constants (Launder and Spalding, 1974, ANSYSFluentÈTheory-Guide).  

However, this model has its own disadvantages. The model underpredicts complex flows 

with swirls and rotation; it resolves the near-wall region less accurately compared to other 

models; and the model is more tuned for steady-state conditions and hence is less efficient for 

modelling transient flows (Versteeg, 2007).  

ə - ɤ model 

ə - ɤ model is also one of the most widely used turbulence models, particularly involving 

complex boundary layer and near-wall flows. It is also employed to model flow separation, 

pipe flows, and flows containing adverse pressure gradients such as compressible flows with 

shock waves. Two transport equations are used in this model to calculate the turbulent kinetic 

energy (ə) and the specific dissipation rate (ɤ). The transport equations for ə and ɤ are given 

as: 

Turbulent kinetic energy (ə): 
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Specific dissipation rate (ɤ): 
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where, Ὃ represents the generation of turbulence kinetic energy due to mean velocity 

gradients, Ὃ represents the generation of ῲ and ῲ represent the effective diffusivity of ə ,‫ 

and ɤ, respectively.  ώ and ώ represents the dissipation of ə and ɤ due to turbulence. Ὓ and 

Ὓ are the user-defined source terms. Ὃ and Ὃ  are the buoyancy terms. „ and „ are the 

turbulent Prandtl numbers for ə and and ‌ᶻ is the low-Reynolds number correction ,‫ 

coefficient (Wilcox, 1998, ANSYSFluentÈTheory-Guide). 

However, the ə - ɤ model also poses some disadvantages. The model is sensitive to free-

stream values of ɤ, which might affect the accuracy in external flow problems. The model is 

complex and computationally expensive compared to the simpler turbulence model, ə - Ů model 

(Versteeg, 2007).  

Reynold Stress model (RSM) 

Reynold Stress model is a comprehensive turbulence model that closes the RANS 

equations by solving transport equations for the Reynolds stresses, along with an equation 

solving the equation for the dissipation rate. Hence, in 2D, the model solves five transport 

equations, whereas in 3D it solves seven transport equations (ANSYSFluentÈTheory-Guide). 

The RSM is more accurate than the simpler turbulence models, the ə - Ů and ə - ɤ models, as 

it takes into account the streamline curvature, swirl, rotation, and rapid changes in the strain 

rate (Jadidi et al., 2015). The model is employed for simulating swirl flows such as cyclone 

flows, swirling flows as seen in combustors, and rotating flow passages. However, RSM incurs 

significantly higher computational cost compared to the simpler turbulence models. Moreover, 

the improvements in results produced by the RSM may not always justify the high 

computational expense, as it doesnôt consistently produce superior results compared to the 

simpler models. 

Large Eddy Simulation (LES) 

Large Eddy Simulation is another comprehensive turbulence model that directly resolves 

the large eddies in turbulent flow, while the small eddies are modelled. In LES an eddy is 

considered large if the resolved eddies are larger than the grid scale used in the simulation, and 

the rest of the eddies which are smaller than the grid scale are called small eddies, and are 

modelled using Subgrid-Scale (SGS) models (Jadidi et al., 2015). To resolve the small eddies, 

a sufficiently fine computational grid and small timestep size is required to capture the small 

eddies (Zhao et al., 2012). The direct resolution on the fine grid facilitates LES to provide 

detailed and more accurate representation of the flow turbulence. LES models are used for 
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flows characterised by turbulence with unpredictable changes in pressure and velocity, such as 

airflow over aircraft wings, fuselages, and around engines; airflow around car bodies; flow and 

wind patterns around buildings; and flow over turbine blades (Ashgriz, 2011). Although the 

LES model has significant advantages over the simpler models in providing more accurate 

results, it has much more disadvantages. The LES model demands for exceptionally high 

computational cost, especially for high Reynolds number flows, which necessitates the use of 

high-performance computing (Versteeg, 2007). Similarly, the model heavily relies on the grid 

resolution, especially in the wall boundary layers. Insufficient grid resolution leads to 

inaccurate results. Owing to the greater challenges posed by the model, the LES model is 

always used cautiously and only if required.  

2.5.4 Major limitations in Turbulence models  

 

Empirical and generalised constants 

Turbulence models rely on empirical constants and coefficients derived from 

experimental studies. Although in a physical flow condition the turbulence in the flow is 

dictated by the flow configuration, boundary conditions, and Reynolds number, in models, the 

derived constants/coefficients are fixed and are assumed to be universal, resulting in models 

being not consistent for all flows. This assumption of universal constants introduces uncertainty 

and reduces the predictive capability of the turbulence model.  

Assumption of isotropy in Reynolds Stress-based models 

Many turbulence models such as ə - Ů and ə - ɤ models assume isotropy in the turbulent 

stress distribution, meaning, in all direction turbulence in the flow behaves the same, which is 

often incorrect, and are not observed in complex flows. For example, in flow configurations 

such as boundary layer flows and swirling/rotating flows, the turbulence is anisotropic in 

nature, and is far from being same in any direction. RSM attempts to address this issue by 

solving transport equations for each of the Reynolds stress components, but they introduce 

undue computational cost on the simulation.  

Flow separation and adverse pressure gradients 

Many RANS based turbulence models fail to accurately capture flow separation, especially 

under adverse pressure gradients. For example, ə ï Ů, although widely used in industrial CFD, 

owing to the eddy viscosity assumption, fails to capture the strong anisotropy and non-
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equilibrium effects in separating flows having adverse pressure gradients. Although advanced 

models such as ə ï ɤ SST perform well in predicting flow separation, the model constants 

require fine tuning and careful calibration. While LES and hybrid RANS-LES, and DES offer 

better accuracy, it comes with a higher computational cost.  

2.5.5 Two-phase flow: Euler-Euler framework and Euler-Lagrange framework 

Two-phase flows as typically seen in CCGA process are modelled via two primary 

numerical frameworks: the Euler-Euler (E-E) framework and the Euler-Lagrange (E-L) 

framework. In E-E framework, the primary and the secondary phase, the gas and the melt, 

respectively, are modelled as a continuum and solved. In the E-L framework, the primary phase 

is modelled as a continuum, whereas the secondary phase is modelled as individual particles 

or discrete elements, and are solved together.  

Euler-Euler (E-E) framework 

In Euler-Euler (E-E) framework both the primary and secondary phases are modelled as a 

continuum, co-existing in the same control volume (Jadidi et al., 2015). Since, the volume of 

primary phase cannot be occupied by the secondary phase, and vice-versa, the concept of 

volume fraction is introduced. The volume fraction is an important parameter that indicates the 

proportion of space (volume) occupied by each phase in a given control volume. The volume 

fractions are assumed to be continuous functions of space and time, and the sum of volume 

fractions for primary and secondary phase is equal to one. It involves solving the conservation 

equations for turbulent flow for each of the phases, and includes an additional term to account 

for the phase interactions (ANSYSFluentÈTheory-Guide). The conservation of mass equation 

ensures the mass is conserved for each of the phases, while the conservation of momentum 

equation solves the interaction forces such as drag, lift and turbulence. All the properties, such 

as velocity, pressure, mass, momentum and energy transfer for both the phases are obtained by 

averaging over the considered control volume.  

The advantage of employing E-E framework in CCGA process helps in the modelling of 

melt break-up, especially the primary atomisation, facilitating in the understanding of the melt 

break-up mechanism. It can also be helpful to predict the pre-filming mechanism based on the 

gas-die design and gas inlet parameters (Jadidi et al., 2015). And also, using E-E framework, 

there have been efforts to model the satellite formation and gas entrapment within the melt 

droplets leading to porosity in gas atomised powders. However, the E-E framework also has 
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major drawbacks. Since, the properties of phases are averaged over a control, the information 

on trajectory of an individual particle, as typical seen in CCGA process cannot be obtained 

(Jadidi et al., 2015). Modelling the interactions between the gas and melt phase is highly 

complex. Fine grid size is required to capture small-scale flow phenomena, such as secondary 

atomisation or micro-meter droplet formation (Wang et al., 2023d). As E-E framework requires 

fine spatial resolution of the grid, it is highly computationally intensive and might prevent 

carrying out parametric studies of real-time applications (Liu et al., 2023b, Wang et al., 2023b).  

Euler-Lagrange (E-L) framework 

      In Euler-Lagrange (E-L) framework the primary phase is modelled as a continuum, whereas 

the secondary phase is modelled by solving it as individual particles, thereafter integrating it 

into the solved gas flow-field (ANSYSFluentÈTheory-Guide). The interactions between the 

individual particles and the turbulent eddies of the primary phase are obtained to provide 

detailed information on the motion of the particles and their trajectories. However, in the E-L 

framework the flow around the individual particles is not solved and the finite dimensions of 

the particles are not considered. Hence, the individual particles of the dispersed phase should 

be smaller than the grid size. Owing to this, the E-L framework can only be employed to flows 

having a low volume fraction of the dispersed phase (secondary phase), although a higher mass 

loading (ἂparticles Ó ἂfluid) is admissible (Pakseresht and Apte, 2019, ANSYSFluentÈTheory-

Guide). 

 Some of the widely used CFD models under E-L framework are Discrete Element 

Method (DEM) and Discrete-Phase model (DPM). In DEM, each particle has definitive 

properties such as shape, size, and material characteristics. It tracks the particle-particle 

interaction forces and particle-wall interaction forces such as contact forces, tangential forces, 

cohesive forces and colliding forces. At each timestep the forces are computed, subsequently 

their positions and velocities are updated accordingly. In DPM, the individual particles 

trajectories are predicted by equating the force balance between the particleôs inertia and the 

forces acting on it at specific intervals of the fluid phase. In addition to the particle trajectory, 

its heat and mass transfer is also computed. DPM also facilitates in the modelling of heating 

and cooling, boiling and vaporisation, and droplet breakup and coalescence. However, since 

the model assumes that the dispersed phase is sufficiently dilute, the particle-particle 

interaction and the effect of dispersed phase volume fraction on the gas phase are negligible. 

Hence, the model can only be employed for dispersed phase accounting for < 10% of the total 
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volume fraction, although the mass loading can be greater than that. This makes the model 

appropriate for modelling atomisation processes, spray dryers, aerosol dispersion, bubble 

stirring of liquids, and other particle-laden flows. 

 The DPM model employed can be modelled as uncoupled or coupled DPM. It is divided 

into four types: one-way, two-way, three-way, and four-way coupling (Vowinckel, 2021). In 

one-way coupling or uncoupled approach, the influence of the gas flow-field on the particle is 

taken into account. In two-way coupling, the influence of the particle on the gas flow-field and 

the influence of the gas flow on the particle is considered. In three-way coupling, in addition 

to the premise of two-way coupling, it also considers the particleôs influence on the localised 

fluid that affects the motion of another particle. In four-way coupling, in addition to all three 

above coupling, particle-particle interaction is also considered (Alobaid et al., 2022).  

Although modelling the two-phase CCGA process employing DPM via E-L framework 

is advantageous for providing detailed particle-level insights into the system, its prime 

advantage is, it is computational tractable compared to E-E framework, enabling longer and 

more extensive simulations. Since, the research presented in this thesis focusses on the gas-

melt interaction rather than the melt break-up, DPM is considered to be the appropriate 

modelling strategy. The DPM methodology implemented for the research is presented in 

Section 4.3.2. 

2.5.6 Discrete-Phase Model (DPM) 

 

In DPM, the trajectory of an individual particle (discrete phase) is predicted by carrying 

out force balance on the particle, presented in Lagrangian frame of reference. The force balance 

is equated between the particleôs inertia and the forces acting on the particle. This is presented 

in Equation 2.24, 
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where, ά
ᴆ ᴆ
 is the drag force acting on the particle, Ὂᴆ is any other additional forces acting 

on the particle, ά  is the mass of the particle, ” is the density of the particle, Ὣ is the 
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acceleration due to gravity, † is the droplet relaxation time, ὙὩ is the relative Reynolds 

number, ὅ is the drag coefficient, όᴆ is the fluid phase velocity, όᴆ is the particle velocity, and 

Ä is the diameter of the particle  (Wang et al., 2023c, ANSYSFluentÈTheory-Guide).  

2.5.7 Turbulent dispersion of DPM particles  

In a turbulent flow the trajectories of the DPM particles are predicted by using the mean 

fluid phase velocity presented in Equation 2.27 derived from Equation 2.11. To include the 

effect of turbulence on the particle trajectory, in addition to the mean fluid velocity the 

fluctuating velocity is also considered. This predicts the particle dispersion due to turbulence 

in the gas flow-field. 

ό ό ό 2.27 

where, ό is the instantaneous fluid velocity, ό is the mean fluid phase velocity, ό is the 

fluctuating velocity of the fluid phase (ANSYSFluentÈTheory-Guide).  

By introducing the fluctuating velocity term into the particle trajectory, the stochastic 

tracking aims to capture the unpredictable nature of particle in turbulence flows. The stochastic 

tracking utilises the probability density function to evaluate the instantaneous components. An 

integral time scale, Ὕ, is introduced to predict the particle dispersion. Ὕ is the time a particle 

retains its initial velocity before changing it due to the effects of turbulence. High values of Ὕ 

indicates the presence of large and persistent turbulent structures in flow, and low values of Ὕ 

indicates the presence of small and inconsistent turbulent structures. Integral time scale, Ὕ, is 

given by 

Ὕ
ό ὸό ὸ †

όᴂ
Ä† 2.28 

 where, ό  is the fluctuating component of the particle velocity,  όᴂ is the root mean square 

of the fluctuating component, and † is the duration between two instances, known as time lag.  

 For small particles that move along with the fluid, having zero drift velocity, the integral 

time scale becomes the fluid Lagrangian integral time, Ὕ. This time scale can be computed as 

given by  

Ὕ ὅ
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where, ὅ is the model constant, which is unknown and needs to be determined. For k - Ů 

turbulence model, Ὕ is the given by Equation 2.30, and for k - ɤ turbulence model, Ů is 

substituted as 0.09kɤ (ANSYSFluentÈTheory-Guide). 

Ὕ πȢσπ
Ὧ

‐
 2.30 

The stochastic model employed for DPM particles to capture the particle dispersion is 

the Discrete Random Walk (DRW) Model which also known as eddy lifetime model. In DRW 

model, the particle interaction in the turbulent flow is accounted for each of the eddies present, 

and is simulated based on the eddy characteristics. An eddy is defined by a Gaussian distributed 

random velocity fluctuation, ό, ὺ and ύ in the x, y, and z directions, respectively, and by an 

eddy time-scale, †. The Gaussian distributed random velocity fluctuation is given by Equation 

2.31. 

ό ‒ό  2.31 

ό ὺ ύ ςὯ σ 2.32 

where, ‒ is Gaussian distributed random number. Similarly, the fluctuating velocity, ὺ and ύ, 

along the y, and z direction, respectively, is computed in same manner as presented in Equation 

2.31. 

  The eddy timescale, †, which is the characteristic lifetime of an eddy in the turbulence 

flow is modelled based on Ὕ as a constant, or as a variable randomly varying about Ὕ. Equation 

2.33 shows † as a constant, and Equation 2.34 gives † as a random variable, both based on  

Ὕ.  

† ςὝ 2.33 

† ὝÌÎὶ 2.34 

where, ὶ is a uniform random number, 0 < ὶ < 1 (ANSYSFluentÈTheory-Guide). 

2.5.8 Two-way coupling between primary and secondary phase 

In Section 2.5.5, the different coupling mechanism available in DPM to predict the 

particle flow pattern based on the influence of continuum (gas phase) is discussed. There are 

four ways of coupling, and for the research presented in this thesis, for all of the 22 simulations 

carried out, two-way coupling is employed. In section 4.3.2, the methodology employing the 

two-way coupling is discussed.  
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During a particleôs flight, in addition to the particleôs trajectory, the mass, momentum 

and heat-transfer are computed. In two-way coupling, the effect of particleôs trajectory on the 

continuum is computed by employing interface exchange equations of mass, momentum and 

heat-transfer.  

Mass exchange 

The mass exchange from the discrete phase to the continuum for the two-way coupling 

is computed by taking into account the change in mass of a particle as it travels through each 

control volume. The mass transfer from the discrete phase to the continuous phase is considered 

as source of mass for the continuous phase (ANSYSFluentÈTheory-Guide). The mass transfer 

is computed as 

ὓ
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where, Ўά  = change in mass of a particle, 

ά ȟ = initial mass flow rate of the particle injection, 

ά ȟ = initial mass of the particle, 

 

Momentum exchange 

Similarly, the momentum exchange between the discrete and continuous phase is 

computed by calculating the change in momentum of a particle as it travels through each 

control volume. This momentum exchange is considered as a source of momentum for the 

continuous phase. The momentum exchange is computed as 

Ὂ В
ρψ‘ὅὙὩ
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where, ” is the density of the particle, Ὠ is the diameter of the particle,  ὙὩ is the relative Reynolds 

number, ό is the velocity of the particle, ό is the velocity of the fluid, ά  is the mass flow rate of the 

particle, ὅ is the drag coefficient, ῳὸ is the timestep, and Ὂ  is the other interaction forces 

(ANSYSFluentÈTheory-Guide).  

Heat exchange 

Similar to the mass and momentum exchange, heat exchange from the discrete phase 

to the continuum is computed by calculating the change in thermal energy possessed by a 

particle as it travels through each control volume. The heat transfer appears as a heat source in 
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the continuous phase (ANSYSFluentÈTheory-Guide). The exchange in the thermal energy is 

given as 
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where, ά  = mass of the particle on cell entry, 

ά = mass of the particle on cell exit, 

ὧ = heat capacity of the particle, 

Ὄ = heat of pyrolysis as volatiles are evolved, 

Ὕ = temperature of the particle on cell entry, 

Ὕ = temperature of the particle on cell exit, 

Ὕ = reference temperature for enthalpy, and 

Ὄ = latent heat at reference conditions. 
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3 Literature review 

 

In Chapter 2, the general working of the CCGA process and its related CFD models 

employed to numerically model the process were discussed. This section reviews the operating 

parameters and the CFD models of the CCGA process, and their influence on the process. The 

review chapter is divided into two parts: experimental investigations on CCGA process and 

their outcomes, and theoretical studies on CCGA process using CFD modelling and their model 

evaluation. 

3.1 Factors and Design parameters affecting CCGA Process 

 

The CCGA process is affected by various factors and design parameters such as operating 

pressure, operation of the atomiser at wake-closure pressure (WCP), gas-die design, melt 

nozzle design, nozzle angle, protuberance length, and many more. Some of the major 

parameters are discussed below.  

 

3.1.1 Effect of gas inlet pressure 

 

In CCGA process, based on the gas inlet pressure, the wake can exist in two different 

configurations: open-wake condition and closed-wake condition. This is because, the pressure 

variation in the inlet gas results in generation of shocks. At lower operating pressure, the 

recompression shocks does not cross each other to produce the normal shock perpendicular to 

direction of flow, known as Mach-disk. However, at higher inlet pressures, the recompression 

shocks gets reflected from the sonic boundary and crosses each other, producing normal shock, 

i.e., Mach-disk (Anderson et al., 1991). The region in the flow-field present in front of the melt 

nozzle outlet, i.e. the region bordered by the inner sonic boundary radially, and the Mach-disk 

downstream is known as the wake. This is shown in Figure 3.1. At higher gas pressure when 

the Mach-disk is present downstream, it indicates the wake is in closed-wake condition, and at 

low pressures, absence of Mach-disk downstream indicates the wake is in open-wake 

condition. The open-wake and closed-wake condition in gas flow-field is illustrated in Figure 

3.2. 

In both the wake conditions, the recirculation zones exist because of the close proximity 

of the gas and melt nozzles, as shown in Figure 3.1. This facilitates the effective pulling of the 

melt from the melt nozzle (pre-filming), resulting in finer atomisation. Under closed-wake 

conditions, the introduction of melt disrupts the Mach-disk causing the wake to enter into open-
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wake condition. However, this occurs only momentarily since the Mach-disk re-establishes to 

form closed-wake condition due to the strong gas-jet. This repeats over and over again, and 

this repeated and continuous shift between open- to closed-wake condition is known as 

pulsatile phenomenon (Ting et al., 1998).  

 

Figure 3.1 Schematic illustration of gas flow-field with Mach-disk downstream. 

 

 

Figure 3.2 Schematic representation of closed- and open-wake conditions (Anderson et al., 

1991). 

 

Wide range of research on CCGA were conducted using different inlet gas pressures. It 

was observed that at lower operating pressures, larger particle sizes were obtained, and higher 

operating pressures resulted in smaller particle sizes (Wang et al., 2023c). This is because at 

higher pressure, the particle experiences higher weber number (Figure 2.9), resulting in finer 

secondary atomisation leading to smaller particle sizes. However, with a retracted melt nozzle 
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(discussed in Section 3.1.4), it was observed that the particle size increased despite operating 

at high pressure. This is because a positive pressure develops at the melt nozzle exit, hindering 

a smooth melt flow from the tundish thereby causing improper atomisation. And at sufficiently 

high pressure, it possesses the risk of melt freeze-off which is adverse for the process. Table 

3-1 presents the various research conducted using different gas inlet pressure and their outcome 

in PSD. Although, the increase in gas inlet pressure decreases the PSD, it is largely affected by 

other operating parameters such as GMR, melt temperatures, melt nozzle angle, and many 

more. Nevertheless, at extreme high inlet pressures of  >6 MPa, there is no significant reduction 

in particle size or PSD (Shi et al., 2022). Additionally, operating at such high pressures also 

results in substantial energy consumption both during the process and subsequent 

recompression of the gas. Ideally commercial atomisers operate at a GMR of 1-2 to maximum 

both the yield and reduce the energy expenditure (Zeoli et al., 2012).  

 

Table 3-1 Inlet gas pressures used in different CCGA process and their respective PSD 

outcome.  

Author Gas inlet pressure PSD (Õm) 

(Wang et al., 2023a) 3 MPa Ὠ10ɀὨ90 : 11.4 - 105.9 

(Luo et al., 2023) 2 MPa Ὠ10ɀὨ90 : 15 - 53 

(Wang et al., 2023b) 1.5 - 4.5 MPa Ὠ10ɀὨ90: 25 - 175 

(Wang et al., 2023e) 

0.5 MPa DM : 8.03 

1.5 MPa DM : 5.78 

2.5 MPa DM : 5.93 

(Wang et al., 2021) 2.5 MPa Ὠ10ɀὨ90 : 22Ñ3 ï 50Ñ4.6 

(Liu et al., 2023a) 0.5 - 3 MPa Ὠ50 : 25.56 - 28.42 

(Zhao et al., 2023) 4 MPa Ὠ10ɀὨ90 : 10 - 100 

(Wang et al., 2024b) 4 MPa Ὠ10ɀὨ90 : 64 - 100 

(Zhang et al., 2023a) 2.5 MPa Ὠ10ɀὨ90 : ςυ Ȥ ςυπ 

(Shi et al., 2022) 

5 MPa Ὠ10ɀὨ90 : 40 Ȥ ρσσ 
6 MPa Ὠ10ɀὨ90 : 35 Ȥ ρσπ 
7 MPa Ὠ10ɀὨ90 : 35 Ȥ ρςπ 
8 MPa Ὠ10ɀὨ90 : 20 Ȥ ρρπ 

(Wang et al., 2023c) 

1.5 MPa Ὠ10ɀὨ90 : 55 - 179.4 
2.0 MPa Ὠ10ɀὨ90 : 31.1 - 146.3 
3.0 MPa Ὠ10ɀὨ90 : 27.2 - 120.4 

0ÒÅÄÉÃÔÅÄ -ÅÁÓÕÒÅÄ 
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3.1.2 Effect of Wake-Closure Pressure (WCP) 

With the increase in gas inlet pressure, the pressure at which the wake transits from open-

wake to closed-wake is known as Wake-Closure Pressure (WCP). Ting (2003) delineated the 

CCGA operation under open-wake condition just prior to closed-wake condition. It was 

observed that as the melt was drawn into the wake by the aspiration pressure, the wake region 

enlarged, owing to which a stronger recirculation zone was developed. The process of melt 

drawn into the atomisation chamber; it undergoing pre-filming; and wake enlargement are 

presented in Figure 3.3a-c. Simultaneously, due to the enlargement in the wake, the stagnation 

pressure flows towards the nozzle creating a backpressure thereby retarding the melt flow 

(Figure 3.3c). Subsequently, the melt inflow in the wake region reduces, causing the wake to 

return back to its original configuration as illustrated in Figure 3.3b.  

 

Figure 3.3 A two-phase flow interaction showing, (a) the gas-only feature at below WCP 

operation just prior to the introduction of the melt in to the wake, (b) melt entrainment into 

the wake, and (c) enlargement of wake and retarding melt flow due to the opposing force 

exerted by stagnation pressure. (Ting, 2003) 

 

With further increase in gas inlet pressure, the wake transits from open-wake condition to 

closed-wake condition. During the closed-wake condition, i.e., with the presence of Mach-disk,  

as presented in Figure 3.4a, the melt is drawn into the wake by the aspiration pressure. With 

the continuous entrainment of the melt into the wake, it abruptly disrupts the Mach-disk to 

enter into open-wake condition. This wake transition from closed-wake condition to open-wake 
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condition is illustrated in Figure 3.4b and Figure 3.4c. A stronger recirculation zone is 

developed due to the increased gas flow in the wake, leading to enlargement of the wake, as 

presented in Figure 3.4d. Simultaneously, the high pressure at stagnation point surges into the 

wake, temporarily stopping the melt flow. This is shown in Figure 3.4e. With the amount of 

melt in the wake declined, the wake begins to neck, leading to the re-establishment of the 

Mack-disk as originally observed in Figure 3.4a. Thus, both operating at and above WCP, the 

wake continuously alternates between open- to closed-wake condition until the melt reserves 

exhaust.  

 

Figure 3.4 Two phase flow interaction showing, (a) the wake in the closed-wake condition 

just prior to the introduction of the melt into the wake, (b) the introduction of the melt into 

the wake drawn in by the deep aspiration pressure, (c) melt disrupting the Mach-disk and 

entering onto open-wake condition, (d) enlargement of the wake and the high pressure from 

stagnation point 4 surging into the wake, and (e) the pressure surge temporarily disrupting the 

melt flow. The wake region begins to neck, leading to the re-establishing of Mach-disk as 

shown in (a) (Ting, 2003). 

 

Atomisation trials were conducted operating both under open-wake condition and 

closed-wake condition. Ting (2003) observed, atomisation operating above WCP resulted in 

finer powders compared to atomisation operated below WCP, i.e., open-wake conditions. It 

was calculated, that the Ὠ50 reduced from 63.5 to 37 Õm, and standard deviation (Ὠ84/ Ὠ50) 

reduced from 3.38 to 2.61 when transitioned from open- to closed-wake operation. This is due 
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to the reduced amounts of melt that is drawn intermittently into the wake during closed-wake 

condition that the effective atomisation is carried out. Moreover, it was also observed the 

amount of melt flow rate reduced from 23.2 to 14.5 kg min-1 when transitioned from open- to 

closed-wake operation, confirming the reduced and intermittent inflow of melt. Conversely, 

during open-wake condition, continuously supply of melt is fed into the wake resulting in larger 

particle size (Ting, 2003).  

3.1.3 Design of gas delivery nozzle 

Another factor which influences the PSD is the gas-delivery nozzle design. Pressurised 

gas when sent through the gas nozzle, expands to develop into supersonic gas. The nozzle plays 

an important role in the flow mechanics of the impinging jet, creating regions of high and low 

pressure, shocks, wakes, sonic boundaries, and flow separations. Various designs have been 

implemented in a continuous effort to improve the powder yield. Some of the important gas 

nozzle design parameters affecting the powder characteristics are the nozzle configurations, 

nozzle exit area, and nozzle apex angle (Figure 3.5). This section outlines the nozzle 

configurations and their characteristics. 

 

Figure 3.5 Cut section of annular slit gas nozzle (Zhao et al., 2012). 

 

The nozzle configurations are classified into two types: gas-die configuration and 

nozzle profile. Gas-die configurations are broadly divided into two types: Annular slit (AS) 

and Discrete jet (DJ). In the annular slit gas nozzle, the melt nozzle lies in the axis of symmetry, 

i.e., geometrical centre, and the gas nozzle is present around the melt nozzle in the form of 

circular disk. The outer wall of the melt nozzle acts as the inner wall to the gas nozzle. The cut 

section of a typical annular slit gas nozzle is presented in Figure 3.5. The opening orifice where 

gas exits is continuous and circular, forming a slit in the shape of a ring, hence taking the name 

óslitô. Although the machining of such nozzles is considered uncomplicated, the nozzles have 

two significant disadvantages. Firstly, it is extremely tedious to align both melt nozzle and gas 

nozzle in the same axis of symmetry. Even with minor errors in the alignment of the slit the 
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width distribution across the slit becomes asymmetrical, resulting in asymmetrical gas flow, 

thereby deeming the process an adverse failure. Secondly, for a given pressure the mass flow 

rate of the gas exiting the annular slit nozzle will be considerably higher than that of discrete 

jet nozzle, resulting in unnecessary usage of gas. These crucial factors led to the construction 

of better and robust gas nozzle ï discrete jet gas nozzle.  

Discrete-jet, as the name suggests contains individual slot of holes for gas to flow, 

forming individual gas-jets. A typical discrete-jet gas nozzle used in the CCGA study conducted 

by Motaman (2013) is shown in Figure 3.6. Unlike the annular slit nozzle, in this type, both 

the melt nozzle and gas nozzle are separate entities, and are assembled together as one system. 

The individual slots are arranged symmetrically around the melt nozzle axis and are positioned 

equidistant from each other. Different studies have adopted different number of discrete-jet 

nozzles to construct better nozzle for improved performance. Studies conducted by Anderson 

et al. (1991), Mullis et al. (2010), McCarthy et al. (2013), and Motaman et al. (2015) have 

employed 18 discrete nozzles, equidistantly placed at 20Á to about the melt nozzleôs axis. In a 

study conducted by Wang et al. (2023e) 36 discrete nozzles were employed, equidistantly 

placed at 10Á to each other. Similarly, in another study, Silva et al. (2022) used 20 discrete 

nozzles, placed at 18Á distribution, and Wang et al. (2024b) used 12 discrete nozzles placed at 

30Á, in symmetry with the melt nozzle. The advantage in discrete-jet nozzles over annular slit 

includes increased process control, increased uniformity in particle size and process efficiency. 

Also, due to the drastically reduced size of the outlet area for gas flow, higher pressures of gas 

can be used without considerable concern to gas consumption rates which in turn yields finer 

particles (Urionabarrenetxea et al., 2014).  

 
Figure 3.6 The discreet-jet gas-die components and melt delivery nozzle, (b) Melt and 

discrete gas die assembly (Motaman, 2013). 

Just as nozzle gas-die configurations are broadly divided into annular slit and discrete-

jet, the nozzle internal profile can also be classified broadly into two types: cylindrical and 

convergent-divergent (C-D) nozzles. The cut-section of cylindrical and C-D nozzles are 
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presented in Figure 3.7. Both cylindrical and C-D nozzles, has its own advantages and 

disadvantages. Cylindrical nozzle profiles are simple in design and are much easier to machine. 

Albeit, given the nozzle inner diameter is << 1 mm, it requires ultra precision machining. 

However, it is still simpler compared to the machining of complicated C-D nozzle profiles. The 

advantage of adopting a cylindrical profile nozzle is, it can be operated over a wide range of 

pressures (Mullis et al., 2013a). However the major disadvantage is, it develops choked flow 

in the nozzle, owing to which the flow of the gas is drastically reduced to Mach 1 irrespective 

of the inlet gas pressure (Mullis et al., 2007). 

 

Figure 3.7 A schematic diagram of (a) cylindrical nozzle profile (Antipas, 2009), (b) C-D 

nozzle profile. (Anderson and Terpstra, 2002). 

Similarly, C-D nozzle profiles have their own advantages and disadvantages. 

Advantages include, higher gas-jet velocity compared to cylindrical nozzle for the same inlet 

pressure (Srivastava and Ojha, 2006). This results in increased shearing forces on the melt, 

providing finer atomisation. Also, as a result of higher gas velocity, particles undergo increased 

cooling rates. The downside of using C-D nozzle profiles is, it is extremely complicated to 

machine, and needs expensive, non-conventional, ultra precision machining technique such as 

Wire-cut electrical discharge machining (EDM) to manufacture the nozzle. Moreover, in C-D 

nozzles for a specified exit Mach number, there is one specific nozzleôs exit to throat area 

(ὃȾὃ ) ratio, and hence if another exit Mach number of interest is required, another C-D 

nozzle with corresponding exit to throat area ratio has to be designed (Rathakrishnan, 2019).  

The gas nozzle performance, and in turn the process performance is also affected by 

other design parameters such as the nozzle offset distance, and gas and melt nozzle mismatch 

angle. The nozzle offset distance is the between the gas nozzleôs inner wall and the melt 

nozzleôs external wall. Based on this, the nozzle design is classified as gas nozzle with and 
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without offset. This is shown in Figure 3.8. Gas nozzle without offset distance generates 

positive aspiration pressure at higher gas inlet pressures leading to potential melt freeze-off. 

This is avoided in gas nozzle with offset distance, however, it poses another disadvantage; at 

lower pressures, the gas nozzle is prone to nozzle clogging. Nozzle clogging occurs when 

molten melt accumulates at the nozzleôs exit, blocking the flow of gas. This usually takes places 

when the melt flows towards the gas nozzle, known as back streaming, and accumulates in the 

lower pressure region next to the nozzle exit.  

 

Figure 3.8 Gas nozzle configurations: a) without offset distance, b) with offset distance. 

Similarly, another design parameter that affects the process performance is the 

mismatch between the gas and melt nozzle angle. Mismatch angle is the difference in angle 

between the gas nozzleôs apex angle (ɓ) and melt nozzleôs apex angle (Ŭ). This is shown in 

Figure 3.9. A mismatch angle of certain degree generates lower aspiration pressure at the melt 

nozzle tip due to the strong radial pressure gradient. However, at larger mismatch angle the 

gas-jet impinges the melt at distance further downstream, resulting in increased particle size 

(¦nal, 2007b). An extreme case of mismatch angle is the cylindrical melt nozzle, (discussed in 

Section 3.1.4). Generally, cylindrical melt nozzles have been observed to prevent melt freeze-

off, however, the melt nozzle design is not optimum to produce fine powders as seen in tapered 

melt nozzle designs (Mi et al., 1997).  

 

Figure 3.9 Cross section of the nozzle having mismatch angle between the gas and melt 

nozzles (Mi et al., 1997).  
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3.1.4 Design of melt delivery nozzle 

Accompanying the gas nozzle in the atomiser system is the melt nozzle. Just as how 

crucial the design parameters of gas nozzle are imperative for efficient operation of the CCGA, 

so is the melt nozzle design parameters. In CCGA process, as discussed earlier, the melt nozzle 

is assembled together with the gas nozzle, thereby providing close proximity between the gas 

and melt nozzle exits. The melt nozzle can be studied broadly on three different aspects: nozzle 

type, nozzle protuberance length and nozzle internal design.  

The nozzle type is generally categorised into two types: cylindrical nozzles and tapered 

nozzles. Cylindrical nozzles are shown in Figure 3.10a&b, and tapered nozzles are shown in 

Figure 3.10c&d and Figure 3.11. Cylindrical nozzles were used during earlier stages of CCGA 

studies (¦nal, 1988, ¦nal, 1989a, ¦nal, 1989b). Studies conducted by Anderson et al. (1991), 

Srivastava and Ojha (2006) and Aydin and Unal (2011), reported that nozzles with a tapered 

profile generate much lower aspiration pressure compared to cylindrical nozzles. Hence 

cylindrical nozzles are avoided in the current CCGA research due to their aerodynamic 

disadvantage.  

  

 
Figure 3.10 Schematic representation of different protuberance lengths of melt nozzle 

(Anderson et al., 1991). 

 

Protuberance length or protrusion length is the measure of melt nozzle extension 

beyond the gas-die datum. The variation in protrusion length as shown in Figure 3.10 affects 

the aspiration pressure of the CCGA process and this in turn affects the melt flow rate. The 

protrusion can be of two types: retracted or extended. Retracted melt nozzle is shown in Figure 

3.10a. In retracted nozzle, the wake closure, i.e., formation of Mach-disk, occurs at a much 

lower pressure than the extended nozzle, which negatively affects the atomisation efficiency 

resulting in large particle size. Moreover, in retracted melt nozzles, pressure along the 

atomiserôs axis was reported to be significantly higher compared to extended melt nozzles, 
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leading to the development of over-ambient (positive) pressure at the melt nozzle tip. Since, 

CCGA process operates by drawing melt proportional to the aspiration pressure (negative 

pressure), a positive pressure would be detrimental for the process and can cause adverse melt 

freeze-off inside the melt nozzle (Mi et al., 1997). An extended melt nozzle on the other hand 

creates a relatively lower pressure region at the melt nozzle tip owing to the gas flow dynamics, 

shaped by the nozzleôs design. However, for melt nozzles with increased protrusion length, 

poor atomisation performance were reported, resulting in increased particle size (¦nal, 1988). 

This is because, with increased protrusion length, the shocks undergo multiple reflection 

between the melt nozzle outside wall and the sonic boundary, weakening the flow, resulting in 

flow reaching subsonic speeds (¦nal, 1989b). In a similar study carried out by Aksoy and ¦nal 

(2006) it was observed that at optimal protrusion length, even low inlet gas pressure produces 

finer particles, whereas at increased protrusion length it resulted in undesirable particle size.  

 
Figure 3.11 Cut section of different internal profiles of melt nozzles. a) flat tipped, b) flared 

with lip, c) flared without lip, d) hemi-spherical and e) trumpet (Mullis et al., 2011, McCarthy 

et al., 2013). 

 

Thirdly, the internal design of the melt nozzle also plays an equal role in the CCGA 

process. The major internal designs present in the literature for the melt nozzle are flat-tipped, 

flared with lip, flared without lip, hemi-spherical and trumpet shaped (Mullis et al., 2011, 

McCarthy et al., 2013). Traditionally, flat tipped melt nozzle as shown in Figure 3.11a have 

been widely adopted for most of the research and commercial production to facilitate a smooth 

pre-filming. However, nozzles with other designs have also been investigated for pre-filming 

and atomisation efficiency. Although flared with and without lip (Figure 3.11b-c) have been 

aimed to increase the pre-filming, study carried out by Mullis et al. (2011) show that the 

aspiration pressure is higher compared to the flat tipped nozzle, which are generally considered 

to be of negative impact to the process, since they pose risk of melt freeze-off. However, usually 

in commercial atomisation this is overcome by applying an over-pressure to the melt reservoir 

to ensure continuous downward flow of melt.  
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 Table 3-2 Parameters used by various researchers for studying melt nozzle design 

Author Type 

Apex 

angle 

(Deg) 

Protrusion 

length 

(mm) 

Inner 

dia 

(mm) 

Tip 

Dia 

(mm) 

Lip 

angle 

(Deg) 

(Aksoy and ¦nal, 2006) Tapered 25ę 

5 

3 - 0 10 

15 

(Mates and Settles, 2005) 
Tapered 45ę 3.6 2 8 

0 
Cylindrical 0 5 2 8 

(¦nal, 1989a) Cylindrical 0 5 4 10 0 

(Mullis et al., 2013b) Tapered 45ę - 2 5 0 

(Srivastava and Ojha, 

2006) 

Cylindrical 0 0-6 3 
- 

0 

Tapered 9ę 0-4 3 0 

(Aydin and Unal, 2011) Tapered 26ę 5 3 - 0 

(Mi et al., 1997) Tapered 

63ę 1.93 

4.76 

8.43 

0 
45ę 

0 10.03 

1.93 8.43 

2.34 8.09 

3.86 6.83 

30 ę 1.93 9 

0 1.93 10.03 

(Si et al., 2014) Tapered 45ę 6 4 - 0 

(¦nal and Aydēn, 2007) Tapered  44ę - 3 - 0 

(¦nal, 1988) Cylindrical  0 

3 

4 

10 

0 5 8,10,12 

8 10 

(¦nal, 2007a) Tapered 26ę  5 3 5 0 

(McCarthy et al., 2013) 

Tapered 

45ę - 2 4.9 

0 

Flared  30 

Sharp edge 30 

Sharp edge 

with 

profile 

R-2.5 

(radius) 

(Mullis et al., 2007) Tapered 90ę - 2 5 0 

(Mullis et al., 2013a) Tapered 45ę - 2 5 0 

(¦nal, 1989b) Cylindrical 0 

5 

4 

8 

0 3,5,8 10 

5 12 

(Mates and Settles, 1996) 
Tapered 45ę 3.6 2 8 0 

Cylindrical 0 5 2 8 0 

(Mullis et al., 2010) 

Tapered 

90ę - 2 5 

0 

Sharp edge 30 

Flared 30 
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Moreover, melt nozzles with hemi-spherical profile (Figure 3.11d) achieved wake 

closure at a lesser gas inlet pressure (3 MPa) compared to flat-tipped nozzle (5 MPa) (Mullis 

et al., 2007). This profile was designed to facilitate the wider spreading of the melt before 

coming in contact with gas jet, thereby resulting in finer atomisation. On the contrary, the 

profile posed a challenge, wherein the melt entered into the wake undistributed. Nevertheless, 

the use of trumpet profile, shown in Figure 3.11de, reduced the particle size by 17% compared 

to flat-tipped nozzle (Figure 3.11a) (Anderson et al., 2005). By including slots to the trumpet 

profile, particle size was further reduced another by 16%. However, with an increased exit 

surface area such as seen in a trumpet profile, the melt is prone to more oxidation (Anderson 

et al., 2005). Table 3-2 outlines the various CCGA studies carried out with different melt nozzle 

design parameters.  

 

3.2 CFD study on CCGA 

 

The physical atomisation process is highly complex and chaotic, deeming it too rapid 

for clear visual observation. Although, high-speed cameras have been utilised to inspect and 

study the CCGA process, the camerasô ability to capture and record is limited to a 2D plane. 

Moreover, this 2D observation of the process also does not provide a clear characterisation of 

the process, since the captured photographic frame in 2D is a superimposed overlap of the 3D 

process. Furthermore, although photographic capturing of the process has benefited in 

understanding of some aspects of it, owing to the extremely complex and chaotic nature of the 

process, they have limited contribution towards the understanding of the background physics. 

To understand the background physics of the process and to optimise it further, researchers 

have taken the aid of CFD tools to explore and model the process. This section provides an 

outline of the various CFD studies carried out on CCGA process, both single-phase (gas-only) 

and two-phase flow. Overview of the CFD models related to this research is discussed in 

Section 2.5, and the CFD methodology employed for the current research is presented in 

Chapter 4. A compilation of various CFD studies carried out on CCGA process, both on single-

phase (gas-only) flow and two-phase flow, detailing the key models employed in their study is 

presented in the Appendix.  
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3.2.1 Single phase: Gas-only flow 

One of the early single-phase CFD studies was carried out by Espina and Piomelli 

(1998), employing k-Ů turbulence model to study the influence of model constants, gas inlet 

pressure, and gas temperature. The study reported that the model in general under-predicted 

the flow characteristics. The study reported that with increase in gas inlet pressure, there was a 

sharp drop in aspiration pressure followed by a steady rise. However, the aspiration pressure 

measured in this study was in reference to the pressure in the melt delivery tube, rather than 

the gas pressure obtained at the melt nozzle tip. The sudden drop in the aspiration pressure 

might be corresponding to the wake-closure pressure; and the steady rise is due to the increase 

in gas inlet pressure under closed-wake condition which increases the aspiration pressure 

thereby retarding the melt in-flow. CFD studies carried out by Mi et al. (1997) and Espina and 

Piomelli (1998) consistently demonstrated that the aspiration pressure decreased with increase 

in gas inlet pressure while operating under open-wake conditions. And increased with increase 

in gas inlet pressure while operating under closed-wake conditions. The k-Ů turbulence model 

was also employed by Mi et al. (1996) and Mi et al. (1997). These studies reported one of the 

earliest flow-field behaviour for closed-wake condition, i.e., with Mach-disk. Mi et al. (1996) 

reported, with increase in gas inlet pressure the recirculation length increased, however, at >2 

MPa, the recirculation length decreased. This is due to the formation of Mach-disk that the 

recirculation zone shrunk. Mi et al. (1997) extended the CFD model to investigate the effects 

of melt tip designs under gas-only flow conditions. Increase in melt tip length (protrusion 

length) did not change the position of Mach-disk downstream, however, it proportionally 

increased the second recirculation zone length after the Mach-disk. Contrastingly, with increase 

in melt nozzle taper angle, the Mach-disk location was pushed downstream. Increasing the 

angle also generated weaker Mach-disk.  

Ting and Anderson (2004) also investigated the effect of increasing gas inlet pressure 

to study the wake-closure phenomenon. The study confirmed the existence of a flow 

discontinuity both in velocity and pressure, immediate downstream of the Mach-disk. This 

study corroborated with Mi et al. (1997) and Espina and Piomelli (1998) demonstrating the 

reduction in the aspiration pressure until wake-closure pressure, and subsequent increasing 

thereafter. Although, the CFD model captured the general trend in the aspiration pressure with 

increasing gas inlet pressure, it revealed the existence of mismatch between the CFD model 

and experimental recordings of the aspiration pressure. This mismatch is due to the non-

availability of numerically robust CFD models. Nevertheless, this research is one of the earliest 
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numerical analyses to include compressibility effect into the CFD model, predicting the 

behaviour of the gas flow-field and the formation of Mach-disk at and beyond wake-closure 

pressure. Similarly, Tong and Browne (2009) numerically modelled the compressible gas-only 

flow, but considered the flow to be transient in nature. However, the model under-predicted the 

pressure in the gas flow-field. Moreover, the model failed to capture the established trend of 

aspiration pressure, which typically shows a decrease before the wake-closure and increase 

afterward. Instead, the model predicted an overall decrease in the aspiration pressure with the 

increase in gas inlet pressure. 

With further advancements in CFD models and computational resources, 

computationally robust models predicting more reliably were developed. Aydin and Unal 

(2011) studied the effect of gas inlet pressure in a gas-only (no melt) atomisation process by 

adopting k-Ů turbulence model. The study reported of using an unstructured mesh employing 

first-order upwind scheme having a total of 629,922 mesh elements. This is because of the 

extensive mesh refinement near nozzle and wall regions. Using such a refined mesh the study 

reported a 11-15% difference between the experimental and theoretical results of the aspiration 

pressure. This difference could be reduced by employing second-order upwind scheme, as it is 

more robust for unstructured mesh. However, with significant increase in the number of mesh 

elements, the models require substantially higher computational resources. Although CFD 

models with such large number of mesh elements might be possible to run in steady-state 

condition, this would be a cumbersome and strenuous effort to run in transient (unsteady) 

conditions.  

 Zhao et al. (2012) compared the k-Ů and RSM turbulence models for atomiser with 

increasing gas nozzle angle, and reported k-Ů turbulence model under-predicted the gas 

expansion thereby resulting in a narrower gas flow-field cone angle compared to that of RSM 

turbulence model. Although, both the k-Ů and RSM turbulence models under-predicted the 

general flow when compared against the experimental results, RSM model captured the flow 

and performed better at steep pressure gradients. Motaman et al. (2013) extended the gas 

atomisation CFD model by employing the k-ɤ turbulence model and investigated the melt 

nozzle geometry. A structured mesh with 11,000 elements was employed for this study. The 

turbulence model effectively captured the compressible flow expanding from a C-D nozzle 

exit, reflecting the experimentally observed gas flow.  

Recent CFD studies, including Kaiser et al. (2018) investigated the comparison 

between two types of C-D nozzle, annular slit (AS) nozzle and isentropic plug (IP) nozzle. 

With the considerable development of computational resources, the study solved the CFD 
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model as a compressible unsteady flow using the RSM turbulence model with a small timestep 

size of 1e-06 s. However, this computationally intensive simulation was made undemanding 

by constructing mesh with reduced mesh elements (27,000), although appropriate mesh 

refinements are applied at the gas nozzle exit and regions of adverse pressure gradient. The 

study revealed that even though IP nozzle generated gas flow-field with reduced presence of 

shocks, it generated positive aspiration pressure at the melt nozzle tip which is of negative 

influence on the process. Similar CFD studies using C-D nozzle were conducted by  Zhao et 

al. (2023), Wang et al. (2023b) and Zhang et al. (2023b).  

Zhao et al. (2023) employed k-Ů turbulence model to investigate different gas nozzle 

exit areas. It was found, for a given pressure, at smaller gas nozzle exit area, the flow on exiting, 

expanded further downstream, and developed a curved Mach-disk. However, with increase in 

the exit area, the gas expanded relatively less, but developed a distinct Mach-disk. This is 

because for a given pressure, smaller nozzle exit area leads to increased velocity, and larger 

nozzle exit area results in reduction in velocity. Similarly, Wang et al. (2023b) also employed 

the k-Ů turbulence model, to investigate the gas inlet pressure on nozzle clogging. It was 

reported at very low pressure (1.5 MPa) the process would be prone to nozzle clogging due to 

the negative pressure region formed near the nozzle wall; and at very high pressure (4.5 MPa) 

because of positive aspiration pressure, the gas flow induces melt freeze-off. However, both of 

the catastrophes are prevented when an optimum pressure of 3.5 MPa was employed. The 

results of the study is consistent with the study carried out by Motaman et al. (2013), wherein 

the back-stream flow was highest at 1 MPa, and at higher pressures of 3-5 MPa the back-stream 

flow was absent. The study also predicted absence of nozzle clogging when a mismatch angle 

of 7Á is allowed between the melt nozzle and gas nozzle apex angles. These two studies might 

suggest that an optimum mismatch angle and optimum pressure can simultaneously prevent 

both gas nozzle clogging and melt freeze-off, facilitating a smooth CCGA working, provided 

it operates under closed-wake condition for effective atomisation.  

 In addition to 2D models, CCGA studies in CFD have been extended to 3D to facilitate 

deeper understanding of the process and its optimisation. Generally, a 3D model is 

approximated into 2D axisymmetric model to reduce the computational cost and run-time. 

However, with this approximation, atomiser designs which are radially symmetrical, such as 

annular slit nozzle and circular melt nozzle tip, can only be modelled. To extend the CFD model 

to include Discrete-jet gas nozzles and other shapes of melt nozzle profile, 3D modelling is 

imperative. Ashokkumar (2020) modelled 3D gas-only discrete-jet CCGA process by 

employing k-ɤ turbulence model. The study investigated the effect of gas inlet pressure for two 
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type of gas nozzles: with and without offset distance from the melt nozzle wall. The findings 

of the study were consistent with that of the 2D CFD study carried out by Motaman et al. (2013) 

and Wang et al. (2023b), revealing the process is susceptible to nozzle clogging at low gas inlet 

pressure for the gas nozzle with-offset distance. This adverse nozzle clogging was avoided in 

the gas nozzle without-offset distance. Wang et al. (2023a) used a gas nozzle without offset 

distance to investigate into the boundary layer separation and flow circulation by employing 

the RSM turbulence model. The flow separation results obtained at the melt nozzle tip remained 

consistent with that of Ashokkumar (2020). The study also revealed that the flow from 

recirculation zone joins the mainstream flow at the stagnation point. The atomiser model having 

gas nozzle without-offset distance was further investigated by Wang et al. (2024b) with added 

design modifications. Secondary set of gas nozzles known as Assisted Gas Nozzles (AGNs) 

were added in addition to the primary gas nozzle as shown in the Figure 3.12. The model 

predicted an improvement to the recirculation zone with the implementation of the AGNs. The 

study reported an 12% increase in its recirculation zone velocity, indicating a decrease in the 

aspiration pressure. However, its optimal performance resulting in lowest aspiration pressure 

was observed at lower AGN pressure (1 MPa), rather than higher AGN pressures. 

 

Figure 3.12 Velocity contour of gas-only flow simulation for a) gas nozzle without AGN, b) 

gas nozzle with AGN (Wang et al., 2024b).  

Although gas-only flow studies provide a good insight into the process, it does not 

provide a deeper understanding of gas-melt interactions and of the physical process. This 

demands CFD models involving two-phase flow to have a comprehensive understanding of the 

process and its background physics.   

3.2.2  Two-phase: Multi-phase flow 

With development of advanced and efficient CFD models and increased computational  

power, the CCGA simulations were further extended from single-phase flow to two-phase flow 
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to accurately predict the gas-melt interactions and to deepen the understanding of the 

background physics. The two-phase flow is simulated broadly via two methods: Euler-Euler 

framework and Euler-Lagrange framework (Section 2.5.5 discusses more on this). The Euler-

Euler framework which is also known as Volume of Fluid (VOF) model considers both the gas 

and the melt as a continuum, whereas the Euler-Lagrange framework, which is also known as 

Discrete-Phase model (DPM) considers the gas as a continuum and the melt as a discrete phase. 

However, both VOF and DPM are widely used in modelling the CCGA process, and the studies 

which employed these two approaches are discussed in this section. A compilation of various 

CFD studies carried out on CCGA process, detailing their key models employed in the study 

is presented in the Appendix.  

Zhao et al. (2012) employed 2D VOF model to investigate the melt entrainment and the 

pre-filming phenomena. The study revealed the formation of liquid sheets from liquid column 

and also revealed the presence of short-wave propagation in the liquid sheet which facilitated 

the droplet break-up. The model predicted that, after pre-filming, the liquid sheet would exhibit 

cyclic alternation in the direction of stripping: first the sheet would be stripped radially inward 

towards the axis, followed by radially outward stripping away from the axis. This continuous 

fluctuation in the direction of stripping is primarily due to the gas-melt interaction, ultimately 

leading to changes in the aspiration pressure as observed by Ashokkumar (2020). The study 

employing VOF model was further extended by Liu et al. (2023b), and investigated effect of 

melt flow rate, gas inlet pressure and gas temperature on the primary break-up. A critical force 

balance was derived to determine the break-up mode based on the experimental study. Based 

on the different forces ï gravity (Fg), buoyancy (Ff), drag force (Fd), and gas pressure (Fp), it 

was derived that Fp +Ff > Fd +Fg resulted in umbrella deformation (liquid film), whereas Fp +Ff 

< Fd +Fg resulted in ófountainô deformation. This is shown in Figure 3.13a-b. Corroborating 

with the force balance the study revealed, for lower melt flow rate the melt underwent umbrella 

(liquid-film) break-up, and for higher melt flow rate the melt underwent fountain break-up. 

This in terms of GMR was evaluated that for GMR Ó 4.4 the melt underwent umbrella break-

up, and for GMR Ò 4.3 the melt underwent fountain break-up. Based on the force balance, in 

another study conducted by Wang et al. (2021) it was reported that Fp +Fg + Fd > Ff  ensured 

smooth running of the CCGA process, whereas Fp +Fg + Fd < Ff  risked in melt freeze-off. This 

is shown in Figure 3.13c-d. 
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Figure 3.13 Force balance identifying, the melt break-up mode ï a) Umbrella deformation 

and b) Fountain deformation; and CCGA operation ï c) smooth operation and d) melt freeze-

off (Liu et al., 2023b, Wang et al., 2021).  

Additionally, more CFD studies have been conducted employing VOF model to 

investigate the impact of gas inlet pressure on primary atomisation. Liu et al. (2023b) reported 

that with increasing gas inlet pressure, the aspiration pressure increases, resulting in delayed 

melt entrainment from the melt nozzle. The results were consistent with that of the study 

conducted by Wang et al. (2023b). Moreover, studies carried out by Liu et al. (2023b) and Wang 

et al. (2023b) captured the phenomenon of nozzle clogging at lower gas inlet pressures as 

experimentally observed by Motaman et al. (2013). Although the low-pressure region created 

between the gas nozzle exit and melt nozzle wall facilitates the melt back stream flow leading 

to nozzle clogging, the nozzle clogging is primarily because of the increased cooling rate due 

to the low pressure (Wang et al., 2023b). 2D VOF model was employed in another study carried 

out by Wang et al. (2024a) to further investigate the effect of nozzle clogging using two 

different melt entrainment sequence: Type1 ï gas flow followed by melt introduction, and 

Type2 ï first melt introduction followed by gas flow. The model predicted that under increasing 

gas pressure, Type1 flow experiences nozzle clogging at low pressures, but Type2 flow do not 

experience nozzle clogging for any of the pressures, which is attributed to the óneckingô break-

up mechanism of the liquid column rather than the liquid sheet formation observed during pre-

filming. However, in commercial CCGA process, Type1 melt entrainment is followed, and not 

Type2. This is because, in type2, molten metal falling to the bottom of the chamber would 

solidify into a sizeable mass making it difficult to be removed.  

Similar to the 2D VOF studies, research were conducted on 3D VOF model. Zeoli et 

al. (2012) studied the melt entrainment and primary atomisation in CCGA process both under 

steady and transient conditions. In the study, for the steady-state simulation, RSM turbulence 

model, and for the transient simulation LES turbulence model, were employed. The transient 

simulation captured well the instability in the gas-melt interaction, whereas the steady-state 
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simulation predicted a simple ófountainô shape melt structure without pre-filming. In the 

transient simulation, the melt entrainment was far from predictable, and moreover, the model 

also successfully captured the pre-filming seen in the physical process. In addition to that, the 

model also captured the complex asymmetrical recirculation zones at the nozzle front, leading 

to the melt plume being displaced off-axis as experimentally observed by Mullis et al. (2010) 

and Mullis et al. (2011). Although the model revealed the complexity in the recirculation zones 

and instability in the gas-melt interaction, the model under-predicted the process in general and 

did not capture the secondary melt break-up, despite a high GMR of 3.3. 

Arachchilage et al. (2019) extended the 3D VOF model to investigate the secondary 

atomisation in detail under increasing gas pressures using LES as turbulence model. The study 

revealed that the chaotic interactions close to the gas-melt interface creates perturbations in the 

melt and leads to interfacial instabilities and ultimately to melt break-up. Moreover, in addition 

to the interfacial instability it was found that the mechanism of liquid column deformation is 

also determined by the presence of whether shear force exist either side of the melt stream or 

not. Although higher gas pressures resulted in finer particles, due to the increased velocity of 

the gas, the melt column is briefly cut-off at the focal point of the gas-jet, in a process known 

as pinching, as observed by Wang et al. (2024a). Subsequently, because of the increased 

aspiration pressure at higher gas pressures, the incoming melt accumulated at the melt nozzle 

tip, leading to potential melt freeze-off. Similarly, another study carried out by Wang et al. 

(2023e) extended the same 3D VOF model with LES to investigate the effect of gas pressure 

on the gas-melt interaction using Adaptive Mesh Refinement (AMR). The study quantitatively 

validated and corroborated the findings of Arachchilage et al. (2019) ï effects of increasing gas 

pressure. Additionally, the model predicted that during the dropletsô flight downstream they 

undertake two different paths sequentially. Initially they converge towards the axis, and 

thereafter for the remainder of the distance downstream they disperse radially away. Increasing 

gas pressure increased more droplets to converge, leading to the increased particle size and 

satellite formation. However, this adverse effect could be prevented by changing the gas nozzle 

angle. To study gas nozzle angle effect three different angles were investigated: 20Á, 40Á and 

60Á. The study revealed, initially with increasing gas pressure 40Á reduced the particle size 

compared to 20Á and 60Á. However, further increase in gas pressure resulted in increased 

particle size, even though the droplets underwent substantial dispersion. At higher pressure, 

60Á nozzle angle performed well to produce smaller particles even though the model indicates 

the droplets to undergo more converged and columnated flight downstream (Wang et al., 

2023e).  
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The effect of gas inlet pressure was further investigated using 3D VOF model by Wang 

et al. (2024b) using secondary gas nozzles as seen in Figure 3.12. The model included both the 

melt break-up and solidification models to examine the atomisation process under different 

primary and secondary gas pressures. The model predicted that for lower secondary gas nozzle 

pressure, the melt underwent only ligament shedding with 35-50% of the melt existing in liquid 

phase with no droplet formation. With increase in secondary gas pressure, droplets were created 

from ligaments although the majority of the ligaments transitioned into semi-solid state losing 

its ability to break-up. With further increase in pressure, significant secondary atomisation was 

predicted, wherein 40-70% droplets are in liquid phase. Although higher secondary gas 

pressures resulted in effective atomisation, lower pressures resulted in low aspiration pressure. 

Contrasting to the force balance outlined by Wang et al. (2021) for a smooth running of the 

process, i.e., Fp +Fg + Fd > Ff , Wang et al. (2024b) also utilised the force balance and reported 

that Fp +Fg + Fh > Fd + Ff  ensured the smooth running of the process, where Fh is the hydraulic 

pressure force 

Similar to the VOF model, various studies have been carried out using discrete-phase 

model (DPM). DPM is employed to investigate the gas-melt interactions and to analyse the 

particlesô dimensional and thermal properties. Similar to the VOF model, studies have been 

conducted both in 2D and 3D DPM, including cases with and without particle break-up. A 

contrasting detail between VOF and DPM is that the VOF model can simulate both primary 

and secondary atomisation, provided the mesh resolution is fine enough to capture the micro-

scale particles, while the DPM model is limited to only simulating secondary atomisation, since 

the melt is directly injected in the form of particles.  

Ashokkumar (2020) investigated the CCGA process under closed-wake condition, i.e., 

with the presence of Mach-disk in the gas flow-field, employing DPM without droplet break-

up, to analyse the melt flow behaviour near the melt nozzle and far-field downstream. The 

model captured well the pre-filming process and the particle swirl in the recirculation zone. 

Similarly, Luo et al. (2023) employed DPM without droplet break-up to investigate the 

elemental loss in the particle during their flight. The study predicted bigger particles lose more 

of their element compared to the smaller particles. And in addition to it, decrease in melt over-

heat resulted in reduced elemental loss. Nevertheless, studies conducted by Zeoli and Gu 

(2008b), Wang et al. (2023c), and Liu et al. (2023b) predicted that increase in gas temperature 

reduced the particle size. This is because of the increased kinetic energy in gas leading to higher 

velocity gas. 
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DPM model with different droplet break-up models were studied to explore the 

suitability and to analyse the secondary atomisation behaviour influenced by gas temperature, 

gas pressure and other operating and design factors. Although there are numerous break-up 

models such as Taylor Analogy Break-up (TAB) model, Kelvin-Helmholtz (KH) model, Wave 

model, Rayleigh-Taylor (RT) instability model, Kelvin-Helmholtz Rayleigh-Taylor (KHRT) 

model, and Schmehl model, in the context and scope of numerical modelling of CCGA process, 

three break-up models are widely used, and they are TAB, KH, and KHRT models.  

Studies conducted by Firmansyah et al. (2014) and Kaiser et al. (2018) employed KH 

break-up model to investigate the influence of gas on droplet break-up along the radial 

direction. Both studies indicated that the maximum droplet break-up occur in the gas-jet core 

region compared to the gas-jet periphery (inner and outer sonic boundary). And in fact, the 

particles closer to the axis experienced very little influence from the gas-jet, which might be 

explained as one of the factors for increased particle size. This has been supported by the 

droplet break-up and Weber number results obtained from the simulation. The KH break-up 

model was compared against TAB model by Zhang et al. (2023a) and the results were validated 

against experimental results. The PSD obtained from the two models exhibited two different 

distributions: The TAB model exhibited a symmetrical distribution about median particle size 

whereas the KH model exhibited an asymmetrical distribution. The experimentally obtained 

PSD were closer to the PSD obtained from TAB model, possibly indicating TAB model is more 

suitable for droplet break-up modelling.  

Although the break-up models: TAB model and KH model have been advantageous in 

modelling the CCGA process, they are each applied to different ranges of Weber number. TAB 

model worked better for lower Weber number, ranging between 12-100, capturing the bag 

break-up (Figure 2.9). In contrast, the KH break-up model performed better for higher Weber 

number, ranging between 80-800, effectively capturing the stripping and catastrophic break-up 

and were in good agreement with experimental data (Thompson et al., 2016, Wang et al., 2021). 

To accommodate wider ranges of Weber number into the break-up model, Zeoli and Gu (2006) 

developed hybrid break-up, TAB-KH model, which activated TAB model for 12 < We < 80, 

and KH model for 80 < We < 800. Comparing the numerical PSD with the experimental results, 

the predicted mean particle diameter and standard deviation obtained from the simulation 

matched closely with the experimentally obtained values. Zeoli and Gu (2008a) and Zeoli and 

Gu (2008b) also employed the same hybrid TAB-KH model to investigate the droplet break-

up and droplet cooling for three different particle sizes (1, 3, and 5 mm), and three different 

gas temperatures (300K, 400K, and 500K). The model predicted all the droplet break-up 
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occurred within 100 mm downstream along the axial direction, although the solidification of 

the droplets started at 500 mm downstream, i.e., five times the break-up distance for 1 mm 

particles, but break-up distance of 200 mm for the 5 mm particle. The above results were 

contrary to those obtained by Zeoli and Gu (2006), whose study revealed that 1 mm particles 

solidified at a much earlier distance than 500 mm, while 5 mm particles solidified at a much 

later distance downstream than 200 mm. Moreover, Firmansyah et al. (2014) reported the KH 

model was better and closer to the experiment results than hybrid TAB-KH model. This might 

indicate the hybrid TAB-KH  modelôs inability to robustly capture the cooling and solidification 

phenomena. Albeit the hybrid model rightly predicted the reduction in particle size with 

increasing gas temperatures (Zeoli and Gu, 2008a). 

 Similar to the hybrid TAB-KH model, Wang et al. (2023c) employed KHRT break-up 

model, which is a combination of KH and RT break-up models. It combines the influence of 

KH waves affected by aerodynamic force along with the RT instabilities due to the acceleration 

of shed particles ejected into the free stream. The droplets formed from the liquid column are 

subjected to sudden acceleration because of the high speed gas-jet, and under such conditions 

the RT instability becomes the domain effect. The radius of the child droplet is determined by 

the RT wave number (ɚRT), wherein the droplet break-up commenced only when ɚRT value is 

smaller than the parent droplet diameter (Wang et al., 2021). Since the KHRT model is effective 

for high Weber number (We > 80), it was utilised to investigate the effects of varying gas inlet 

pressure, gas temperature and melt flow rate. The KHRT model predicted that with increasing 

melt flow rate from 0.025 to 0.1 kg s-1, i.e., GMR 6.5 to 1.6, the particle mean diameter 

increased by a factor of 2.7 while the cooling rate reduced by a factor of 2. However, the 

dispersion cone angle observed in this study was much smaller compared the dispersion cone 

angle observed in the study conducted by Thompson et al. (2016) who also employed the 

KHRT model. It was expected that increased gas inlet pressure would result in increased 

dispersion cone angle. On the contrary, it decreases, which can aggravate the collisions between 

droplets. The model also correctly captures the trend in the effect of increasing gas temperatures 

on the droplet break-up; increasing gas temperature from 300K to 500K reduced the particle 

size by 20% and increased the cooling rate by a factor of 2. A comparative analysis between 

the two hybrid break-up models, TAB-KH and KHRT models was conducted by Thompson et 

al. (2016) using an initial droplet size of 1 mm. The study revealed that the TAB-KH model 

heavily under-predicted the particle break-up and dispersion. Moreover, the model revealed the 

gas velocity of the flow with the particles is nearly the same as the gas velocity without particles 

loading. This however would not be true since, the particle loading in the domain would 



Literature review 

53 

 

diminish the energy of the gas flow. However, on the other hand the KHRT model effectively 

captured the substantial decrease in the gas velocity from ~500 ms-1 to ~200 ms-1 with particle 

loading. Similarly, for increasing melt flow rate, i.e., for decreasing GMRs, the KHRT model 

predicted increase in the particle size, and was consistent with the experimental results. Another 

finding was that the TAB-KH model predicted a decrease in the particle size with increase in 

melt flow, which generally would not be true. From these above results, it indicates that the 

TAB-KH model clearly under-predicted the droplet break-up in the CCGA process. 

 To further study the primary and secondary atomisation, recently a transitional model 

was developed which models the melt as a VOF model initially, and thereafter transitions it 

into DPM depending on the size of the droplet. This allows to capture the primary atomisation 

ï the transition from liquid column to ligaments or sheets via the VOF model; and secondary 

atomisation ï droplet breakup and solidification via the DPM model. The VOF-DPM model 

for CCGA process was studied by Wang et al. (2021) and Hua et al. (2024). The studies were 

conducted as 3D transient simulation using LES as turbulence model. These aspects of the 

simulation clearly indicate an increased requirement of computational resource to run the 

model compared to the earlier discussed models. Also, the studies have implemented KHRT 

break-up model for the DPM part of the model, owing to its robustness in predicting the droplet 

break-up. Results of the VOF part of the VOF-DPM simulation reported by Wang et al. (2021) 

were consistent with the VOF simulation conducted by Zeoli et al. (2012). Similarly, the DPM 

part of the simulation effectively predicted the initial converging flow and subsequent 

dispersion of droplets as reported by Wang et al. (2023e) and Luo et al. (2023). However, unlike 

the VOF studies reported by Wang et al. (2024b), Zhao et al. (2012), Wang et al. (2023e) and 

Arachchilage et al. (2019), the VOF-DPM model revealed the melt underwent primary 

atomisation without pre-filming at the melt nozzle tip.  

Similarly, Hua et al. (2024) conducted simulation using the VOF-DPM model and 

investigated the effect of different GMRs using different break-up models. The study compared 

KHRT model, Wave model, TAB model, SSD model, and Schmehl break-up model against the 

experimental results and validated KHRT model to be closer to the experimental results. 

However, the model generally overestimated the PSD. For lower GMR, the overestimation was 

well within the tolerance limits. Even for higher GMR cases, the model effectively captured 

the d10 and d50 within good tolerance. However, the model significantly over-predicted the d90 

value for the higher GMR cases. This discrepancy may be attributed to the modelôs assumption 

that the gas flow is incompressible, although it would be compressible in nature at pressures of 

3.5 and 4.5 MPa. 
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Based on the insights derived from previous research highlighted in the literature 

review, and considering the practical feasibility of conducting such computationally intensive 

simulations, the following CFD methodologies have been selected. The CFD simulation is run 

using commercial CFD code ANSYS Fluent owing to its enormous resource on public platform 

and ample existing documentation of gas atomisation simulations. 2D-axisymmetric domain 

was considered to reduce the computational cost; the primary phase, argon was considered 

compressible owing to the high pressure and the orifice of the nozzle; secondary phase is 

considered to be inert particles, as the focus is on gas-melt interaction rather than explicitly 

understanding the melt breakup. And to introduce melt as particles, DPM is employed; 

however, particle breakup is not considered to reduce the computational cost. Exploiting the 

in-built module within ANSYS Fluent, the aspiration pressure and the melt mass flow rate are 

coupled programmatically via User-Defined Function (UDF). Based on the analysis from 

literature review, no research has been carried out to understand the effect of melt temperature 

and melt flow rate in a fully-coupled gas atomisation process. Hence, two important parameters 

ï melt flow rate (via GMR), and melt temperature, were investigated in the fully-coupled model 

to understand how the parameters affect the process.  

 

3.3 Aim and objective of the thesis 

 

This thesis investigates the CCGA process through numerical modelling to examine the 

effect of gas-to-melt ratio (GMR) and melt temperature, and their association with the process 

instability. (GMR is the ratio of the mass flow rate of the gas flow to the mass flow rate of the 

melt). This thesis specifically focusses on understanding the process instabilities both in the 

gas and melt flow generated due to the gas-melt interactions, and does not endeavour in the 

understanding of the primary and secondary melt break-up mechanisms and particle 

characteristics. The primary objectives of this thesis are: 

¶ To develop a two-dimensional (r-z coordinates) numerical domain based on a physical 

atomiser design, and model a two-phase flow using two-way coupled Euler-Lagrangian 

framework.  

¶ To implement a user-defined function (UDF) into the developed model, to couple the 

melt flow rate with the aspiration pressure, to reflect the physical CCGA process.  

¶ To investigate the gas and melt flow, both quantitatively and qualitatively for varying 

GMRs and melt temperatures to understand the nature of the process and the type of 

instability induced in the process.   



Literature review 

55 

 

¶ To analyse the gas and melt instabilities developed in the process for various 

combinations of GMR and melt temperature, and to comprehend the association 

between the instabilities, to map the trend in the instability for varying GMR/melt 

temperature.  

¶ To conduct comparative study between gas flow-field of the low and high melt 

temperature cases to elucidate the anomaly in their instabilities reflecting the 

unpredictable nature as seen in the gas atomisation, thereby illustrating the mechanism 

of their instabilities.  
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4 Methodology of the numerical modelling 

 

 With the current research focussing on the CFD analysis of a research-scale based 

CCGA process, it is imperative to transfer the data observed and used in the physical 

atomisation process, both the primary phase ï gas, and the secondary phase ï melt, on to a 

numerical platform to numerically model and solve the atomisation process. It is also important 

to transfer as much as information possible on to the numerical model so as to meaningfully 

run a simulation that is a representative and reflection of a physical case. However, in doing 

so, it usually results in expensive computational cost. Hence, to balance both accuracy of the 

model within acceptable tolerance and reasonably use the computational resources, the 

transferred information on to the numerical model is carefully selected.  

 CFD modelling includes establishing a numerical domain, followed by discretising the 

numerical domain into smaller parts known as mesh. The boundary conditions are applied to 

the numerical domain, and the governing equations are solved. After solving, the obtained 

results are visualised and analysed using appropriate post-processors. Since the CCGA process 

involves two phases, primary and secondary, in this CFD study they are modelled separately, 

and the mass flow rate of the secondary phase is coupled together with the aspiration pressure 

of the primary phase via User-Defined Function (UDF). The CFD model discussed in this thesis 

is developed using ANSYS Fluent, a Finite Volume Method (FVM) based commercial CFD 

code. The flow chart of the methodology is presented in Figure 4.1.  

 

Figure 4.1 Schematic showing the flowchart of methodology. 

 

4.1 Establishing the numerical domain of the gas atomiser 

The primary step in the CFD modelling involves creation of a numerical domain 

replicating a physical atomiser (Figure 4.2a). The numerical domain is created based on the 
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close-coupled gas atomiser having annular slit gas-die as shown in Figure 4.2b. Owing to the 

symmetry about the atomiserôs axis the numerical domain was modelled as a 2D axisymmetric 

model. The geometrical extent of the numerical domain is presented in Figure 4.3, wherein its 

extent is about 12 melt nozzle-diameter (Nd) in the radial direction (r-direction) and 25 Nd in 

the vertical direction (z-direction). The geometrical dimensions of the numerical domain are 

thus considered to allow a sufficient far field area, ensuring that the gas-flow is not affected by 

the extent of the domain or by the boundary condition they possess. The geometrical extent of 

the numerical domain is decided following a domain sensitivity test investigated in Section 4.5. 

Although the installation and working of the physical atomiser is about the vertical direction, 

for presentational purposes the numerical model of the atomiser is presented by rotating it 90̄ 

counter-clockwise as shown in Figure 4.3. 

 

Figure 4.2 a) Schematic representation of the gas atomiser having annular slit gas-die, 

showing the gas flow and melt entrainment; b) the schematic diagram of the melt nozzle used 

in this study showing key dimensions of the design ï melt nozzle diameter, 2 mm; gas nozzle 

diameter, 0.21 mm; and melt nozzle angle, 45.̄  

 

The adopted atomiser design is based on a CERAM PSI atomiser adopted from 

(McCarthy et al., 2013) containing 18 discrete gas nozzles, radially equidistant, as shown in 

Figure 3.6. On observing the schlieren images of the gas flow-field during gas-only condition, 

irrespective of the type of gas nozzle, whether cylindrical or C-D nozzle, the flow-field was 

observed to possess a uniform radial profile due to the combination of gas-jet nozzles arranged 

radially equidistant (Motaman, 2013). Based on this observation, the 3D atomiser domain is 

approximated into 2D axisymmetric domain, and hence an annular slit gas nozzle is adopted 

for this CFD study.  
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Although, in the physical atomiser a melt delivery tube is present to bring in the melt 

from the tundish, for this CFD study the melt delivery tube is not considered. This is because 

in the physical atomisation process, the gas in the atomisation chamber will not enter into the 

melt delivery tube. Hence, the melt delivery tube is eliminated and replaced with a wall where 

melt is injected. This is discussed in Section 4.3.2 which discusses the boundary condition and 

implementation of the secondary phase ï melt. 

 

Figure 4.3 The numerical domain with geometrical dimensions used in this study. 

 

4.2 Mesh generation 

 

 

Figure 4.4 Schematic representation of compartmentalised numerical domain. 
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Following the determination of the numerical domain ï geometry and dimension, based 

on the domain sensitivity study (presented in Section 4.5), the domain is discretised into smaller 

sub-domains called elements via a process known as meshing. The numerical domain is 

compartmentalised into six parts before creating the mesh. The compartmentalisation of the 

domain is shown in Figure 4.4, divided using the light blue lines. Compartmentalisation is 

carried out to effectively divide the domain into sections of regular shape to produce structured 

mesh. Although unstructured mesh can be incorporated for the domain, considering the simple 

geometry of the domain; no movable boundaries; and other advantages such as reduced mesh 

connectivity data, decreased complexity and higher accuracy, structured mesh is considered 

and incorporated for this domain (Ashokkumar, 2020). All of the six compartments of the 

domain were individually meshed with different mesh refinements based on the flow behaviour 

observed in their respective part. It is vital to generate a fine mesh to capture all the flow 

characteristics, however, a trade-off should be achieved, so as to not to make the model 

computationally intense. This process of generating optimum mesh size will be carried out by 

conducting a mesh independency study, and it is presented in Section 4.4. The mesh element 

sizes employed for the different compartments are tabulated in Table 4-1. As observed in Table 

4-1, compartments C2 and C3, which are the nozzle regions, were meshed finely to capture the 

supersonic flow characteristics, whereas compartment C6, the far field region was meshed 

relatively coarser.  

Table 4-1 Mesh element sizes used in the different compartments of the numerical domain for 

the mesh considered for the study. 

Compartments Mesh element size (z x r) Dimension of the compartment (z x r) 

C1 0.1 mm x 0.1 mm 5 mm x 4.78 mm 

C2 0.1 mm x 0.04 mm 5 mm x 0.22 mm 

C3 0.1 mm x 0.04 mm 5.12 mm x 0.22 mm 

C4 0.1 mm x 0.1 mm 1.8 mm x 20.4/21.5 mm 

C5 0.1 mm x 0.1 mm 21 mm x 24 mm 

C6 0.15 mm x 0.1 mm 29 mm x 24 mm 

 

The generated mesh based on Table 4-1 is presented in Figure 4.5, showing the mesh 

of the entire numerical domain and the zoomed in section of the gas nozzle region. This 

generated mesh observed in Figure 4.5 is employed for all of the simulations and is carried out 

by iteratively changing the elementôs size such that the flow characteristics captured by the 

optimal mesh size do not change with any further with decrease in its mesh size. The mesh 

independency study carried out to generate this optimal mesh size is discussed in Section 4.4.  
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Figure 4.5 Mesh for the entire numerical model and for the gas nozzle section showing the 

refined mesh.  

 

4.3 Boundary conditions and assumptions considered for the CFD model 

 

Following the mesh generation, the boundary conditions and their appropriate initial 

values were applied to the different parts of the numerical domain. The part of the domain 

where the operating gas enters is assigned as the óPressure Inletô. Since, the gas entering is 

specified in terms of its pressure, it is considered as pressure inlet. Similarly, the part of the 

domain where the fluid exits the atomiser is assigned as the óPressure Outletô. Usually, the 

outlet of an atomiser is at atmospheric pressure, hence the same is applied to the modelôs outlet. 

It has to be noted both the gas and melt have their separate inlets, but they exit through the 

same outlet. The other parts of the domain are considered as óStationary Wallô with no slip 

condition, as a physical atomiser setup is a stationary machinery, anchored to the ground. 

Moreover, the temperature of all the boundaries ï inlet, outlet and the wall were set at a constant 

temperature of 300K. Likewise, the gas temperature at the inlet is also kept at 300K, however, 
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the gas upon expanding reduces in its temperature. Boundary conditions applied to different 

parts of the numerical domain are presented in Figure 4.6 and Table 4-2. 

 

Figure 4.6 Boundary conditions applied to the different parts of the numerical domain. 

 

Table 4-2 Boundaries in the domain and their applied conditions. 

Boundary Conditions 

Inlet Pressure Inlet; P = 4.5MPa; Argon; T=300K; ideal-gas law. 

Wall No-slip, stationary wall, u=v=0; T=300K; ə=0, ɤ=0; DPM particles reflect. 

Axis Axis of rotational symmetry; DPM particles reflect. 

Outlet Pressure outlet; DPM particles escape. 

DPM Inlet 
Particle size = 500Õm; velocity = 1.38 ms-1; density = 3850 kg m-3; particle 

type = inert; two-way coupling; no droplet breakup; Stochastic tracking. 

 

4.3.1 Modelling and implementation of the primary phase ï gas 

 

The primary phase ï gas considered for this study is the usually considered ideal gas in 

the atomisation process, which is Argon. Since the high-pressure gas enters into the plenum at 
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supersonic speeds, the gas is modelled as a compressible fluid. The conservation equations of 

continuity, momentum and energy were solved for the compressible fluids using the unsteady 

Reynolds Averaging Navier-Stokes (RANS) equation. The RANS equations solved for the 

study are discussed in Section 2.5.2. With the flow occurring within turbulent regime, the gas 

flow is modelled using k - w  standard turbulence model as they have reliably shown to well-

predict the flow, whereas the k -  e and k - w SST models have shown to underpredict the flow 

velocity and have failed to develop Mach-disk seen at higher pressures (Ashokkumar, 2020). 

Furthermore, four different turbulence models were investigated as part of this study to obtain 

the optimal turbulence model, i.e., k - w  standard, and their results are presented in Section 

4.6. Since, the flow is modelled as a compressible flow, density is solved using the 

compressible ideal-gas equation and hence a density-based solver is utilised. The model is 

solved using implicit second order formulation, a higher order formulation, to reduce the error, 

and to obtain accurate results.  

An inlet operating pressure of 4.5 MPa is used so as to run the model under closed-

wake condition. This operating pressure was determined after carrying out preliminary 

gas-only flow simulations at different operating pressures. Also, the results of the study carried 

out by Ashokkumar (2020) corroborates with the results of gas only-flow study conducted for 

this work. The temperature of the operating gas is set to 300K. In addition to this, a monitor is 

set up near the melt nozzle exit, as shown in Figure 4.6 to record the aspiration pressure, which 

is then coupled with the melt mass flow rate. The coupling between the aspiration pressure and 

melt flow rate is discussed in Section 4.8. 

The following assumptions were made for the primary phase (gas) to simplify the numerical 

calculations and to reduce the computational cost: 

¶ The gas flow is considered to be transient. 

¶ The gas flow is considered to be 2D axisymmetric. 

¶ The operating gas is considered to be Argon and is modelled as a compressible ideal 

gas with an inlet temperature of 300K. 

¶ The presence of secondary phase ï melt is not considered for the preliminary gas-only 

flow studies, such as mesh independency and domain independency studies. 
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4.3.2 Modelling and implementation of the secondary phase ï melt 

With the introduction of the secondary phase ï melt, the model becomes a two-phase 

flow, and two-phase flows can be modelled in two ways: in the Eulerian - Eulerian (E-E) 

approach and the Eulerian - Lagrangian (E-L) approach. In the former approach, the melt is 

modelled as a fluid, whereas in the latter, the melt is modelled as particles. Using the E-E 

approach, the melt break-up and the trajectory of the melt droplet downstream is modelled. 

However, this comes with some significant disadvantages; very fine mesh would be necessary 

to capture the melt break-up and the droplets movement; increased computational cost to run 

such a refined mesh; and increased run-time, but reduced simulation time (flow-time) resulting 

in inefficient capturing of the gas-melt interactions. The other approach, i.e., E-L approach, 

which is also known as Discrete-Phase Model (DPM), where the melt is modelled as particles, 

the mesh size required is bigger than the particle size, hence resulting in lesser computational 

resources, facilitating longer simulation time. Moreover, this study focusses on the coupling 

between the gas and the melt, and their interactions rather than explicitly attempting to resolve 

the highly complex melt breakup. Hence the E-L approach using the DPM model is adopted 

for this study. More details on the above two approaches are discussed in Section 2.5.5. 

 In the physical atomisation process, the melt is introduced from the tundish (reservoir) 

into the atomisation chamber via the melt delivery tube. However, the atomising gas do not 

enter into the melt delivery tube. Hence, the melt delivery tube is eliminated and is replaced 

with a wall. The wall is the melt delivery tubeôs exit, which is also known as melt nozzle exit, 

and is assigned as the location where the melt is injected in the form of particles into the 

atomisation chamber. This is shown in Figure 4.6. The method adopted to inject particles into 

the atomisation chamber is via surface injection, this is because in the physical atomisation, the 

melt is present as a continuum filling the entire melt delivery tube. The light blue line in Figure 

4.6 which constitutes the melt delivery tubeôs exit is assigned as the surface to inject the 

particles. Although the term ósurface injectionô might make one to think as a continuum, the 

particles are injected from every mesh edge of the surface assigned.  

Even though the size of metal powders obtained from the atomisation process varies 

between 15 and 500 Õm (Anderson et al., 2018), for this work the DPM particles were modelled 

as a constant-diameter particle of 500 Õm. This diameter is considered so as to reduce the 

computational load and at the same time utilise the particle size that is within the yield size 

range i.e. 15-500 Õm. With the decrease in particle size, there would be an increase in number 
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of tracked particles within the domain, correspondingly leading to an increased computational 

load and longer run-time. Moreover, particle size of 500 Õm is employed, as thatôs the order of 

size of the particles existing in the primary atomisation zone (Ashokkumar, 2020), and this will 

be supplementing towards the understanding of the gas-melt interactions in the wake region 

more specifically. DPM sensitivity study on particle size is investigated as part of the study and 

is discussed in Section 4.7. The particles are considered to be inert and to understand the 

interaction between gas and the melt, two-way coupling is employed along with Discrete 

Random Walk (DRW) model. DRW model reintroduces the random flow fluctuations that are 

averaged in RANS equations, thereby facilitating in the capturing of the particle dispersion in 

the wake and far downstream region reflecting the physical process. The DRW model is 

discussed in Section 2.5.7. Although higher order of coupling, such as three-way or four-way 

coupling could be employed, considering the computational cost they are not employed. The 

mechanism of the two-way coupling between the Eulerian phase and the Lagrangian (DPM) 

phase is presented in Section 2.5.8. The particles on impacting the wall and axis of the atomiser 

get reflected and do not adhere to it; for the domain outlet, the particles escape.  

Since the velocity and trajectory of the particles within the gas flow will be determined 

by the nature of the drag force upon those droplets, in this work the spherical drag law that 

scales based upon the Reynolds number approximation of Morsi and Alexander (1972) is 

employed. With the shape and diameter of the particle fixed, drag coefficient (Cd) remains 

constant. Also, in order to ensure the model accurately reflects actual atomisation process, the 

magnitude of the drag force is set so as to reflect typical velocities actually observed in 

atomisation melt plume. For this purpose, this study referred to the work of Bigg & Mullis 

(Bigg and Mullis, 2020), who used a statistical image tracking technique to map velocities 

within an atomization plume, and the findings showed that these varied from a few metres per 

second in the plume centre to a few tens of metres per second on the plume margins where the 

interaction of the gas and melt is strongest. Allowing for a slight underestimation of velocity 

in the work of Bigg & Mullis, due to loss of tracking as the particles cool (personal 

communication) and that the atomizing gas pressure used in this present study is more than 

twice that in the study by Bigg & Mullis, it is believed that the measured melt velocities of 

around 70 ms-1 on the plume margins are realistic for the atomisation conditions prevailing, 

validating the drag model that is employed.  

The secondary phase ï melt considered for this study is Ni-50wt%Al, is adopted from 

the work carried out by (McCarthy et al., 2013), (from where also the atomiser design is 
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adopted as discussed in Section 4.1) and its corresponding density is evaluated to be 

3850 kg m-3. The average mass flow rate of the injection for the Nd = 2 mm (Figure 4.2) is 

determined based on an experimental run carried out on the research-scale atomiser. The 

injection velocity of the particles is calculated based on an estimate of the actual velocity of 

the melt in the 2 mm bore nozzle. From the density of the melt (r ) and the mass flow rate 

(of 1 kg min-1), the volumetric flow rate is found. Using the volumetric flow rate and the cross-

sectional area (ὃ) of the nozzle bore, the injection velocity (ό  ) of the particles is calculated. 

And the velocity was found out to be 1.38 m s-1, and the same is assigned as the particlesô 

velocity. 

As mentioned earlier, this study focusses on the instability present in the gas and the melt 

flow, by examining the gas-melt interaction. Hence, five different melt flow rates and five melt 

temperatures were considered to investigate the instability, to gain deeper understanding of the 

gas-melt interactions around the wake region and downstream. The different melt flow rates 

and melt temperatures are 1, 2, 4, 6, and 12 kg min-1 and 300K, 600K, 1000K, 1500K and 

2000K, respectively. However, these five melt mass flow rates are only nominal values. With 

the melt mass flow rate coupled to the aspiration pressure that is obtained at the melt nozzle 

exit (Figure 4.6), the melt flow rate changes continuously with change in the recorded 

aspiration pressure as the simulation progresses. This is discussed in Section 4.8. 

For the two-phase flow simulation, the melt particles are not injected along with the onset 

of the gas flow, i.e., time, t = 0 s. Rather, initially the simulation is run as gas-only flow for 30 

milliseconds (ms) until it reaches steady-state, and thereafter the particles are injected into the 

steady gas flow. This helps to understand how the gas flow-field behaves with the injection of 

melt. Moreover, this also provides insight into how changes in the gas flow field affect 

fluctuations in the aspiration pressure. 

A very small timestep size of 5x10-8 s is required for this highly complex coupled 

multiphase flow simulation. This was empirically determined as the largest timestep under 

which simulation results were stable and insensitive to further reductions in step-size. The 

complexity of these simulations reflected on the run-time it took to simulate these models ï it 

took 13 months to simulate the 12 kg min-1 models (Section 5.5). To ensure good solution 

convergence and to avoid any numerical instability, the residuals and mass imbalances were 

monitored. The residualsô tolerances were found to be consistently below 1x10-4 for continuity 
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and x-velocity; 1x10-5 for y-velocity; and 1x10-7 for energy. Also, the mass imbalance was 

observed to be less than 1%. 

The following assumptions were considered for the DPM particles used in this study: 

¶ The gas flow with the particles is considered to be transient. 

¶ The melt break-up is not considered.  

¶ The particles are inert, spherical in shape having constant diameter of 500 mm. 

¶ Gravity is not considered, as it would be irrelevant to such processes. 

¶ Stochastic modelling using Discrete Random Walk (DRW) model is applied to the 

particles.  

¶ Particles are injected at t = 30 ms, into a steady state gas flow to understand how the 

gas flow field behaves with the injection of melt. 

¶ Particle-particle interaction is not considered.  

¶ Heat transfer from particle to gas is considered, but heat transfer does not alter the state 

of the particle.  

4.4 Mesh independency study 

Following the assignment of boundary conditions, a mesh independency study was 

carried out to evaluate the accuracy of the results, and inspect that the results converge to a 

solution, and are independent of the mesh size. The mesh independency study was carried out 

using single phase flow (gas-only flow) with the settings mentioned in Section 4.3.1.  

Four different meshes were generated with total mesh elements of 13000, 60000, 110000, 

and 170430, with the coarsest being 13000 and the finest being 170430. The simulations were 

monitored and were carried out until they completely converged. Also, monitors have been 

employed to determine if the gas flow-field achieved steady state, and were run until they 

achieved steady state. To determine the mesh independency, the gas velocity is obtained at the 

outlet of the domain (Figure 4.6) for each of the meshes and were compared. The velocity plots 

for each of the meshes are presented in Figure 4.7. From the plot it can be observed that the 

results obtained from meshes 110000 and 170430 remain consistent and do not change. Hence, 

the mesh with 110000 elements is considered to be the appropriate mesh for this study, so as to 

run the simulation accurately with minimum mesh elements and at minimum computational 

time. The total computational resource used with computer run time for each of the simulations 

are tabulated in Table 4-3, however, this does not include the queueing time in the HPC. 
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Figure 4.7 Velocity magnitude obtained at the domain outlet for the four meshes. 

 

Table 4-3 Computational resource and CPU hours for each of the simulation carried out. 

 

GMR 

 

Temp 

GMR - 5.5 

(1 kg min-1) 

GMR - 2.6 

(2 kg min-1) 

GMR - 1.36 

(4 kg min-1) 

GMR - 0.88 

(6 kg min-1) 

GMR - 0.44 

(12 kg min-1) 

300K 

40 CPU cores;     

40 Gb RAM/node 

13440 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

13440 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

13440 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

40320 CPU-hours 

80 CPU cores;     

40 Gb RAM/node 

577920 CPU-hours 

600K 

40 CPU cores;     

40 Gb RAM/node 

26880 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

15360 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

13440 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

73920 CPU-hours 

80 CPU cores;     

40 Gb RAM/node 

497280 CPU-hours 

1000K 

40 CPU cores;     

40 Gb RAM/node 

33600 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

13440 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

40320 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

80640 CPU-hours 

80 CPU cores;     

40 Gb RAM/node 

456960 CPU-hours 

1500K 

40 CPU cores;     

40 Gb RAM/node 

20160 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

13440 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

60480 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

80640 CPU-hours 
 

2000K 

40 CPU cores;     

40 Gb RAM/node 

26880 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

19280 CPU-hours 

40 CPU cores;     

40 Gb RAM/node 

134400 CPU-hours 
  

 

4.5 Domain independency study 

To evaluate the impact of computational domain and to create a domain which do not 

impact the flow predictions along the radial and vertical directions, the domain independency 

study is carried out. The initial domain having dimensions 25 Nd x 12 Nd in the axial and radial 

directions, respectively is adopted from (Ashokkumar, 2020) is carried out for domain 

independency study. Three different axial and radial dimensions were considered for the 

numerical domain. For the axial direction, three dimensions: 15, 25 and 35Nd measuring from 
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the melt nozzle tip (Figure 4.3) were considered to examine how the boundary location affects 

the flow prediction. Similarly, in the radial direction, three dimensions: 6, 8 and 12Nd 

measuring from the atomiserôs axis were considered. The domain independency study was 

carried out using single-phase flow (gas-only flow), and the boundary condition settings for 

these different axial and radial dimension are same as the conditions mentioned in 

Section 4.3.1.  

4.5.1 Domain independency study - Axial direction  

 

 

Figure 4.8 Velocity contours of domains having axial dimensions of 15, 25 and 35 Nd. 

 

The initially considered dimension in the domain along the axial direction is 25 Nd. The 

domain was reduced and increased to 15 and 35 Nd, respectively. The results of the study are 

presented in Figure 4.8. Although the decrease in the axial dimension to 15 Nd do not exhibit 

any change in the flow characteristics when compared against the initial axial dimension, 

25 Nd, this dimension is not considered. This is because, the principal research carried out in 
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this thesis, is the analysis of gas-melt interaction, and that includes the behaviour of the melt 

(particles) downstream. It is expected that with such a little axial dimension, important details 

of the gas flow fluctuation and particlesô behaviour downstream beyond 15 Nd would be lost.  

With the numerical domain having the axial dimension of 35 Nd, it is observed the gas 

flow advances further downstream, nevertheless, there are no changes to the flow profile when 

compared on the overlapping region between the 25 and 35 Nd domains. This is observed from 

Figure 4.8. This confirms the flow-field remain unchanged, and extension in the domain along 

the axial direction did not exhibit any changes to the flow characteristics. Hence, the initial 

numerical domain having axial dimension of 25 Nd is considered for the simulation runs.  

 

4.5.2 Domain independency study - Radial direction  

 

Figure 4.9 Velocity contours of domains having radial dimensions of 6, 8 and 12 Nd 
 

The initially considered radial dimension for the domain is 12 Nd. To evaluate the impact 

of the radial extent in the domain, two different radial lengths, 6 and 8 Nd were employed. The 

results of the study are presented in Figure 4.9. For the numerical domain with radial length of 

6 Nd it was observed there existed non-zero velocity in the far-field region radially away 
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downstream. To obtain a zero velocity in the far-field region, the radial length was further 

increased to 8 Nd and 12 Nd. It was observed, with the increase in the radial length to 8 Nd 

(Figure 4.9), the non-zero velocity is eliminated indicating the far-field is unaffected by the gas 

flow. However, this numerical domain is not considered because of the following reason. In 

the atomisation process, the strong supersonic gas-jet disintegrates the molten melt, and in the 

process the atomised droplets are propelled both downstream and radially away from the axis. 

It is expected that with a radial dimension of 8 Nd, important details of the particlesô behaviour 

such as the extent of particle distribution radially would be lost. Hence, a radial length of 12 Nd 

is considered to accommodate the particle dispersion downstream, and to analyse the gas-melt 

interaction. Moreover, changing the radial distance of the wall or the wall conditions 

(Motaman, 2013) would not alter the simulation in any manner, since, the radial distance is 

artificial, it is adjusted to facilitate a zero-velocity far-field, and hence the assumption of no-

slip stationary-wall conditions is preserved for all the considered radial dimensions to 

understand the flow behaviour for varying radial domain extents (Motaman, 2013).   

4.6 Turbulence sensitivity study 

 

With the gas-jet flow existing under turbulent flow regime, it is essential to use 

appropriate turbulence model to sensibly capture and predict the flow characteristics both near 

the nozzle where the gas expands, and downstream where the Mach-disk develops. For 

turbulence sensitivity study, four different turbulence models were investigated, and they were 

k - e, k - e RNG, k - w standard, and k - w SST. For each of the selected turbulence models, their 

default model constants were employed so as to not disturb the tuned values, and alter the 

sensitivity of the employed model in the study. These models were run for gas-only flow, and 

followed the boundary condition settings discussed in Section 4.3.1. The results comparing the 

four different turbulence models are presented in Figure 4.10. 

It was observed from Figure 4.10, that k - e, and k - w SST models underpredicted the 

flow expansion compared to the experimental flow, wherein the shock-cells deteriorated 

quicker downstream than experimentally observed in the study carried out by Motaman (2013). 

This underpredicted flow is highlighted using dashed boxes in the two respective models in 

Figure 4.10. Likewise, k - e model did not predict a Mach-disk, whereas k - w SST model 

predicted a much weaker Mach-disk than expected. Similarly, k - e RNG model overpredicted 

the gas flow velocity, and exhibited regions of localised increase in velocity along the axis, due 
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to increased numerical error, resulting in potential simulation failures. This overprediction in 

the velocity for the k - e RNG model can be observed when comparing against velocity scales 

presented for each of the models in Figure 4.10, wherein all the other models predicted the 

velocity within a narrow tolerance, except for the k - e RNG model. Moreover, this turbulence 

model is usually employed in internal flows.  

k - w  Standard model well predicted the Mach-disk, shock-cells, and flow characteristics 

as observed in the experiment, unlike the other models which exhibited deteriorated shock-

cells and overpredicted flow velocity. Similarly, the model predicts the flow separation better, 

and offers improved accuracy compared to the others. Moreover, the gas flow-field under k - w 

Standard turbulence model was validated against the work carried out by Motaman (2013) who 

conducted series of gas atomisation experiments operating under gas-only flow condition, from 

where was also the geometry of current atomiser is acquired. Considering the two turbulence 

models, k - w standard and k - w SST, viable for validation, it was observed from the 

experimental study that the k - w standard reflected the physical supersonic flow expansion 

including the strong second shock-cell and the downstream Prandtl-Meyer waves whereas the 

other model did not exhibit strong shock-cell or the Prandtl-Meyer waves downstream. This 

flow phenomenon is also observed and is validated against gas-only study conducted by Espina 

and Piomelli (1998). Hence, k - w standard turbulence model is employed for the study 

presented in this thesis, and is applied into the Section 4.3.1. 
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Figure 4.10 Velocity contours of four different turbulence model utilised for the sensitivity 

study.  

4.7 DPM sensitivity study 

Preliminary studies were conducted on the DPM particles to evaluate the influence of the 

gas flow on the DPM particles. Two different sensitivity studies were conducted: influence of 

stochasticity, and influence of particle size. Since, these two tests are run as two-phase flow, 

the boundary condition setting for primary and secondary phase is employed as discussed in 

Section 4.3.1 and 4.3.2, respectively. In addition to the secondary phase boundary condition 

mentioned in Section 4.3.2, for the DPM sensitivity studies, a constant melt mass flow rate of 

0.016 kg s-1 (1 kg min-1) is employed. 
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4.7.1 DPM sensitivity study - influence of stochasticity 

This DPM sensitivity study is carried out to realise the influence of stochasticity in the 

particles in the two-phase flow. Stochastic model, also known as Discrete Random Walk 

(DRW) model is employed to induce random fluctuations in the flow which are filtered out by 

the averaging in RANS approach (Section 2.5.2). Each of the two simulations were run for 70 

ms (from 30 to 100 ms) and were analysed for the influence of stochasticity. The results of the 

two simulations are presented in Figure 4.11. For the simulation when DRW model was absent, 

it is observed from Figure 4.11a that the particles injected follows the same trajectory the 

previous particles followed, exhibiting an orderly flow of particles downstream. This is more 

clearly noticed when observed at the melt nozzle front, where the particlesô trajectories undergo 

pre-filming more or less like multiple lines coming out of the melt nozzle exit. However, with 

the DRW model employed, the particles seen in Figure 4.11b exhibits randomness in their 

particle trajectories, reflecting the nature of the physical process. Also, the melt pre-filming 

seen at the melt nozzle front is observed to replicate the physical process. Moreover, when the 

particle trajectories were examined, it was clear that the DRW model leads to more dispersion 

of particles as it moves downstream as shown in Figure 4.11b. Since, the observed manner of 

pre-filming and distribution of particles agrees better with the experimentally observed melt 

plume as captured by high-speed filming, DRW model is employed for the CFD study. 

 

Figure 4.11 Particle trajectories shown for with and without stochastic model with velocity 

contour in the background. 

 

4.7.2 DPM sensitivity study - influence of particle size 

 

DPM sensitivity study using different particle size were investigated to analyse the 

effects of particle size, and in turn the effect of particle mass on the gas flow and particle 

trajectory. Three different particle sizes were considered for this study, and they were: 390 mm, 
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500 mm and 630 mm. The particle sizes were considered in such a way that the mass of the 

particle reduced and multiplied by a factor of two compared to that of the 500 mm particle. All 

the three studies were run for 20 ms (from 30 ms to 50 ms). The results of the studies are 

presented in Figure 4.12.  

 

Figure 4.12 Particle trajectories with velocity contour in the background presented for three 

different partcle size - 390, 500, and 630 mm, all taken at 50 ms. 

The flow-field and particle trajectories for each particle size were investigated for 

changes. It was observed from Figure 4.12 that the flow-field remains insensitive to the particle 

size. This is due to the strong supersonic gas-jet, developed from a 4.5 MPa inlet, exiting the 

plenum through a width of 0.21 mm (210 Õm) gas nozzle. The strong gas-jet effectively 

dominates any influence the particles have on the gas flow. With flow-field being insensitive 

to 390 mm particle size, no further smaller size particles were simulated in the DPM sensitivity 

study, owing to the high computational cost it requires. 

4.8 Coupling of gas and melt mass flow rates via UDF and time-averaging of 

pressure 

As mentioned before, the primary objective of this study is to develop a CFD model of 

gas atomisation process to replicate the physical process, thereby to understand the instability 

present in the melt and the gas flow that arises due to the gas-melt interaction. The below 

Sections 4.8.1 and 4.8.2 details the methodology of developing such a process model using 

User Defined Function (UDF) ï a customisation feature present in ANSYS Fluent, which allow 

additional physics or complexity to be programmatically included in the CFD code. 
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4.8.1 Implementation of UDF to couple gas and melt mass flow rates 

The process modelling is carried out by coupling the melt mass flow rate (ά) to the gas 

flow variable, such that with the change in the flow variable the melt mass flow rate is also 

modified. The flow variable coupled to the melt mass flow rate is the aspiration pressure (ὃ ), 

since in the physical atomisation, the amount of melt drawn into the atomisation chamber is 

controlled by the ὃ . ὃ  exists at the melt nozzle front as shown in Figure 4.6 and is recorded 

for every timestep by setting up a monitor in the region. ά is proportional to ὃ , and to match 

the experimentally observed flow rates in a physical atomiser, as carried out by Mullis et al. 

(2007) and McCarthy et al. (2013), a proportionality constant (ὑ) is used, and is presented in 

Equation 4.1. 

ά  ὑ ὃz  4.1 

The proportionality constant is calculated based on the estimated ὃ  determined in gas 

only flow. Usually, in the physical atomisation process an over-pressure is applied to the melt 

to prevent it from melt freeze-off, and to replicate the experimental process, an over-pressure 

of 50 kPa is considered for this model. In Equation 4.1, ὃ  is computed by combining the 

estimated initial aspiration pressure and the over-pressure, which comes to be 75 kPa, giving 

ὑ = 3.2 x 10-7 kg s-1 Pa-1. This ὑ is computed for ά = 0.016 kg s-1. As discussed in Section 

4.3.2, five different nominal mass flow rates were studied in this thesis. The ὑ value for each 

of the nominal mass flow rates are tabulated in the Table 4-4. 

The UDF code developed to couple the mass flow rate of the secondary phase with the 

measured ὃ , based on Equation 4.1 and Table 4-4 is compiled so as to load it as a library file, 

thereby making it part of the ANSYS Fluent executable. The UDF code for all the five nominal 

melt mass flow rates are presented in Appendix.  

Table 4-4 Proportionality constant (ὑ) calculated for the five nominal mass flow rates. 

S.No Melt Flow rate (kg s-1) Melt Flow rate (kg min-1) Proportionality constant (K) 

1 0.016 1 3.2 x 10-7 kg s-1 Pa-1 

2 0.033 2 6.6 x 10-7 kg s-1 Pa-1 

3 0.066 4 1.3 x 10-6 kg s-1 Pa-1 

4 0.1 6 1.9 x 10-6 kg s-1 Pa-1 

5 0.2 12 3.8 x 10-6 kg s-1 Pa-1 
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4.8.2 Time-averaging of pressure in the UDF to couple with the met mass flow rate. 

As discussed above, the ὃ  is recorded for every timestep, and is coupled with the ά. 

From a practical atomisation process perspective, with a very small timestep size of 5x10-8 s 

as used in this study, the ά of the melt will not be able to respond to this extreme high frequency 

changes instantaneously due to the inertia of the melt. Hence time-averaging is employed to 

the measured ὃ . This modifies the ά seen in Equation 4.1 by replacing ὃ  with time-

averaged ὃ . Three different time averaging durations were run to understand the effect of 

time-averaging on ά, and they were instantaneous, 5 microseconds (ɛs) and 50 ɛs. For the 

three mentioned runs, an initial (nominal) mass flow rate of 0.016 kg s-1 was considered, and 

for this nominal mass flow rate, and under an aspiration pressure of 75 kPa, the constant K 

presented in Equation 4.1 was evaluated to be 3.2 x 10-7 kg s-1 Pa-1 (Table 4-4). When the 

simulation is in progress, the aspiration pressure continuously varies, due to the disturbance in 

the gas flow-field, leading to changes in the ά. For the instantaneous run, the ὃ  obtained at 

the monitor (Figure 4.6) was updated into the ὃ  term in Equation 4.1 without any time-

averaging, whereas for time-averaged runs, the aspiration pressure obtained at the monitor 

(Figure 4.6) was 5 ɛs and 50 ɛs time-averaged, respectively, before being updated into the ὃ  

term of Equation 4.1 to obtain the ά value.  

The instantaneous, 5 ɛs time-averaged and 50 ɛs time-averaged mass flow rate plot 

obtained via UDF is presented in Figure 4.13, and were analysed. For the instantaneous case, 

an initial rapid fluctuation can be seen at the start of the injection but later smooths out. When 

the 5 ɛs time-averaging was applied, a marginal change in the initial mass flow rate is observed 

as seen in the Figure 4.13, but as time progresses it is evident the overall trend of the 5 ɛs time-

averaged plot follows the same trend of the mass flow rate plot of the instantaneous model. 

From the above trend it was apparent the applied time-averaging period, i.e., 5 ɛs showed 

little-to-no smoothing effect on the melt flow rate oscillation. This indicated the time-averaging 

period should be higher than that of 5 ɛs. In fact, from the Figure 4.13 for most of the plot the 

5 ɛs time-averaging plot (blue plot) exactly overlaps onto the Instantaneous (black plot). For 

the considered melt injection velocity of 1.38 m s-1, considering the duration of the time-

averaging period of 5 ɛs, the melt displaces only about 7ɛm, which would not be the same in 

a physical atomisation as the surface tension and viscosity tends to dampen such small 

amplitude oscillations. Hence, the time-averaging was increased substantially to 50 ɛs to make 

the melt respond to the pressure variations more realistically. In the 50 ɛs time-averaged mass 
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flow rate plot as seen from the Figure 4.13, a more distinct difference is observed, where the 

trend of the mass flow rate is different to both the instantaneous and the 5 ɛs mass flow rate 

plots. In the 50 ɛs time-averaging plot (Figure 4.13) it can be observed that the low frequency 

is preserved, eliminating only the higher frequencies. Hence, 50 ɛs time-averaging is employed 

for the CFD study. 

 

Figure 4.13 Injection mass flow rate plots showing the difference in the three time-averaging 

period ï Instantaneous, 5 ɛs, and 50 ɛs. 

 

4.9 Different GMRs and melt temperatures considered for this study 

Following the mesh generation, assigning of boundary condition, coupling of the melt 

mass flow rate with aspiration pressure via UDF, the CFD model is ready to execute the 

simulations for the five different nominal melt mass flow rates. For all of the simulations with 

different melt mass flow rates carried out, the gas inlet pressure is kept constant at 4.5 MPa. 

This results in a range of GMRs investigated in this study. The GMR for each of the nominal 

melt mass flow rate is calculated and is presented in Table 4-5. However, it has be noted that 

these GMRs are the nominal values, and will change as the simulation progresses. 

Table 4-5 Nominal melt flow rates and their respective GMRs used in the study. 

Operating 

Pressure (MPa) 

Gas Flow rate 

(kg s-1) 

Melt flow rate 

(kg min-1) 

Melt Flow rate 

(kg s-1) 
GMR 

4.5  0.088 1 0.016 5.5 

4.5 0.088 2 0.033 2.6 

4.5 0.088 4 0.066 1.32 

4.5 0.088 6 0.1 0.88 

4.5 0.088 12 0.2 0.44 
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Similar to the different melt mass flow rates investigated, the impact of the melt 

temperature is also investigated in this CFD study. For each of the nominal mass flow rates 

mentioned in Table 4-5, five different melt temperatures ï 300K, 600K, 1000K, 1500K, and 

2000K, were considered to investigate how the melt temperature influences the instability in 

the gas and melt flow. However, for some nominal melt mass flow rates only some melt 

temperatures were investigated. In total 22 simulations were conducted, and all the simulation 

combinations that were conducted are marked with a blue tick in Table 4-6, and those that are 

not carried out are marked with a red cross. The simulations which are marked with the red 

cross (lower GMR/higher temperature cases) arenôt carried out since they were too unstable to 

run successfully. The lower GMR/higher temperature cases were initially run, but they seem to 

undergo continuous divergence even under decreased timestep size and CFL number. Even 

after continuous efforts they proved to be unstable, and hence considering the limited time and 

resource available, those runs were not carried out. Section 5 details the results of the all the 

22 simulations carried out.  

Table 4-6 Table of simulation run in this thesis. The blue tick indicates they are simulated, the 

red cross indicates they are not simulated. 

 

GMR 

 

Temperature 

GMR - 5.5 

(1 kg min-1) 

GMR - 2.6 

(2 kg min-1) 

GMR - 1.36 

(4 kg min-1) 

GMR - 0.88 

(6 kg min-1) 

GMR - 0.44 

(12 kg min-1) 

300K 
     

600K 
     

1000K 
     

1500K 
     

2000K 
     

  



Results of the Numerical Simulations. 

79 

 

5 Results of the Numerical Simulations.  

This section presents the results of the 22 CFD simulations (Table 4-6) carried out to 

understand the gas-melt instabilities in the CCGA process. It has to be noted, all the injection 

mass flow rates: 1, 2, 4, 6, and 12 kg min-1, are nominal and initial mass flow rate values only. 

The values of the injection mass flow rate change as the simulation progresses, dictated by 

Equation 4.1.  

The general results presented in this section are the injection mass flow rate plot which 

is the mass flow rate calculated using 50 ɛs time-averaged aspiration pressure, given by 

Equation 4.1; 50 ɛs time-averaged mass flow rate plot obtained at the outlet of the domain (all 

particles exit only via the outlet of the domain; no particles are lost/escaped through other 

boundaries); particle trajectories of the melt (particles) with velocity contours in the 

background; and velocity contours without the particles. Regarding the velocity contours 

without the particles, it is to be noted, throughout all 22 simulations, both the gas and melt 

flows are simultaneously present in the domain. The velocity contours without the particles are 

presented just to provide a clear understanding on the behaviour of the gas flow during the 

CCGA process. Moreover, particle trajectory and velocity contour figures are cropped 

appropriately to present their results in a compact manner to save space, although the size of 

their numerical domain is same as Figure 4.3. In addition to the above-mentioned results, 

velocity monitors recorded at seven different key sections of the domain (Figure 5.1) and FFT 

plots are also presented for some of the simulations.  

 

Figure 5.1 Locations of the seven velocity monitor employed in the study to record velocity 

of the gas flow. (Image provides monitorsô location and hence velocity legend is not added.) 
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5.1 Results of 1 kg min-1 (GMR = 5.5) under increasing melt temperatures.  

This section presents the results of 1 kg min-1 case having GMR=5.5, investigating the 

effect of increasing melt temperatures. The melt temperatures considered for this GMR are: 

300K, 600K, 1000K, 1500K, and 2000K (Table 4-6). The section is sub-divided to present and 

analyse the results for each of the melt temperature individually. 

5.1.1 Melt temperature: 300K. 

 

Figure 5.2 injection mass flow rate plot of 1 kg min-1 with melt temperature, 300K. This 

shows as time progresses the fluctuation attenuates to become a steady-state mass flow rate.  

 

The 1 kg min-1 (0.016 kg s-1) model with a GMR value of 5.5 and melt temperature of 

300K was run for 84 ms (30 to 114 ms). The injection mass flow rate plot is presented in Figure 

5.2. The oscillations observed in the melt injection plot are a result of the varying aspiration 

pressure to which they are coupled. From the zoomed section of the plot shown in Figure 5.2 

there was an initial steep rise in the mass flow rate for the first 0.4 ms into the injection, and 

thereafter it evolved into a damped fluctuation. As seen from the Figure 5.2, starting at 30.5 ms 

there existed multiple high amplitude fluctuation, which damped out in the subsequent cycles. 

From observation, the fluctuation presented in Figure 5.2 contains high frequency fluctuations 

modulated into the low frequency fluctuation which eventually damped out at t > 34 ms. As 

the time progressed further the low frequency fluctuation also attenuated, transitioning into a 

steady-state having a near-steady mass flow rate of 0.01967 kg s-1. The initial fluctuation 

observed from the mass flow rate plot (Figure 5.2) can be attributed to the onset of the melt 

injection into the domain which disturbs the gas flow-field, leading to the change in the 
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aspiration pressure. To identify different frequencies of fluctuation present in the injected mass 

flow rate plot, Fast Fourier Transform (FFT) analysis was conducted. From the analysis two 

distinct frequencies were found: a dominant low frequency of 1.4 kHz (0.71 ms), and a weaker 

high frequency of 9.1 kHz (0.1 ms). 

 

Figure 5.3 Particle trajectories with velocity contours in the background for the 1 kg min-1, 

300K case showing the evolvement of particles starting from onset of injection, pre-filming 

and movement downstream.  

 

Considering the particle trajectories with the gas flow-field in the background, with the 

onset of melt injection into the domain (atomisation chamber) there was an initial significant 

disturbance that can be seen in the flow-field. This can be observed from Figure 5.3a&b. This 

can be attributed to the disruption to the steady flow, caused due to the onset of melt injection. 

To illustrate this disturbance three white dashed guide-lines were placed at Figure 5.3a and 

were compared against Figure 5.3b. Guide-lines (i), (ii), and (iii) were placed at Figure 5.3a at 

the first Mach-disk, stagnation point, and second Mach-disk, respectively. When compared, it 
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can be seen, all three mentioned key points mentioned in Figure 5.3a were shifted distinctly in 

Figure 5.3b. Following this, the melt underwent pre-filming at 31.5 ms with its melt pool head 

built-up almost perpendicular to the direction of the flow-field as observed in Figure 5.3c. This 

wall like melt buildup by the advancing melt, is due to the opposing force of the recirculation 

zone. The melt that is pulled radially out by the recirculation zone, when it comes in contact 

with the supersonic gas-jet, is swiftly pushed downstream owing to the kinetic energy 

possessed by the supersonic flow-field. Until 32.2 ms it can be observed that the particles 

pushed downstream from the first shock-cell were tightly collimated (Figure 5.3d&e), but later 

with time the particles started to disperse from and beyond the first shock-cell (Figure 5.3f). 

This progressive dispersion can be observed more clearly in the Figure 5.4, where initially at 

37 ms (Figure 5.4a) the particles that were pushed downstream which touched the axis of the 

atomiser around the region of stagnation point, due to the progressive dispersion, touched the 

axis, at a location further upstream at 57 ms as shown in Figure 5.4e. In each frame of the 

Figure 5.4 the location that of the particles touching the axis is shown using arrow.  

 

 
Figure 5.4 Particle trajectories with velocity contours in the background for the 1 kg min-1, 

300K case demonstrating how particle dispersion increases with time. The arrow shown in 

the frames shows how the less dispersed particles, in frame a, become more dispersed over 

time, as seen in frame f. 
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This transition from the collimated trajectories to much dispersed trajectories may be 

attributed to the mass build-up in the domain. Due to the mass build-up in the domain, as shown 

in Figure 5.4e until 57 ms the melt pool head advances 2Nd (nozzle-diameter) downstream 

before stabilising at that same location for the remainder of the simulation. This advancement 

of the melt pool head downstream is shown in Figure 5.4 by pinning a white dashed reference 

line at the melt pool head at 57 ms (frame e) which when compared against the melt pool head 

of other frames starting from 37 ms, displays the progressive downstream movement of the 

melt pool head from 37 to 57 ms. Also, the mass build-up in the domain can be noticed by 

comparing the particle mass flow rate plot (Figure 5.5) obtained at the outlet of the domain 

against the injection mass flow rate (Figure 5.2). From Figure 5.5 it is noticed, that at 64.3 ms 

the mass flow rate of the particles leaving the outlet becomes near steady-state having a value 

of 0.01964 kg s-1.  

 

Figure 5.5 Mass flow rate of the particles obtained at the outlet of the domain for the 

1 kg min-1, 300K case shows the particles takes around 2.4 ms to reach to the outlet, and mass 

flow rate reaches an approximate steady-state mass flow rate at 64.3 ms. 

 

Considering the gas flow-field of the 1 kg min-1, 300K melt temperature case presented 

in Figure 5.6, it was observed, due to the injection of melt, the flow-field was disturbed from 

its original steady-state condition, causing flow-field oscillations. Even though the melt is 

present in all the frames of Figure 5.6, only the velocity contours are presented to better 

visualise the gas flow-field. To understand this phenomena series of velocity contours of the 

flow-field were obtained at close consecutive flow times and were stacked up. Changes to the 

flow-field were noted by using three vertical guide-lines (i), (ii), and (iii) pinned in Figure 5.6a 
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(30 ms) at first Mach-disk, stagnation point, and second Mach-disk, respectively, and 

comparing were against the other frames of the stack. It can be evidently seen when comparing 

Figure 5.6a against the other frames, that the flow-field oscillated by moving upstream (Figure 

5.6b) and downstream (Figure 5.6c), i.e. all above-mentioned features of the flow-field moved 

upstream as the flow-field shrunk, and subsequently moved downstream as it expanded. It was 

also observed that with the flow-field undergoing fluctuation, it continued to exist in closed-

wake condition (presence of first Mach-disk). The downstream movement of the melt pool 

head as seen in Figure 5.3 is also observed from the velocity contours (Figure 5.6b-e), and the 

locations of the melt pool head for each of the frame is marked using black circle.  

 
Figure 5.6 velocity contours without particles for the 1 kg min-1, 300 K case showing the 

initial flow-field fluctuation during the onset of the melt injection, starting at 30 ms. This is 

illustrated using three guide-lines (i), (ii) and (iii), pinned at frame a, at first Mach-disk, 

stagnation point, and second Mach-disk, respectively. The melt pool heads of the frames, b-e, 

are marked in the circle. Using the three guide-lines the to-and-fro motion of the flow-field 

fluctuation is illustrated.  

 

Following the initial fluctuation, the flow-field transitioned into open-wake condition, 

and remained in the same configuration for the remainder of the simulation. The flow-field 

fluctuation continued to damp out progressively until the flow-field became stable at t > 36 ms. 

However, even after the flow-field stabilised, due to the progressive downstream penetration 

of the melt pool head, the wake region was pushed downstream. This is shown in Figure 5.7, 
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where guide-lines are pinned at various key locations of the flow-field taken at 36 ms and were 

compared against the flow-field of subsequent flow times. Five guide-lines (i), (ii), (iii), (iv), 

and (v) were pinned in Figure 5.7a, at melt pool head tip, end of first shock-cell, end of second 

shock-cell, stagnation point, and second Mach-disk, respectively. It can be observed from all 

the frames, a-e, except for melt pool head tip all the other flow features remain at the same 

location, revealing steady flow. 

Comparing the gas flow-field fluctuations with the melt fluctuation frequencies 

obtained from the FFT analysis, it was determined that the melt fluctuation of 1.4 kHz 

corresponds to the initial flow-field fluctuation. However, the melt fluctuation of 9.1 kHz, did 

not correspond to any flow-field fluctuations. The gas flow-fields were examined against the 

local maxima and local minima of the two dominant frequencies i.e. 1.4 kHz and 9.1 kHz 

obtained via the FFT analysis, to observe for any significant changes. It was observed, at local 

minima of the 1.4 kHz fluctuation, the wake region reduced in its size i.e. the configuration of 

the flow-field seen in Figure 5.6b&d when compared against Figure 5.6a. Similarly, at local 

maxima, the wake region grew in its size (Figure 5.6c&e). However, for the higher frequency, 

9.1 kHz, no correlation could be observed between the flow-field and the local extrema of the 

melt fluctuation. 

 

Figure 5.7 velocity contours without the particles for the 1 kg min-1, 300 K case taken at 

different flow time are presented in sequential order showing the flow-field exist in open-

wake condition once it stabilises at t > 36 ms. The melt pool heads of all the frames are 

marked in red circles. 
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5.1.2 Melt temperature: 600K 

 

Figure 5.8 Injection mass flow rate plot of 1 kg min-1 case with a melt temperature of 600K. 

After the initial fluctuation, at 42.5 ms there is a gradual rise and fall in the mass flow rate 

before becoming steady-state at 63 ms.  

 

Following the 300K case, the 1 kg min-1 case was run with a melt temperature of 600K 

for 125 ms (30 to 155 ms) to investigate the effects of elevated melt temperature. The general 

behaviour of this case was similar to that of the 300K case, both in the field-flow and in the 

particle trajectories. However, few significant differences were observed in the case which are 

recorded below. Unlike, the 300K case, where after the attenuation of the initial melt fluctuation 

the mass flow rate becomes steady-state, in the 600K case there was a gradual rise and fall in 

the mass flow rate from 42.5 ms to 63 ms. This is presented in Figure 5.8. Following this, the 

mass flow rate stabilised into a near steady-state like the 300K case, with a near-constant mass 

flow rate value of 0.01935 kg s-1.  

 

Figure 5.9 Particle trajectories taken at 63 ms exhibiting swirling of the particles in the 

recirculation zone. Also, at 63 ms the melt pool head penetration downstream also becomes 

stable. 
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Similarly, on observing the particle trajectories, the melt underwent pre-filming at 

31.6 ms, with the particle trajectories same as observed in Figure 5.3c for the 300K case. 

However, there was slight delay in pre-filming time compared to that of 300K case. Also, the 

particle trajectories followed the same pattern of progressive dispersion. Nevertheless, a greater 

degree of dispersion is seen in the 600K case. This is presented in the Figure 5.9, where the 

particles enter the recirculation zone and circulates in the region, tracing the motion of the gas 

flow in the recirculation zone. Similarly, even as melt stabilisation seen in the 300K case, in 

the 600K case, the melt pool head downstream movement stabilised at 2.5Nd from t > 63 ms. 

This is presented in Figure 5.9.  

Moreover, on examining the melt pool head movement with the mass flow rate obtained 

at the outlet of the domain, from Figure 5.10, it can be observed there is a steady mass build-

up in the domain similar to that of the 300K case. This is inferred by comparing the injection 

mass flow rate plot in Figure 5.8 and the outlet mass flow rate plot in Figure 5.10. The mass 

flow rate reaches its near-steady state around 64 ms with a value of 0.01933 kg s-1, compared 

to the 300K case, where mass flow rate achieves its steady state at 61.3 ms. Nevertheless, the 

300K and the 600K cases were run with lower melt temperatures which might not be the same 

in a commerical atomisation, leading to the failure in replicating any forced instability that it 

is seen in the physical atomisation process. Hence, in the subsequenct runs higher melt 

temperatures were employed.   

 

Figure 5.10 Particlesô mass flow rate obtained at the outlet of the domain for 1 kg min-1, 

600K case, showing the flow rate reaches a near-steady state around 64 ms with a value of 

0.01933 kg s -1.  
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5.1.3 Melt temperature: 1000K 

 

Figure 5.11 Injection mass flow rate plot for the 1 kg min-1, 1000K case, showing the onset of 

a high frequency fluctuation at 60 ms which remains for the remainder of the simulation. The 

high frequency fluctuation was evaluated to be 28.5 kHz. 

 

The 1 kg min-1 case with a melt temperature of 1000K run for 102 ms (30 to 132 ms), 

and the injection mass flow rate plot is presented in the Figure 5.11. The initial fluctuation in 

the mass flow rate was seen similar to that of the 300K and 600K cases. However, from 43 to 

46 ms there is a sudden rise in the mass flow rate value followed by a gradual fall until 60 ms. 

At 60 ms there is a significant difference in the behaviour of the mass flow rate plot. A high 

frequency fluctuation can be observed to be coming into effect which remained for the rest of 

the duration. Even though, the high frequency fluctuation underwent repeated and regular 

fluctuation, having fixed amplitude until 110 ms, from t > 110 ms, an increase in amplitude can 

be observed. Evaluating the GMR of the high frequency fluctuation, it was found to be 4.59 - 

4.72. Similarly, on investigating the mass flow rate plot (Figure 5.11) using FFT analysis, two 

frequencies were found: 1.4 kHz and 28.5 kHz, the latter of which corresponded to the high 

frequency fluctuation.  

 
Figure 5.12 Particle trajectories obtained at 69 ms showing 3Nd downstream advancement of 

melt pool head, where it stabilises. 
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Similarly, the particle trajectories of the 1000K case looked very similar to that of the 300K 

and 600K cases. The particles underwent pre-filming at 31.7 ms (and for the 600K case it was 

31.6 ms). Likewise, the particles progressively dispersed over time, and the melt pool head 

advanced downstream until 69 ms and stabilised at 3Nd, as shown in Figure 5.12. The melt 

pool head advancing further downstream compared to that of the 600K case may be attributed 

to the steep mass build-up in the domain. This can be inferred by comparing the injection and 

outlet mass flow rate plots shown in Figure 5.11 and Figure 5.13, respectively. From the outlet 

mass flow rate plot seen in Figure 5.13, two stages of mass flow rate were seen: a sharp rise 

shown by the green arrow indicating increased rate of particles being pushed across the 

domainôs exit, and a gradual rise shown using the violet arrow indicating much lesser rate of 

particles being pushed across the domain. Following this the outlet flow rate became near-

constant with a value of 0.01886 kg s-1. 

 
Figure 5.13 Mass flow rate of the particles obtained at the outlet of the domain for the 1 kg 

min-1, 1000K case. There are two stages of mass flow that is observed: a steep increase as 

pointed by the green arrow, and a gradual rise pointed by the violet arrow. 

 

Further to this, on examining the gas flow-field, an initial disturbance in the flow-field 

due to the onset of the melt injection similar to that of the previous cases (Figure 5.7) was 

observed. Subsequently the flow-field stabilised at 32.4 ms transitioning into open-wake 

condition and continued to remain in that configuration until 57 ms. At 57 ms there was an 

onset of instability in the flow-field which caused the flow-field to fluctuate. The fluctuation 

started out gradually but with time it intensified i.e. the spatial movement of the fluctuation 

grew with time. Moreover, at t > 32.4 ms the flow-field existed in open-wake condition and 
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continued to remain in open-wake condition during the fluctuation. To further understand the 

flow-field fluctuation, a series of flow-field contours were obtained in close consecutive flow 

time and were stacked as presented in Figure 5.14. Guide-lines were placed at key location of 

Figure 5.14a and were compared against with the rest of the stacks. Five vertical guide-lines 

(i), (ii), (iii), (iv) and (v) were placed at the end of the first shock-cell, end of the second shock-

cell, stagnation point, oblique shock before the second Mach-disk, and second Mach-disk, 

respectively. Another secondary guide-line (white dashed line) is used to trace the ends of the 

second shock-cell of all the frames of the stack. Also, to understand the geometrical extent of 

the wake-region downstream during the fluctuation, another guide-line was used to connect the 

stagnation points of all the frames. Even though the melt is present in all frames of Figure 5.14, 

only velocity contours are presented to better the visualise the gas flow-field, especially in the 

wake region. During the fluctuation it was evident through guide-line (i), the first shock-cell 

remained fixed throughout the fluctuation. Through guide-line (ii) it was observed second 

shock-cell marginally increased in its geometrical extent downstream and returned back to its 

original configuration in Figure 5.14h, i.e., same as the configuration seen in Figure 5.14a. 

Contrastingly, the stagnation point moved upstream until frame e (Figure 5.14e) and returned 

back to its original location at the end of the fluctuation (Figure 5.14h). Likewise, the distance 

between the oblique shock that is present before the second Mach-disk, and the second Mach-

disk gradually decreased to a very close proximity, before quicky regaining its position, as 

shown in Figure 5.14d and Figure 5.14g, respectively. The frequency of this flow-field 

fluctuation was evaluated to be 28.5 kHz, correlating to the high-frequency melt fluctuation 

seen in Figure 5.11.  

Apart from this, a continuous wave propagation was observed beyond the second Mach-

disk. This is shown in Figure 5.14 by employing ellipses to trace the wave propagation. For the 

duration of the flow-field fluctuation, all the above-mentioned changes in the flow-field 

underwent cyclic repetition. Correlations between the local extrema of the high frequency 

fluctuation, 28.5 kHz, seen in the mass flow rate (Figure 5.11) and the flow-field fluctuation 

seen in Figure 5.14 were analysed. Even though, there existed a forced continuous fluctuation 

in the flow-field throughout the duration, no evidence of alternation in the flow-field between 

open- to closed-wake were found, but rather the flow-field continued to exist in open-wake 

condition. 
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Figure 5.14 Velocity contours without particles for the 1 kg min-1, 1000 K case showing flow-

field fluctuation corresponding to the high frequency fluctuation seen in the injection mass 

flow rate. End of second shock-cell and stagnation point is seen shifting away and returning 

back to its original point. The wave propagation due to the flow-field oscillation is traced 

using ellipse.  

 

5.1.4 Melt temperature: 1500K 

 
Figure 5.15 Injection mass flow rate plot of 1 kg min-1 case with a melt temperature of 1500K 

showing an initial steep rise followed by a gradual decline in two stages, shown using green 

and violet arrows.  



Results of the Numerical Simulations. 

92 

 

The 1 kg min-1 case with a melt temperature of 1500K was run for 128 ms (30 to 

158 ms). The Injection mass flow rate plot for the 1500K case presented in the Figure 5.15 

looked similar to that of the 1000K case, however, there were few significant differences 

observed. After the attenuation of the initial fluctuation, at 40 ms there was a steep rise in the 

mass flow rate, thereafter immediately followed by a gradual and extended fall, which 

eventually settled into an almost-steady and near-constant amplitude flow rate. It is significant 

to observe from Figure 5.15, the onset of the high frequency initiated at 43 ms, well before the 

high frequency initiation time for the 1000K case (60 ms). After the steep rise, the decrease in 

the mass flow rate is seen in two stages: a steeper fall followed by a more gradual fall marked 

by the green and violet arrows, respectively. Thereafter, the mass flow rate stabilised to follow 

a repeated and orderly fluctuation from t > 100 ms, with an average mass flow rate value of 

0.01813 kg s-1. On evaluating, it was found the high frequency fluctuation has a varying GMR 

value of 4.76 ï 4.93, which when compared with the 1000K case, can be evidently observed 

that the amplitude of the fluctuation has increased. On conducting the FFT analysis for the 

mass flow rate plot, two frequencies were obtained: 1.4 kHz and 25.5 kHz. The latter 

corresponds to the high frequency fluctuation. The same pattern of flow-field fluctuation seen 

in the 1000K case (Figure 5.14), corresponding to the high frequency fluctuation, was also seen 

in the 1500K case which corresponded to the 25.5 kHz melt fluctuation. The fluctuation 

possessed the same variations in the flow-field features as seen in the 1000K case (Figure 5.14).  

 
Figure 5.16 Particle trajectories of 1 kg min-1 case with melt temperature as 1500K obtained 

at 72 ms showing the extent of the melt pool head advancement downstream. 

 

The particle trajectories followed a very similar trend as seen in the earlier cases. 

However, there were a few distinct differences observed in the particle trajectories. The 

particles underwent pre-filming at 31.9 ms (and for the 1000K case it was 31.7 ms), and from 

Figure 5.16 it can be observed the melt pool head advances until 4Nd downstream before 

stabilising at that location at 72 ms. 


































































































































































































































































































































