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ABSTRACT 

Cryogenic sprays have many applications in modern engineering. Cooling of electronic 

equipment subject to high heat flows, surgical ablation of gastrointestinal mucosae or 

orbital maneuvering are a few examples of their versatility. However, the atomization of 

a cryogenic liquid is a complex process. During such an event, aerodynamic effects 

associated with secondary atomization are further affected by thermodynamic 

flashing.  A better understanding of the characteristics of cryogenic sprays is then 

necessary to allow for improved design and optimization in applications. The overarching 

objective of this study is to document such characteristics. The numerical simulation was 

performed over cryogenic nitrogen spray using an Eulerian-Lagrangian approach. In 

other words, while the gas phase of the flow is treated as a continuum, the nitrogen 

droplets are tracked individually in a Lagrangian sense. Models for evaporation, 

atomization, and breakups capture the physical processes experienced by droplets along 

their pathways. In addition, turbulence in the flow is captured by the k-omega SST 

model. Simulations performed over a wide range of nozzle inlet pressure suggest that the 

spray cone angle tends to remain constant. In contrast, the diameter of droplets along the 

centerline of the spray reduces significantly. Finally, it was noticed that a higher 

concentration of liquid nitrogen is observed on a target plate as the nozzle inlet pressure 

increases. 
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1. Introduction 

A dynamic collection of tiny fluid droplets disperses in a medium is known as a 

spray. The process of formation of such droplet particles is known as atomization. The 

atomization process is a disintegration of a liquid sheet by exposing it to high-velocity air 

or gas or through any external mechanical process generated by a rotating or vibrating 

device. The application of transforming the bulk liquid into this physical dispersion of 

particles in a fluid is crucial in several industrial sectors, agriculture, medicine, and many 

more field. Numerous spray devices like nozzles and atomizers have been developed 

based on application. The design of these nozzles is so that the spray characteristics 

change according to the application. Spray characteristics include drop size, spray 

pattern, spray angle, droplet velocity, and how the spray impacts the target surface.  

Initially, the spray starts with a dribbling stage, but it transforms into a fully 

developed spray as the upstream pressure or the liquid injection pressure increases. The 

formation of a jet or the spray characteristics is also affected by external environment 

parameters like temperature, specific gravity, the viscosity of the fluid, and surface 

tension between the liquid and surrounding air (Hanson, 2020). 

The pressure upstream of the nozzle also plays an essential role in the development of 

the spray. The spray tends to disintegrate more aggressively and delay forming a fully 

developed mist as the pressure difference increases at a constant atmospheric condition. 

The pressure difference is the difference in injection pressure and atmospheric pressure. 

As a result, the liquid jet disintegrates into a liquid film sheet in the fully developed 

spray, resulting in primary atomization and secondary atomization.  
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Increasing liquid injection pressure 

 

 

The spray ability is also affected by the properties of the working liquid used in the 

spray. The fluid's specific gravity affects the overall mass flow rate of the fluid at the 

nozzle exit and finally affects the droplet diameter. So, for a given pressure, higher 

specific gravity reduces mass flow rate and hence lower mean droplet size. The high-

density liquid jest does not atomize efficiently, but by changing the temperature, the 

viscosity of the flow, it can assist in promoting atomization. Temperature affects the 

spray pattern indirectly because the density and fluid surface tension decrease with an 

increase in temperature. Figure 1.2 shows the effect of temperature on the density of the 

water. The lower temperature will increase the fluid's viscosity, making the droplet stay 

together and form a larger droplet.  

Figure 1.1 Stage of water spray formation (Fung et al., 2013) 
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In industry, most spray application has unique requirements and specifications. This 

requirement includes nozzle type, spray pattern, size, cone angle, design, and spray 

attributes. So, it is crucial to select a specific nozzle while considering the environmental 

condition as well.  

 

 

 

 

 

 

 

 

Spray patterns are also formed based on the nozzle shape, as shown in Figure 1.3. The 

pattern creates a different impact on the target plate and different spray droplets diameter 

and other parameters. The flat fan spray is mainly used for continuous spray and 

efficiently covers every corner along the axial direction. It forms a standard distribution 

curve for the spray volume over the target plate, effective for road marking, food 

spraying, and many more application. The hollow cone nozzle covers the circular area 

over the target plate hence more effective at the circumference than the center of the 

cone. 

Figure 1.2 Change of density with temperature (Ishida et al., 2007) 
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In contrast, a full nozzle cone covers less space than the hollow cone nozzle, as it 

sprays evenly on the target object. Similarly, the atomizing hydraulic spray is primarily 

used for compressed air and cooling substance with evaporating fluid at much higher 

pressure (around 10 to 100 pound per square inch). The kinetic energy increases with 

increased stress, which allows the liquid to atomize into much smaller particles than a full 

cone nozzle. The pressure upstream of the nozzle may vary depending upon the 

application. The droplet size and spray pattern are crucial factors for this nozzle; they can 

be used in spray cooling. These parameters may help to reduce the NOx or COx emission 

and the cooling tower gas. So, controlling droplets and optimal injector placement are 

essential keys for practical use. 

  

 

 

 

 

 

. 

 

 

 

Figure 1.3 Spray patterns (Spraying Sytems Co, 2021) 
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Cryogenic nozzles must sustain extreme temperatures difference and mechanical 

conditions. Thermodynamics flashing plays a vital role in breaking particles and the 

aerodynamic breakup in the cryogenic spray. Thermodynamic flashing is for the liquid 

which has an exponential evaporation rate due to a pressure drop. The vapor phase 

production process is generally carried out by the thermodynamic and the mechanical 

non-equilibrium, created due to the significant difference between temperature and 

velocity of both phases. The increase of vapor bubbles is mainly due to the 

thermodynamic non-equilibrium. This non-equilibrium plays a crucial role in 

superheating the liquid above the saturation temperature.  

There are a few other types of spray with different characteristics and can work more 

effectively and efficiently based on the implementation. Information (external conditions) 

or data (patterns) helps to alter the spray morphology. The important parameters like flow 

rate, upstream pressure, spray distance from the target helps us to design better nozzles 

more effectively, while atmospheric parameter like temperature, pressure, fluid density, 

surface tension play a crucial role in understanding the efficiency of the spray  

There is continuous effort to monitor how to spray characteristics affect the 

combustion and evaporation effects over spray fields. The rate of combustion/evaporation 

is directly dependent on the surrounding temperature, droplet-size-distribution, droplet 

diameter, and many other fluid parameters (Holyst, et al., 2013). The rate of 

combustion/evaporation is faster if the spray field is covered with a smaller droplet 

diameter. A sufficient evaporation rate can be achieved by altering parameters like nozzle 

exit pressure, mass flow rate, and nozzle diameter to achieve an efficient and effective 

spray droplet-size distribution for a specified application. For example, the engine 
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injectors are designed to reduce the droplet volume or droplet diameter for maximum 

combustion rate, resulting in less carbon deposition. 

Spray-cooling technology uses the fundamentals of evaporation principles. The rate 

of the phase change (evaporation) is a critical factor in understanding the reaction rate 

while the working fluid is liquid hydrogen or oxygen. The interest in spray cooling or 

cryogenic spray has been increasing due to a better understanding of the evaporation rate 

along with droplet size. 

Cryogenic sprays are advanced spray technology that uses cryogenic fluid with a 

saturation temperature below 120 Kelvin as their working fluid for various applications. 

Cryogenic spray applications have been so far limited to aerospace engineering, electric 

cooling, or medical science. In aerospace engineering, the cryogenic wind tunnel is one 

of the applications of spray cooling. In the cryogenic wind tunnel, liquid nitrogen is 

sprayed into the control volume to increase the Reynolds number as much as the factor of 

seven with no significant change in the dynamic pressure and reduction in the driving 

power (Dress & Kilgore, 1984). Various cryogenic fluids like liquid hydrogen, nitrogen, 

oxygen, and methane are used in multiple applications based on their chemical 

composition.  

The methane and hydrogen being highly flammable liquids, their usage remains 

limited. Liquid oxygen acts as an oxidizer which limits its use as a fuel. The application 

of liquid nitrogen is more widespread due to its inert properties among cryogenic fluids. 

The atomization process of cryogenic spray becomes challenging due to the combined 

effect of the mechanical breakup and thermodynamics flashing.  
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The increase in ambient pressure exerts a significant force on the bubble growth. As a 

result, the bubble radius varies during the flashing process for different ambient pressure 

(Pꝏ). The bubble expansion is controlled by heat transfer when the surface temperature 

reduces to its saturation temperature of the corresponding ambient pressure. This process 

is also known as the heat transfer-controlled domain. In the heat transfer domain, the 

pressure difference between the inside and outside of the bubble approaches zero, and 

gradually, the bubble growth rate reduces with respect to time. This process also delays 

the droplet breakup time.  

Another critical parameter that also plays a crucial role in the field of cryogenic spray 

is Sauter Mean Diameter (SMD). This parameter helps to understand the average particle 

diameter of the dispersed fluid. SMD is calculated using the average surface area and the 

volume of the particle.  

 𝐷32 =  
𝑑𝑣

3

𝑑𝑠
2                                                        (1.1) 

where dv and ds are calculated using average volume and surface area, respectively, this 

parameter further helps understand the evaporation rate and the mass transfer of the fluid 

into a vapor. Thus, SMD becomes a crucial factor when dealing with cryosurgery, in 

which the larger diameter of the particle can create substantial side effects which might 

be challenging to overcome. Furthermore, in cryosurgery, droplet distribution of the fluid 

is also crucial as it might affect other vital tissues in the body. In addition, the droplet 

distribution or the spray cone angle is greatly affected by the injection pressure and the 

nozzle type.  

Currently, the application of spray cooling through cryogenic fluid has increased in 

electronic cooling applications. Due to high-performing computing operations, future 
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power electronic applications might require innovative technologies to remove high heat 

flux. Furthermore, it is essential to operate this application at low temperatures to 

increase the components' reliability, which results in increased efficiency (Jungho, 2006). 

As spray cooling provides the best combination of high Critical heat flux (CHF) removal 

efficiency, isothermality, and fluid inventory, it is preferred over any jet impingement 

cooling system. However, such spray's understanding is limited to some basic 

parameters, while a deep understanding would be required to calculate heat transfer, film 

thickness spray parameters, and patterns. Due to which it lacks in understanding the 

preliminary fundamental principle of such cooling spray and some failed commercial 

products, restrict its use in commercial applications.  

CHF is the thermal limit of a scenario where phase change is caused due to heating, 

which has a steep decrease in heat transfer efficiency. The sudden mixing of the fluid 

occurs due to more efficient heat transfer and droplet turbulence (Zuber, 1959). 

Therefore, boiling heat transfer has played a promising role in the industrial heat transfer 

process in macroscopic heat transfers (heat transfer exchangers or fossil power plants) 

and microscopic heat transfer devices (pipes and microchannels for cooling electronic 

chips).  

Due to such a growing number of applications across a wide range of industries, it 

becomes essential to characterize the formation of cryogenic spray better and qualify the 

properties.  These are the over-arching motivations for this work. 
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2. Literature Review 

As the interest in cooling technology development has recently increased, cryogenic 

spray has become essential for significant temperature reduction and high power density 

handling. Its practical high heat flux removal ability, evaporation rate, and large 

Reynolds number with low power consumption have created widespread attention.  

2.1. Experimental Studies of Cryogenic Spray 

Practical experiments are essential to understand the complex physics behind the 

cryogenic spray because it allows more accurate and descriptive results, which can 

further help to change the theories into a real-life application with few drawbacks. 

2.1.1. Critical Heat Flux Effect 

Spray cooling may reduce the over 33o C of junction temperature and 35% power 

consumption compared to cooling with air (Cader et al., 2004). Spray cooling also allows 

precise temperature control with low inventory liquid because of its adequate high heat 

flux removal capacity in both single and two phases. Besides, spray cooling also provides 

a uniform cooling temperature over the targeted surface with low fluid inventory (Gao & 

Li, 2018).  The initial step to understanding the spray cooling technology is to discover 

how the heated surface is affected. For this, numerous fundamental studies have been 

overseeing theoretically and experimentally, mainly focusing on crucial parameters 

affecting the impact dynamics and relevant heat transfer mechanism. There are four main 

aspects for the noticeable effect of cooling performance: spray characterization, nozzle 

parameter (it includes positioning and design), phase change, and enhanced surface. In 

compliance efforts, scientists have put a great effort into understanding the spray 

characterization, critical heat flux (CHF), and relevant cooling performance of spray 
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cooling (Toda, 1972). Further research found that the mean droplet velocity is the most 

promising parameter affecting the CHF, followed by mean droplet flux (Chen et al., 

2002) while experimenting with all the parameters individually.  

Ested, K. A. and Mudawar, I. (1995) experiments on spray cooling suggest that 

change in volumetric flux affects the boiling curve as it affects evaporation efficiency. 

This local volumetric flux change (change in Weber number) has a direct correlation with 

CHF. Sauter Mean Diameter (SMD) is dependent mainly on orifice diameter, Weber 

number, and Reynolds number.  

2.1.2. Evaporation effect 

Xue, R et al. (2019) have explained the effects of injection mass flow rate on 

evaporation rate, temperature distribution, and droplet distribution of the spray field using 

Computational Fluid Dynamics (CFD). In this study, the evaporation of the spray field 

and temperature distribution were clearly explained through experimental and numerical 

analysis. The intense evaporation produced by the fluctuation injection was mainly due to 

an increase in the velocity of the fluid in the spray. This velocity gives rise to Turbulent 

Kinetic Energy in the fluid particle, which may cause collision of particles, disintegrating 

or merge to form a new particle with different size, shape, and volume. Therefore, the 

average diameter is taken into consideration for all the developed particles. This average 

diameter is also known as Sauter mean diameter (Mugele & Evans, 1951), which was 

also calculated to understand the physics behind the droplet evaporation in the liquid 

nitrogen spray field. In other words, the Sauter Mean Diameter (SMD) is the diameter 

having the same volume to surface area ratio for the accounted particle. 

𝑆𝑀𝐷 =  
𝑑𝑣

3

𝑑𝑠
2                                                       (2.1) 
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where the dv and ds are the diameters of volume and surface diameter of the particle, these 

parameters were calculated by another method without any information about the 

physical properties of the droplet. 

Evaporation cooling by liquid nitrogen spray is extensively used to achieve 

immediate cooling, thermal uniformity, and temperature accuracy in an ample space like 

a cryogenic wind tunnel (Fey, et al., 2003).  

Xue, R et al. (2018) experimented with liquid nitrogen in atmospheric conditions to 

measure the effect of pressure difference over spray cone angle and Sauter Mean 

Diameter (SMD) D32 for different types of nozzle configuration. In addition, Droplet 

spatial distribution was evaluated at various locations in the axial direction to understand 

SMD distribution over the spray field.  

According to Lefebvre and McDonell (2017), the SMD was calculated using the 

following equation for the pressure swirl nozzle: 

𝑆𝑀𝐷 = 2.25 𝜎0.25 µ𝐿
0.25 𝑚𝐿

0.25̇  𝛥 𝑃𝐿
−0.25𝜌𝐿

−0.25                           (2.2) 

2.1.3. Reynold Number Effect 

Initially, the common problem faced by wind tunnels was low Reynolds number, flow 

steadiness, and a few other interferences. To overcome these problems, NASA proposed 

a cryogenic wind tunnel for high Reynolds number testing. A cryogenic wind tunnel 

offers the unique ability to achieve full-scale Reynolds number with appropriate test 

sections, dynamic pressure, and driving power. The use of such a wind tunnel has a 

different effect on Reynolds number, flow velocity, and aeroelasticity (Lawing & 

Kilgore, 1986). Boundary layer development was identical for ambient and cryogenic 

conditions; however, it has significantly reduced the drive-power and fan-speed. As 
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cooling with LN2 is more practical, it became easy for instant cooling of environment and 

automatic temperature control.  

2.1.4. Flashing (Flash Boiling) Effect 

Flashing spray occurs when a high-pressure liquid is injected into a low-pressure 

environment to make the liquid superheated, characterized by explosive atomization of 

superheated liquid to generate fine droplets and accompanied by evaporation of these 

droplets leading to exceptional low fluid droplet temperature (Zhou et al., 2012). 

Thermodynamic instability to break the liquid jet is considered for flash boiling 

atomization. As the heated liquid is accelerated through the injection nozzle, its pressure 

decreases. If this pressure falls sufficiently below its saturation vapor pressure, it can 

result in rapid boiling (Reitz, 2007), known as nucleate boiling.  

Atomization of some droplets mainly occurs due to nucleate boiling also. Flash 

boiling occurs in three stages; initially, the liquid jets form bubble nucleation, resulting in 

the bubble's growth inside the droplet, and finally, a two-phase flow. Bubble nucleating is 

the process of rate-controlling for the lateral spread of the spray and fully flash boiling. 

Once the bubble nucleation sites start developing, the fluid pressure fluctuations can 

result from either collapse or expansion. Moreover, flash boiling leads to more 

satisfactory and wider atomization in the control volume with slow droplet speed. 

Therefore, the understanding of bubble formation even becomes more crucial for flash 

boiling.  

Rees, A. et al. (2020) generated a highly superheated flashing LN2 spray, known as 

fully flashing squirt, according to Cleary et al. (2007). The experiment shows a sudden 

decrease of velocity along with the radial distance near the nozzle exit because of the 
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horizontal momentum direction for the widening of the spray in that region. At 

superheated levels, nucleation and bubble growth can drastically reduce the speed of 

sound for two-phase flow. The internal energy of LN2 was transformed into kinetic 

energy near the nozzle exit, resulting in more vertical velocity downstream of the nozzle 

orifice (Figure 2.1), resulting in expansion of the spray region.  

 

 

 

 

 

 

 

 

As the horizontal speed along the injector axis is significantly reduced, it leads to a 

reverse flow far downstream. This decelerated flow interacts with secondary droplets 

formed by upstream flowing liquid. This interaction leads to further breaking up into tiny 

satellite droplets. A significant decline of the droplet Arithmetic Mean Diameters 

(AMDs) (Figure 2.1) of LN2 spray was observed due to the considerably higher degree of 

superheat. This rise in temperature gave rise to stronger atomization by evaporation of the 

droplets which is also known as flash boiling.  

 

Figure 2.1  Spatial Distribution of mean vertical velocity (left) and Arithmatic Mean 

Diameter (right) in fully flashing LN2 spray (Rees, et al., 2020) 
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2.1.5. Spray Cooling Efficiency 

Researchers perform experimental studies better to understand the spray cooling 

efficiency over the spray region. Hou, Y. et al. (2014) experimented with the refrigerant 

coolant (R134-a) fluid to study spray cooling efficiency and the target surface 

temperature with heat transfer coefficient. This experimental study indicates that the 

convection heat transfer limits the impact of flow rate on heat transfer in the initial stage. 

Yet, the phase change generated due to evaporation, nucleates boiling, and the secondary 

nucleation of liquid thin film on the target surface enhances the heat transfer condition, 

increasing heat flux. Figure 2.2 shows the effect of phase change on heat transfer as it has 

a steep decline in heat transfer coefficient. Toh et al. (2010) used the same fluid in the 

experiment to understand the effects of mass flow rate, nozzle inlet pressure, and 

chamber pressure over spray cooling for high power devices.  

It was observed that the more significant flow rate encourages an even distribution of 

the temperatures on the target surface. This temperature distribution may improve heat 

transfer conditions but at the cost of system efficiency (Hou, et al., 2014). Also, a high 

mass flow rate increases the formation of larger droplets, reducing the vaporization 

efficiency of forming a thick liquid film over the target plate. High nozzle inlet pressure 

can compensate for this downside of high mass flow rate, which increases droplet 

velocity and promotes fine droplets. This increase in droplet velocity intensifies the heat 

transfer rate and droplet distribution, resulting in better distribution overheated surface. 

This also shows that the volumetric flow rate has a significant influence on spray cooling 

performance. Further analysis suggested that chamber pressure doesn't significantly 

affect the temperature of the target plate.  



15 

 

However, according to the experimental research by Chow L. C. et al. (1995), the 

maximum effectiveness of the LN2 spray cooling did not increase above 35%. Therefore, 

the lack of liquid was not the leading cause of CHF. Instead, the CHF is caused by the 

inability of the fluid to reach the surface at a sufficient rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The above literature found a promising conclusion over understanding the parameters 

that affect the spray morphology for LN2 spray. However, in a practical turbulence spray 

field of liquid nitrogen, the droplet activity, rate of evaporation, and the mixing of liquid 

and vapor phases coincide and couple tightly. The dominant input parameter affecting 

fluid nitrogen spray characteristics is the upstream pressure, leading to more substantial 

cavitation (Zeng & Lee, 2001), which costs more heavily.  

Figure 2.2 Heat transfer coefficient for discharge coefficient (Hou, et al., 2014). 
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Liquid Nitrogen's high cost and maintenance make it more challenging to perform the 

practical test by varying various input parameters. The best way to overcome such a 

problem is to solve the spray field computationally. It will prevent hazardous situations 

and reduce the cost of setting up the apparatus, and it will help to understand every 

parameter separately. 

2.2. Numerical Study of Cryogenic Spray 

Numerical simulation helps to understand the physical phenomena and their 

interaction more accurately. Compared to experiments, CFD simulations were able to 

gain some new insights into physics considering the complex aerodynamics and 

thermodynamics interaction in the spray field. Several theories and equations are 

proposed to validate the spray cooling phenomenon and instabilities in the spray field.  

2.2.1. Computational Models for Aerodynamic and Thermodynamic Interaction 

For aerodynamic interaction, the Kelvin-Helmholtz (K-H) instability model is 

generally used to explain the aerodynamic interaction at the liquid-gas interface and 

predict the breakup of a high-pressure liquid jet (Zeng & Lee, 2001). A commonly used 

breakup model is the Taylor Analogy Breakup (TAB) model, which explains the drop 

behavior by comparing it with the oscillating spring-mass system. Zeng and Lee (2001) 

used a modified TAB model with a single bubble assumption to predict the fuel 

atomization. The Rayleigh Taylor model was recently adopted, a modified K-H wave 

model incorporated with the TAB model.  

For thermodynamics interaction, researchers were mainly focused on the fuel 

flashing. Kim and Park (2018) developed a flash breakup model and used it to form a 

thermodynamic-mechanical breakup model. This breakup module was used to predict 
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flash boiling spray. This whole model was developed using Rayleigh-Plesset equations in 

the gasoline flash breakup model to predict the bubble growth inside the droplet. When 

the void fraction exceeds the critical value, a breakup is expected. Gartner, J. W. et al. 

(2020) presented an Eulerian/Lagrangian particle tracking approach with a subcooled and 

superheated evaporation model to model flash boiling spray. The Homogeneous 

Relaxation Model (HRM) was introduced, which considers that the mass, momentum, 

and energy transfer happens rapidly between the equilibrium phases (Chen, B. et al., 

2017). On the other side, Zapolski, D. P. et al. (1996) proposed the Homogeneous 

Relaxation Model, which considers non-equilibrium vapor generation, and the instant 

vapor mass fraction would achieve an equilibrium state in a suggested timescale. 

2.2.2. Turbulence Modeling for Sprays 

The concept of a turbulent flow is not yet fully understood, neither mathematically 

nor by an intuitive method. Therefore, it is still challenging to achieve high accuracy in 

predicting any engineering flow. Researchers have created various turbulent models 

based on the boundary condition and flow type to predict the acceptable results for the 

turbulent flow region numerically. Eulerian-lagrangian, k-epsilon, and k-omega are a few 

turbulent models that give the most accurate results for spray simulation when compared 

to the experimental results. The Shear Stress Transport (SST) equation was incorporated 

with k-omega turbulent models to obtain more stable results for turbulent flow (Menter, 

1994). 

Gimeno, J. et al. (2014) compared all the Eulerian spray atomization models to justify 

the best model for diesel spray. It was found that the k-omega SST model gave accurate 

results not only for the internal flow but also for spray development. Further to 
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understand the microscopic detail of the spray, the Discrete Particle Method (DPM) was 

also introduced, which provides the information for every individual particle present in 

the control volume. According to Kumar, N. and Puranik, B. (2017), an Euler-Lagrangian 

method incorporated with DPM proves to be a more accurate model than a single-phase 

model for a low particle volume concentration of around 0.5%. Moreover, it can simulate 

the particle trajectory in an uninterrupted flow (Ishak, et al., 2018). Previous studies also 

show that DPM has delivered accurate and more reliable results to conceptualize practical 

scenarios. 

2.2.3. Computational Models for Cryogenic Spray 

Chen, J. et al. (2020)used an Algebraic Interfacial Area Density (AIAD) model 

integrated with the Homogeneous Relaxation Model (HRM) framework to simulate a 2-D 

cryogenic spray. The K-H instability principles were represented using the AIAD model. 

The significant results found that the length of the intact core was comparable to previous 

studies, which shows that the model was able to show both the effects of aerodynamic 

instability and thermodynamics interaction (Chen, J. , et al., 2020). Gartner, J. W. et al. 

(2020) also computed a 2D model of cryogenic spray to know the effect of mass flow 

rate, which was further compared to his experimental study showing the effect of flash 

boiling of Liquid nitrogen spray (Figure 2.3). The simulation increased the evaporation 

mass flow rate as the spreading of the spray region was below the prediction to achieve 

the increase in evaporation mass. 

HRM estimates the rate at which the local vapor quality approaches the equilibrium 

vapor quality. The rate of change of vapor quality can be mathematically represented by: 

𝐷𝑥

𝐷𝑡
=  

�̅�−𝑥

Ɵ
                                                          (2.3) 
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Ɵ is the time scale calculated as:  

Ɵ =  Ɵ0𝛼−0.54𝛹−1.76                                                (2.4) 

where, Ɵ0 = 3.84 * 10-7; 𝛹 =  
|𝑃𝑠𝑎𝑡−𝑝|

𝑝𝑐𝑟𝑖𝑡−𝑝𝑠𝑎𝑡
 ; and α = αN2 + αO2 + αv. 

These significant values were effectively evaluated for pressure higher than 10 bar 

(Kumar & Puranik, 2017). 

 

 

 

 

 

 

 

 

 

 

2.2.4. Numerical Analysis Over the Parameters Affecting the Spray 

Xue, R. et al. (2018) performed numerical analyses using the Eulerian-Lagrangian 

approach to various model frequencies and amplitude fluctuations inlet mass. The 

experiment found that when the liquid nitrogen spray is in the fully developed stage, the 

Figure 2.3 Shadow experimental result and Numerical analysis of mass fraction (Gartner, 

et al., 2020). 
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outlet temperature and the evaporation rates also fluctuate around the average value at the 

same inlet mass flow rate (Xue, et al., 2019). Due to the fluctuation in injection mass 

flow rate, the corresponding average Turbulent Kinetic Energy (TKE) of the spray area 

was increased, resulting in a comprehensive increase in evaporation of the spray field. 

This evaporation also reduces the droplet size due to stronger TKE resulting in a 

negligible effect of injected mass rate fluctuation directly on the droplet size.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In the work of Liu, H. et al. (2017) of multiphase spray cooling with a numerical 

model, an Euler-Lagrangian approach was carried out to describe the spray cooling 

process. The k- epsilon turbulence model was applied for describing the turbulence 

characteristics of the spray flow. It also used a discrete phase model solved by the 

Figure 2.4 Velocity profile for liquid and gas (Chen, B. et al., 2017) 



21 

 

Lagrangian method to solve the droplet diameter distribution. The result showed that the 

wall temperature increased along with the spray height creating a high heat flux. 

Moreover, as the heat flux increases, while the heat flux coefficient is linear, the effect of 

spray height reduces on the wall temperature. Tarantino, L. et al. (2010) investigated the 

Soave Redlich-Kwong Ideal gas model over the thermodynamically gas, liquid nitrogen 

jet. This numerical study was mainly to understand the effect on density over the spray 

field.  

Chen, B. (2017) implemented a hybrid vortex method incorporating the Euler-

Lagrangian method for cryogenic spray cooling with R134-a refrigerant cooling fluid. 

This numerical analysis showed the time-averaged velocity distribution for simulated gas 

and liquid (Figure 2.4). However, this precise velocity distribution near the nozzle exit 

was not explained successfully in the experimental results. 
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3. Computational Model 

The turbulent spray evaporation is a mixture of various reactions or transformations 

coinciding in the spray field. This phenomenon results to further atomization of the 

working fluid. This atomization occurs mainly due to aerodynamic or flashing 

interaction, droplet evaporation, dispersion, and the interaction between liquid and gas-

phase flow. So, many models are necessary to capture the physics at play adequately.  

Turbulence models aim at predicting pressure, temperature, velocity field without 

calculating the pattern of the entire turbulent flow. Therefore, a turbulence model such as 

Reynolds-Averaged Navier stokes (RANS) needs a sub-model to solve further fluid flow. 

These sub-models include k-omega, k-epsilon, and many other models to understand 

convergence and turbulent flow better. According to the experimental outcome, the k-

omega model was more accurate and had promising results (Gimeno et al., 2014). 

Furthermore, this model was also integrated with Shear Stress Transport (SST) model, 

which combines k-epsilon for the outer boundary layer and k-omega for the inner 

boundary layer (Menter, 1994). The evaporation model explains the evaporation effect 

occurring due to temperature differences. The evaporation factor becomes critical due to 

the high-temperature difference between the subcooled liquid nitrogen and atmospheric 

condition.  

Finally, as the liquid cryogenic fluid is sprayed into the atmosphere, it will start 

vaporizing after a certain period due to the Leidenfrost effect. Therefore, a Discrete 

Particle Model (DPM) is used to consider all the transformations occurring from the 

injection of liquid fluid to its evaporation. It contains various spray models like 

atomization, dispersion, thermophoretic force, temperature-dependent latent heat. The 
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turbulence carries out the other mixing process. Additionally, both phases are affected 

through mass, momentum, and heat transfer. The heat transfer among the droplets 

increases the energy and the temperature forcing it to evaporate. The drag force creating 

the transfer of momentum changes the turbulent flow pattern. There are various models 

for considering each of the parameters. 

Ansys Fluent was used to simulate the numerical study for the research. Also, it 

solves the turbulent flow equations (Ansys-Inc, 2009), which are described in the 

following section. 

3.1. Governing Equations 

The governing equations dictate how the flow evolves through space and time. First, 

the initial boundary condition is defined to solve any turbulent flow using Navier-Stokes 

equations. The equation consists of basic conservation principles of mass, momentum, 

and energy are computed using Finite Volume Model Scheme. Also, additional transport 

equations are also needed due to evaporating particles (Ansys-Inc, 2009).  

The continuity, momentum, and energy equations are described as follows in 

Equations 3.1a to 3.1c. 

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌�⃗�) =  𝑆𝑚 

 (3.1a)    

𝜕

𝜕𝑡
( 𝜌�⃗�) +  𝛻 ⋅ (𝜌�⃗��⃗�) =  −𝛻𝑝 + 𝛻(𝜏̿) + 𝜌�⃗� +  �⃗� 

 (3.1b) 

𝜕

𝜕𝑡
(𝜌𝐸) +  𝛻 ⋅ (𝜌�⃗�𝐸) =  𝛻. (𝑞) +  𝑆ℎ 

 (3.1c) 

For the given set of equations, the 𝜌, 𝜐, g is the density, velocity of the fluid, and the 

gravitational acceleration acting on the particles respectively. These are also the primary 

variable defining the governing the transport equations and needed to complete the 
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system of equations. The Sm and Sh terms are the source terms set to linearize source 

terms while solving the equations for simplicity and faster convergence. Furthermore, the 

�⃗� is the total force applied by the gravitational body force and the external body force. 

𝜏̿ is the stress tensor; given by: 

 𝜏̿ =  𝜇 [(𝛻 �⃗� +  𝛻 �⃗�𝑇) −  
2

3
𝛻 .  �⃗�𝐼]                                    (3.2) 

Ansys Fluent provides the platform to numerically solve such a set of Equations 

(3.1a-3.1c) using Reynolds Averaged Navier-Stokes equations (RANS). Furthermore, as 

Discrete Particle Tracking is enabled, the conservation of species equation is also 

implemented. For our problem of interest, the species transport equation is given below is 

also solved: 

   
𝜕

𝜕𝑡
(𝜌𝑌𝑖) +  𝛻. (𝜌�⃗� 𝑌𝑖) =  −𝛻. 𝐽𝑖 + 𝑅𝑖 +  𝑆𝑖                             (3.3) 

In this equation, i denotes the number of species, Ri is the net rate of species 

production, and Yi is the local mass fraction of each species through the convection-

diffusion equation.  

The 𝜏̿ represents the Reynolds stress tensor, Ji is the turbulence flux are unknown 

terms which can be further solved using the turbulence sub-model. These new terms are 

necessary to close the system of equations for each time step (Ansys-Inc, 2009).  

3.2. Turbulence Modelling 

The RANS equations are the averaged equations of motions used for fluid flow. The 

RANS equations primarily describe the turbulent flow, including some additional terms 
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in momentum equations called Reynolds stress terms. These unknown terms were used in 

the turbulent model to represent the effect of turbulence.  

The RANS equations used by Fluent are as follows: 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖) = 0 
(3.4)

and, 

𝜕

𝜕𝑡
(𝜌𝜐𝑖) +  

𝜕

𝜕𝑥𝑗
(𝜌 𝜐𝑖𝜐𝑗)

=  −
𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[µ (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−  

2

3
𝛿𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑖
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢′

𝑖𝑢′
𝑗)̅̅ ̅̅ ̅̅ ̅̅ ̅ 

 

  

 

(3.5) 

These RANS equations is coupled with two sub-models to close the equations 

system: k- epsilon and k- omega equations. The first model uses a two-equation model of 

Turbulent Kinetic Energy and dissipation rate equations with a faster convergence rate. 

The latter model is used in most turbulence models because of its high accuracy for no-

slip wall conditions. It is further integrated with SST sharp interface, which includes 

Reynolds stress equations. This interface solves both the models, i.e., k-epsilon for outer 

Boundary Layer (B.L.) and k-omega for inner B.L. Ansys fluent can solve these 

equations computationally (Ansys-Inc, 2009). 

3.2.1. The k-omega Model 

The k-omega is a widely used turbulence model because of its relatively high 

accuracy among the turbulence sub-model. The k-omega turbulence model is typically a 

two-equation turbulence model, which incorporates an approximation of Reynolds 

Averaged Navier Stokes (RANS) equations. This model aims to predict the turbulent 



26 

 

flow using two partial differential equations, solving for two variables k- being the 

Turbulence Kinetic Energy and omega being the specific dissipation rate. 

The standard k- omega model is a low Reynolds number model generally used for 

low Reynolds number flow. The flow has a relatively thick boundary layer, and the 

viscous sub-layer can be resolved. It provides the best near-wall treatment. The standard 

k- omega model is further modified with the Shear Stress Transport (SST) equation to 

increase the accuracy in the outer boundary layer region, which is explained in the 

following section.  

Turbulence Model Equations used by Ansys Fluent are: 

.
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =  

𝜕

𝜕𝑥𝑗
(𝛤𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘 

  (3.6) 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖

(𝜌𝜔𝑢𝑖) =
𝜕

𝜕𝑥𝑗
(𝛤𝜔

𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔 

  (3.7) 

Equation 3.6 and 3.7 describes the turbulence kinetic energy and the specific 

dissipation rate equation, respectively. The terms Gk and Gω represent the generation of 

turbulence kinetic energy due to mean velocity gradient and omega, respectively.  𝛤k and 

𝛤ω are the corresponding effective diffusivity of k and omega. Yk and Yω represent the 

dissipation of k and omega due to turbulence. S are the other source terms that may add 

towards the production or dissipation of k or omega (Wilcox, 2008).  

The effective diffusivity terms in k-omega can be represented as: 

𝛤𝑘 = 𝜇 +
𝜇𝑡

𝜎𝑘
 (3.8)

𝛤ω = 𝜇 +
𝜇𝑡

𝜎ω
 (3.9)

In this equation, the 𝜎 is the turbulent Prandtl number for the corresponding suffix. 𝜇t 

is the turbulence viscosity computed by:  
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𝜇𝑡 =  𝛼∗
𝜌𝑘

ω
 

(3.10)

The coefficient 𝛼* damps the turbulence viscosity causing a low-Reynolds number 

correction. The production of turbulence kinetic energy (Gk-ω) can be calculated as  

𝐺𝑘 = −𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅̅ ̅ 𝜕𝑢𝑗

𝜕𝑥𝑖
 

(3.11) 

and,               

𝐺ω =  
ω

𝑘
𝐺𝑘 

 

(3.12)

The turbulence dissipation equations are given by:  

𝑌𝑘 =  𝛽∗𝜌𝑘 ω and  𝑌ω = 𝜌𝛽ω2 (3.13)

The above equations are simutaneously solved to perform k-omega simulations. 

However, these equations don't perform well in the far-field region of the control volume. 

Hence, SST formulation combines the best of two models (k-omega and k-ε turbulence 

model). 

3.2.2. The k-omega SST Modeling 

 The SST k-omega turbulence model is a two-equations eddy-viscosity model used 

for various aerodynamic applications. It is a hybrid model of Wilcox k-omega and the k-

epsilon equations. The SST formulations change to k-epsilon in the free stream, which 

overcomes the k-omega limitation of being sensitive to the free-stream turbulence 

properties at the inlet. In addition, despite producing significant turbulence levels, it 

constantly delivers high accuracy to expense ratio. This model considers the motion of 

principle shear stress for poor pressure gradient boundary layers. 

The equation used to further modify the k-omega equations by integrating the SST 

are listed below: 
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• Kinematic Eddy Viscosity 

𝜐𝑇 =  
𝛼1𝑘

max (𝛼1𝜔, 𝑆𝐹2)
 

(3.14)

• Turbulent Kinetic Energy 

𝜕𝑘

𝜕𝑡
+ 𝑈𝑗

𝜕𝑘

𝜕𝑥𝑗
= 𝑃𝑘 − 𝛽∗𝑘𝜔

𝜕

𝜕𝑥𝑗
[𝜐 + 𝜎𝑘𝜐𝑇

𝜕𝑘

𝜕𝑥𝑗
] 

 

(3.15)

• Specific Dissipation Rate 

𝜕𝜔

𝜕𝑡
+ 𝑈𝑗

𝜕𝜔

𝜕𝑥𝑗
   =  𝛼𝑆2 − 𝛽𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜐 + 𝜎𝜔𝜐𝑇)

𝜕𝜔

𝜕𝑥𝑗
]                           

+ 2(1 − 𝐹1)𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
 

 

(3.16)

In this set of equations coefficient α1 = 0.55, β1 = 0.075, β* = 0.09, σω2 = 0.5. Further 

details about the coefficient and its auxiliary relations can be found in (Menter, 1993).  

3.3. Discrete Phase Model (DPM) 

The liquids phase of the cryogenic fluid is sprayed into the domain, which is further 

converted to gas-phase within a fraction of seconds. In practical operation, the interaction 

of both the steps affects the evaporation process and atomization, which must be 

considered. The pressure at which the liquid is released in the atmosphere allows the fluid 

to evaporate and provides the necessary momentum to accelerate the gas phase. Thus, it 

becomes vital to consider all the phenomenon occurring during the turbulent spray 

evaporation. The significant occurrence taking place during the initial stage of injection 

are dispersion, atomization, evaporation. 

Initially, the liquid cryogenic fluid is injected or sprayed into the domain. This fluid is 

stored at a high pressure to maintain its liquid state. Once the liquid is exposed to the 
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atmosphere, it is evaporated, instantly converting into a gaseous phase. The stress and the 

velocity differences create the instabilities resulting in atomization and primary breakup 

of the liquid sheet into the droplets at the liquid-gas interface. Moreover, the evaporation 

rate gradually increased during the initial stage 

The momentum of these droplets is transferred to kinetic energy, accelerating the 

gaseous particles further downstream. This Turbulent Kinetic Energy (TKE) gave rise to 

intensive evaporation induced by fluctuating injection. Also, there are high possibilities 

of increasing droplet evaporation due to this Turbulent kinetic energy. Moreover, the 

sudden increase in temperature forces the liquid droplet to evaporate at the liquid-gas 

interface. This evaporation creates a thin gas layer around the droplet resulting in the 

Leidenfrost effect.  

There are two main approaches to model a fluid flow: Euler-Euler or Euler-

Lagrangian approach. In the Euler-Euler approach, Navier-Stokes equations are solved 

for both phases considering both the phases as a continuum. Alternatively, the Euler- 

Lagrangian approach handles the gas phase as a continuum while the liquid phase has 

many discrete particles and tracks each particle's pathway. As a small amount of liquid is 

dispersed in the control volume, the Euler-Lagrangian approach is used for discrete phase 

modeling. The governing equations used to describe atomization and evaporation are 

discussed in the following section. 

3.3.1. Particle Motion Equations 

The equation of motion describes the path of the discrete phase particle or the droplet 

in the Lagrangian frame as a function of time. The trajectory (acceleration) equation for a 

particle is given by: 
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𝑑𝑢𝑝

𝑑𝑡
=  𝐹𝐷 (𝑢−𝑢𝑝) +

𝑔𝑥(𝜌𝑝 − 𝜌)

𝜌𝑝
+ 𝐹𝑥 

(3.17) 

In this equation, the F.D (u-up). is the drag force applied per unit particle mass, and the 

Fx is the additional force per unit mass acting on the particle. Here, u and up are the phase 

and particle velocity respectively. The second term is the buoyancy term. 

In the Equation 3.17, FD can be calculated using:  

𝐹𝐷 =
18𝜇

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒

24
 

(3.18) 

where µ is the kinematic viscosity, ρ and ρp is the fluid and particle density, respectively, 

(Ansys-Inc, 2009).  

The Reynolds number is defined as:  

𝑅𝑒 =  
𝜌𝑑𝑝|𝑢𝑝 − 𝑢|

𝜇
 

(3.19)

where dp is particle diameter and u is the velocity. The drag coefficient Cd can be 

calculated using various drag coefficient laws. The most preferred ones are the spherical 

drag law and dynamic drag model. The former method is mainly applied for smooth 

particles, while the latter model accounts for various droplet shapes and sizes. During the 

initial breakup, the spherical droplet passes through the gas domain, which changes the 

condition for a high Weber number.  

As the drag coefficient is highly dependent on the droplet's shape, the dynamic drag 

model accounts for the distortion effect. If the droplets are assumed to remain spherical 

throughout the domain, the drag of the droplet can be calculated by Equation 3.20 

(Ansys-Inc, 2009):  
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𝐶𝑑,𝑠𝑝ℎ𝑒𝑟𝑒 = {  
         0.424              𝑅𝑒 > 100
24

𝑅𝑒
(1 +

1

6
𝑅𝑒

2
3)   𝑅𝑒 ≤ 1000

 
(3.20)

However, a large Weber number can distort the droplet shape. Therefore, it might be 

possible that the sphere can be converted into a disc shape droplet, resulting in high drag 

compared to a spherical droplet. As a result, the dynamic drag model is introduced, which 

considers this effect of evaluating drag coefficient using Equation 3.21 where y is droplet 

distortion. 

𝐶𝑑 = 𝐶𝑑,𝑠𝑝ℎ𝑒𝑟𝑒(1 + 2.632𝑦) (3.21) 

3.3.2. Heat and Mass Transfer 

The effect of the continuous phase can be by modeling the reacting particle or the 

droplet. Ansys fluent provides a variety of particle types depending on how heat and 

mass transfer occurs in the particle or gas phase. The "Droplet" is selected as a particle 

type during the numerical simulation due to the evaporation condition in the droplet.   

• Inert heating and cooling 

The heating or cooling process occurring without any mass transfer in the domain is 

known as Inert Heating and Cooling for Ansys fluent (Ansys-Inc, 2009). It is operational 

until the temperature of the droplet reaches the vaporization or the evaporation 

temperature.  

• Droplet Evaporation 

The prediction of evaporation is initiated when the droplet temperature is between the 

evaporation temperature and the boiling temperature with mass transformation. The mass 
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transfer rate can be determined by the gradient diffusion, with the flux of the droplet 

vapor into the gas phase. 

𝑁𝑖 = 𝑘𝑐(𝐶𝑖,𝑠 − 𝐶𝑖,∞) (3.22)

where N is the molar flux, k is the mass transfer coefficient, and C is the vapor 

concentration (for the droplet surface(s) and gas (∞)). This mass transfer coefficient can 

be calculated using the Sherwood number correlation. And the vapor concentration can 

be obtained by modifying the Ideal gas equation.  

The change in mass fraction of the droplet is given by: 

𝑚𝑝(𝑡 + ∆𝑡) = 𝑚𝑝(𝑡) − 𝑁𝑖𝐴𝑝𝑀𝑤,𝑖∆𝑡 (3.23)

Mw, i is the molecular weight, mp is the droplet's mass, and Ap is the surface area of the 

droplet. 

Finally, heat balance updates the droplet temperature, which helps the convective and 

latent heat transfer relate to the heat change in the droplet. This energy balance equation 

is given by: 

𝑚𝑝𝑐𝑝

𝑑𝑇𝑝

𝑑𝑥
= ℎ𝐴𝑝(𝑇∞ − 𝑇𝑝) +

𝑑𝑚𝑝

𝑑𝑡
ℎ𝑓𝑔 

(3.24)

In this equation, cp and Tp are the heat capacity and temperature of the droplet. On the 

other side, h is the convective heat transfer coefficient, 𝑇∞ is the gas phase temperature, 

hfg is the latent heat.  

3.3.3. Atomization 

After the fluid is injected into the domain, the liquid film goes under atomization until 

the liquid is evaporated. The downstream is split into two sections depending on a 

particular phase's droplet size and volume fraction. Due to aerodynamic forces, the liquid 
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sheet is initially transformed into a tiny droplet (primary atomization) in the dense 

section.  

Further, they are either disintegrated into smaller droplets or directly evaporated 

depending upon the droplet size after a primary breakup. This disintegration or the 

secondary atomization in a cryogenic spray is due to the kinetic energy of the primary 

breakup droplets or thermodynamic flashing. This flashing interaction occurs mainly due 

to the significant temperature difference between the fluid and the surrounding 

temperature. In this region, the collision of the droplets is the primary point of study as it  

 

 

 

 

 

 

 

 

cannot be neglected. The atomization and the collision mainly occur in the first section, 

i.e., in the dense region.  

As the volume fraction of the droplet is high enough, there might be a random 

collision that can further merge to form a high viscous droplet, known as coalescence. In 

Primary Atomization Secondary breakup with 

flashing atomization 

 

Secondary breakup with 

flashing atomization 

 

Secondary breakup with 

flashing atomization 

 

Secondary breakup with 

flashing atomization 

Figure 3.1 Sections of the spray formation (Paciaroni & Linne, 2013) (Modified) 



34 
 

 

further downstream or the diluted spray, the kinetic energy of the dispersed phase is so 

minute that the collision of the droplet can be overlooked.  

3.3.4. Primary Breakup 

The initial primary atomization mostly depends on the type of nozzle. Ansys Fluent 

provides a variety of different models for various nozzle types. For example, the pressure 

swirl atomizer is widely used in the cryogenic spray industry. The transition from internal 

injector flow to fully developed occurs in three stages: film formation, sheet breakup, and 

atomization. Ansys fluent uses the Linearized Instability Sheet Atomization (LISA) 

model of Schmidt et al. (1999) to model the nozzle for this atomizer.  

The liquid sheet's primary breakup is considered to be due to aerodynamic 

instabilities. The secondary breakup, coalescence, or collision occur mainly after the 

droplet formation. Therefore, this model is divided into two stages: film formation and 

sheet breakup. The entire procedure for atomization is further explained in detail in 

Ansys Fluent Theory Guide 2021 (Ansys-Inc, 2009). 

As the fluid exit the nozzle, a liquid film formation occurs, as shown in Figure 3.1. 

The thickness of this film can be computed using the simple fluid mechanics principle, 

mass flow rate equation: 

where ρ is the density of the fluid injected into the domain, ho is the thickness of the film, 

u is the axial velocity, do is the injector exit diameter which depends on the nozzle type.  

The total droplet rate can be estimated using injector pressure by: 

�̇�𝑙 = 𝜋𝜌𝑙𝑢ℎ𝑜(𝑑𝑜 − ℎ𝑜)   (3.25) 
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𝑈 =  𝑘𝜐√
2𝛥𝑝

𝜌𝑙
 

(3.26)

where kv is the velocity coefficient which is the function of the injector pressure and its 

design. It can be calculated using:  

𝑘𝜐 = 𝑚𝑎𝑥 [0.7,
4�̇�𝑒𝑓𝑓

𝑑0
2𝜌𝑙 cos 𝜃

√
𝜌𝑙

2𝛥𝑝
] 

(3.27)

The thermodynamic property of the liquid phase is a function of temperature instead 

of pressure. The axial velocity required to find the mass flow rate can be determined 

using U as u = U sin θ. While the tangential velocity component is assumed to be the 

radial velocity component of the liquid sheet downstream of the injector exit: ω = U sin θ 

where θ is the spray angle 

Once the sheet formation is completed, it moves forward to sheet breakup and 

atomization due to liquid viscosity, surrounding gas, and surface tension on the liquid 

sheet. The theoretical approach for this model was introduced by Senecal et al. (1999). 

This model requires two new unknown parameters: sheet constant and ligament constant. 

The former constant can be specified as Sheet constant =  𝑙𝑛 (
𝜂𝑏

𝜂0
) where ηb and ηo are the 

initial wave disturbance and surface disturbance at the time of the breakup. 

Weber also obtained the sheet constant as 12 theoritically (Weber & Dresden, 1931), 

which was further confirmed by Dombrowski and Hooper (1962) experimental sheet 

breakup for over the range of Weber number from 2 to 200. Moreover, the Weber 

number was assumed to be more than the critical Weber number = 27/16 during the 

derivation to predict the initial breakup accurately. Therefore, the ligament constant is 

considered to be 0.5 by default. The droplet diameter is calculated using the Rosin-
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Rammler equation for spray distribution considering a dispersion angle of 6o and spread 

parameter of 3.5. 

3.3.5. Secondary Breakup 

Ansys Fluent provides six breakup models from which the primary four are Taylor 

Analogy Breakup (TAB) model, Wave model, Kelvin-Helmholtz Rayleigh-Taylor 

(KHRT) model, and Stochastic Secondary Droplet (SSD) model. Ansys fluent suggests 

the TAB model for the liquid having low-injection velocity and being sprayed into the 

atmosphere. As the fluid is considered to have a low-Weber number and the domain is 

expected to be at atmospheric conditions, the TAB model is turned on for secondary 

atomization of unsteady injection.  

The TAB works on the Taylor analogy between an oscillating and distortion of the 

droplets and the spring-mass system. Therefore, the spring's restoring force, external 

force, and damping force can be related to the surface tension, droplet drag, and droplet 

viscosity, respectively, for the distorting and oscillating droplet.  

The resulting equations of the TAB model govern these features and can be solved for 

any specific time. When the droplet oscillation increases beyond the critical value, the 

larger droplet breaks into the number of droplets. 

𝑁𝑛+1 =  𝑁𝑛 (
𝑟𝑛

𝑟𝑛+1
)

3

 
(3.28) 

The spring-mass system does not accurately describe the large shattering of the 

droplet due to the high Weber number.  However, during the simulations low-Weber 

number is taken into consideration as it won't affect the accuracy of the simulation. As a 

result TAB was used to measure droplet breakup for higher accuracy and stability. 
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3.3.6. Coupling 

The discrete phase equations can be solved based on the continuous phase flow field. 

This shows an uncoupled or a one-way approach. In the two-way coupled system, the 

discrete phase flow is affected by the ongoing phase flow, making it essential to reach the 

equilibrium between two fluid states. It is mainly considered for heat, mass, and 

momentum.  

The continuous phase calculation considers the change in heat, mass, and momentum 

of the particle stream. The under-relaxation factor is introduced to improve the stability 

of the solution with increasing computational cost. The default value for under-relaxation 

factor α is 0.5, which can be reduced to improve strength.  

The source terms are re-updated using the under relaxation factor by applying the 

following equation for mass, momentum, and energy represented by M, F, and Q, 

respectively. This conservation parameters can be updated using the Equations 3.29a-

3.29c which considers the under relaxation factor (α) (Ansys-Inc, 2009).   

𝑀𝑛𝑒𝑤 = 𝑀𝑜𝑙𝑑𝛼(𝑀𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑀𝑜𝑙𝑑) 

𝐹𝑛𝑒𝑤 = 𝐹𝑜𝑙𝑑𝛼(𝐹𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝐹𝑜𝑙𝑑) 

𝑄𝑛𝑒𝑤 = 𝑄𝑜𝑙𝑑𝛼(𝑄𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑄𝑜𝑙𝑑) 

(3.29a) 

(3.29b) 

(3.29c)

Two methods can do the procedure of solving new particle source terms for a two-

phase flow. The first method, also known as one-way coupling, includes solving discrete 

phase equations between gas and liquid phases based on the current gas-phase flow field. 

The gas-phase only affects the liquid phase in one-way coupling.  
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Moreover, in the second method, both the stages start affecting each other, known as 

two-way coupling. It includes solving the discrete phase equation using one-way 

coupling and then updating the source terms based on the discrete phase results and under 

relaxation factor using the Equations (3.29a-3.29c). This source terms of the discrete 

phase equations are solved till it converges. 
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4. Simulation Details 

The main aim is to investigate the behavior of the cryogenic spray particles through 

particle tracking using the Lagrangian method. For this purpose, the experimental study 

by Rong X., et al. (2018) is used as a framework for our geometry and boundary 

condition. The structure for this study is summarized in the following sections. 

4.1. Configuration 

This section explains the detailed information about the geometry and meshing used 

during numerical simulation. The prime concern was to model the geometry based on the 

experimental setup (Xue, et al., 2018); however, if the experimental study failed to 

provide information then the standard assumptions or the data that best fitted the 

experimental results were taken into consideration. 

4.1.1. Experimental Parameters 

A schematic view of the cryogenic spray setup used during experimental analysis 

(Xue, et al., 2018) is shown in Figure 4.2. The system consists of six parts: the liquid 

nitrogen supply system, mass flow rate measuring system, subcooled system, spraying 

system optical measuring system, and finally, data acquisition system. As shown in 

Figure 4.2, once the liquid nitrogen is subcooled into the cryogenic temperature, it enters 

the spraying system, further injected into the atmosphere. The experiment is instrumented 

with an optical measuring system like a particle size analyzer, LED cold light source, and 

High-speed camera. The spraying system uses two nozzles with different outlet 

diameters: the plain orifice atomizer and the pressure swirl atomizer.  
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 Figure 4.2 Schematic of the experimental setup for cryogenic spray (Xue, et al., 2018) 

Figure 4.1 Nozzle measurements (Xue, et al., 2018) 
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The detailed information of the design and dimension of the nozzle used during this 

experiment are described in Figure 4.1. In our simulation, nozzle B is preferred over 

nozzle A due to its simplicity. In this experiment, they obtained results for Sauter Means 

Diameter and spray cone angle. 

4.1.2. Geometry and Grid Generation 

The geometry and post-processing were carried out using SpaceClaim and Ansys 

post-processing. The geometry for numerical simulation was based on the experimental 

setup for plain pressure orifice; however, some parameters were deemed to be based on 

standard conditions to operate smoothly and with low computational cost. The geometry 

used in our simulation is shown in Figure 4.3. 

 

 

 

 

 

 

 

 

 

 
Figure 4.3 Geometry and grid (default) for simulation 



42 
 

 

For our simulation, the nozzle exit diameter was 1.68 mm. The fluid parameters were 

calculated and were used directly at the nozzle exit area during the simulation to reduce 

the computational costs. The control volume is a rectangular prism with a 70*70*50 mm2 

dimension having a uniform unstructured grid. 

 

 

 

 

 

 

 

 

 

 

Three different element size grids is taken into consideration to verify the grid 

independence. The basis of this verification was the average maximum Sauter Mean 

Diameter (SMD) for pressure difference 𝛥p = 0.2 MPa. Three unstructured meshes of 

approximately one, three, and seven million cells for 1mm (course), 0.5mm (default), and 

0.3mm (finer) cell size, respectively, were taken into consideration. The results in   

Figure 4.4 show that the default grid is converged. 

 

Figure 4.4 Grid Convergence 
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Figure 4.6 Pressure distribution along the mass flow rate 

Figure 4.5 Grid near the pin 
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The default mesh was taken into consideration due to the comparatively high 

accuracy and lower computational cost. The liquid nitrogen strikes the pin to atomize 

further. So, mesh refinement is applied around the hook to capture a better boundary 

layer. Moreover, improving the entire mesh would be unnecessary, and it would instead 

increase the computational cost. This refinement of the mesh near the hook is shown in 

Figure 4.5. 

 The spray was injected into the domain with various upstream pressure with a 

controlled mass flow rate. It was varied according to the experimental study (Xue, et al., 

2018), as shown in Figure 4.6. The pressure difference ranged from 0.2 MPa to 0.7 MPa 

with a constant atmospheric pressure of 101,325 Pa for a plain pressure orifice. Table 1 

summarizes the unit of conditions pressure.  

Liquid nitrogen was injected at 78 K, below its vaporization temperature for all the 

pressure differences. The physical time simulated is around 120 ms, as it provides the 

fully developed spray after injection and provides better correspondence with 

experimental results.  

 

Table 4.1 

Pressure Distribution for corresponding mass flow rate 

Pressure (Pa) 
Atmospheric 

Pressure 

Pressure Difference 

(MPa) 

Mass Flow rate  

(x10-2 kg/s) 

201,325 

101,325 Pa 

0.1 0.699 

301,325 0.2 1.111 

401,325 0.3 1.388 

501,325 0.4 1.805 

601,325 0.5 1.944 

701,325 0.6 2.166 

(Xue, et al., 2018) 
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4.2. Correspondance with Experimental Results 

The experimental study of liquid nitrogen in the atmosphere (Xue, et al., 2018) has 

provided very few results. The main output generated during experiments were spray 

fields, spray cone angle, and the Sauter Mean Diameter of the particle.  

The Sauter Mean diameter results produced during experiments are shown below in 

Figure 4.7. The condition applied to the numerical simulation were reproduced as of 

experimental study. During the experiment, the liquid nitrogen was sprayed into the 

atmosphere containing a handful amount of humidity. The droplet size was measured 

using a particle size analyzer, as shown in Figure 4.2. The particle size analyzer measures 

the size of any droplet using the laser diffraction technique.  

Due to subcooled temperatures of liquid nitrogen, the moisture condenses to form 

water droplets along with the droplets of liquid nitrogen. So, the particle size analyzer 

measured the size of all the droplets, including condensed water present in the domain.  

  

 

 

 

 

 

 

Figure 4.7 D32 using experimental analysis at 𝛥p = 0.3 MPa (Xue, et al., 2018) 
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Figure 4.8 shows the spatial distribution of spray droplet diameter along the Y-direction 

at x = 50 mm. The range of droplet is found to be between 0.9 to 1 mm. 

Moreover, during the numerical simulation, the liquid nitrogen was sprayed into the 

atmosphere for further atomization. Therefore, the results account for only nitrogen 

droplets throughout the domain. The diameter of the liquid nitrogen droplets was found to 

be between 0.4 to 1 mm. The range of the droplet diameter was found to be less than the 

experimental result, as water droplets were not considered during the simulations. 
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5. Results and Discussion 

In this chapter, the results of various parameters are presented under the influence of 

pressure differences in the control volume. The liquid nitrogen is injected into the 

atmosphere at different injection pressure ranging from 201,325 Pa to 701,325 Pa. This 

pressure difference assists in understanding the evaporation effect with thermodynamic 

flashing and mechanical instability. This is similar to the experimental setup, where 

injection pressure is varied with reasonable mass flow rate and temperature.  

5.1. DPM Sauter Mean Diameter 

The contours of space-dependent DPM Sauter Mean Diameter (SMD) of liquid 

nitrogen for pressure difference 0.2 MPa are presented in Figure 5.1. Initially, liquid 

nitrogen is injected into the domain, which tends to disintegrate into tiny discrete 

particles. As the liquid nitrogen is injected at an 0o  angle, more droplets are concentrated 

along the center line of the flow. This results in a more significant droplet concentration 

around the center on spray flow. The droplets also tend to spread out into the domain due 

to pressure difference and the dispersion angle, forming a spray cone. This spread of 

liquid nitrogen contains a low droplet mass concentration. So, the droplet diameter near 

the circumference of the spray is reduced. However, due to the pin in front of the nozzle 

exit, the concentration and size of the droplet particle won't be symmetric along the 

centerline. Due to this pin, it is found that droplet diameter is less on the upper area of the 

nozzle exit compared to the lower side.  

The SMDs are evaluated to analyze the atomization and the characteristics of the 

spray with non-uniform drop size. In Figure 5.1, the radial direction is defined as the y- 
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axis, while the axial direction of the spray flow is indicated along the x-axis.  

Moreover, there is a very minute change in the average diameter downstream. This is 

due to evaporation flashing and coalescence occurring simultaneously. Therefore, a high 

amount of evaporation rate is present in the red circle, as shown in Figure 5.1, which is 

explained in the later section. Also, the kinetic energy of the gaseous nitrogen is 

transferred into the slow-moving liquid nitrogen droplet resulting in the collision of 

droplets, known as coalescence. 

 

 

 

 

 

 

 

 

 

 

 

There are also effects of pressure difference on the D32 of the spray formation, which 

is described in Figure 5.2. A target plane is considered at 50 mm in the axial direction of 

the spray as a reference. In that case, it is observed that the D32 for the spray decreases 

Figure 5.1 D32 Spatial Distribution for 𝛥p = 0.2 MPa 

T = 120 ms 

Injection center 

line 

x = 0 mm x = 50 mm 
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with an increase in pressure difference. As the upstream pressure increases, the velocity 

of the downstream particle increases. This change in speed increases the atomization 

resulting in smaller droplets.   

The z-direction in Figure 5.2 starts from the center line of the spray region. It also 

shows the maximum droplet diameter for a given pressure difference.  

 

 

 

 

 

 

 

 

 

 

The droplet diameter is further reduced as it moves near the boundaries of the spray 

cone. Figure 5.2 is the distribution of the droplet diameter at x = 50 mm. As particle has 

scattered over the region, the particle diameter keeps reducing as it moves away from the 

center (x = 0 mm). The DPM version of the spray at time 120 ms is shown in Figure 5.3 

for the whole 3-D domain. 

 

Figure 5.2 D32 for various pressure difference 
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5.2. Evaporation Rate 

The evaporation rates are presented in Figure 5.4. This Figure is along the center line 

at a given time. The trend for this evaporation can be divided into two parts. During the 

initial stage of the liquid nitrogen spray, the evaporation rate increases gradually to 15 

mm in the axial direction. This change was during the primary breakup of the jet.  

As the mist moves further downstream, there is an exponential rise in the evaporation 

rate near the nozzle exit. This increase in evaporation rates can occur mainly due to 

secondary breakup and thermodynamic instability during a secondary separation. The 

secondary atomization causes a droplet to disintegrate, resulting in smaller particles. As 

the ratio of volume to the surface area becomes smaller, the evaporation rate increases. 

Figure 5.3 DPM distribution for 𝛥p = 0.2 MPa 
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However, there is a steep rise in the evaporation rate, which is generally not only due to 

secondary breakup. This gives rise to another irregularity in the domain which also drives 

the evaporation rate. The cryogenic spray has some uncertainty, mainly caused by the 

significant temperature difference between the atmosphere and the vaporization 

temperature of the fluid. It can be defined as thermodynamic flashing or flashing 

instability.  

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, the evaporation rate gradually starts decreasing once the peak is achieved. 

During this area, the maximum amount of liquid has been evaporated. However, 

incomplete evaporation is still occurring due to Turbulent Kinetic Energy present in the 

environment, further discussed in the DPM velocity section. This energy forces droplets 

Figure 5.4 Evaporation rate for 𝛥p = 0.2 MPa 
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to move further, delaying the evaporation rate. This momentum of the droplet creates a 

gradual decrease in the evaporation rate.  

A small amount of evaporation is also observed near the edge of the spray cone. 

There is a minimum amount of evaporation far away from the axial center of the spray 

along the z-direction.  

 

 

 

 

. 

 

 

 

 

 

 

 

This evaporation is due to the smaller droplet size in that area. Moreover, the 

evaporation rate is increased along with the pressure difference and the mass flow rate. 

As the mass flow rate increases, the particle in the domain also increases, showing an 

uptrend in evaporation rate. This variation is clearly shown in Figure 5.6.  

Figure 5.5 Contour plot for evaporation rate for 𝛥p = 0.2 MPa 
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5.3. Spray Cone Angle 

The angle between two spray boundaries at 20 mm from the nozzle exit is considered 

a spray cone angle. This distance was selected based on the experimental data (Xue, et 

al., 2018). Thus, the spray field is almost covered by nitrogen vapor downstream of the 

acceptable mist nozzle outlet. The dispersion angle is set to be 100o for all the pressure 

difference cases. The dispersion angle is measured according to the condition shown in 

Figure 5.7. The angle is set to be high for the fluid to have a straight flow into the 

domain.The spray cone angle was measured using the DPM concentration and CATIA 

V5 software at an axial distance of 20 mm from the nozzle exit.  
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 The spray cone angle was smaller than the dispersion angle because of the 

environmental condition like pressure difference between the surrounding and liquid 

nitrogen spray, and other physical parameters like nozzle exit diameter, type of nozzle, 

and the distance between the nozzle exit the pin. The variation of spray cone angle for 

different upstream pressure is shown in Figure 5.7, along with the dispersion angle. 

Moreover, as the upstream pressure increases, the far-field spray tends to shrink. 

However, the distance between the nozzle exits and the pin's tip is kept constant for all 

the cases. The experimental data for this simulation condition is shown in Figure 5.8 in 

blue color. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Far-field angle w.r.t. Initial spray angle 



55 
 

 

 

 

 

 

 

 

 

 

 

 

 

5.4. DPM Density 

In the test case, liquid nitrogen was injected into the environment at 78 K temperature 

with the variable upstream pressure. The density for liquid nitrogen was considered as 

816 kg/m3 for the given temperature. Figure 5.9 shows the density distribution in the 

computational domain for various pressure differences. The density was found to be close 

to that of liquid nitrogen in the center of the spray indicating, it can be predicted that the 

concentration of LN2 is high in that region as the density of gaseous nitrogen is around 

1.068 kg/m3. The area not covered by the spray cone has a density of 1.225 kg/m3, 

indicating the presence of atmospheric air.  

  

Figure 5.8 Experimental data for spray cone angle (Xue, et al., 2018) 
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Figure 5.9 Density distribution of liquid nitrogen at the center of the spray 

t = 120 ms 

𝛥p = 0.2 MPa 
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 Figure 5.10 Density of liquid nitrogen over the target plate at 50 mm 
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However, there was a decrease in density near the outer edge of the spray cone due to 

the liquid droplet's transformation into the gaseous form. Next, the liquid nitrogen 

concentration increases with the increased pressure difference and mass flow rate for a 

given constant nozzle tip to the nozzle exit distance and the injection temperature. Figure 

5.9 also shows the density of 806 kg/m3 as the pressure difference increases along the 

center plane of the spray. The concept of a mass fraction is essential to understand as it 

helps to understand the effective cooling rate through liquid nitrogen over the target plate.  

The target plate was set at 50 mm from the nozzle exit in the axial direction. 

Moreover, the concentration of liquid nitrogen increases in the center region of the 

targeted plate as the pressure difference rises as shown in Figure 5.10. The droplet tends 

to move faster due to the Turbulent kinetic energy, which increases the penetration 

length. This can result in more effective cooling.  

The mass fraction of liquid nitrogen seems to change exponentially near the periphery 

of the spray due to smaller droplet distribution, low density, and less concentration of the 

particles.   

5.5. Droplet Velocity 

The distribution of droplet velocity over the domain for pressure difference 𝛥p =    

0.2 MPa is shown in Figure 5.11. This velocity distribution was measured on the plane 

parallel to the flow passing through the nozzle's center. The velocity peak is primarily 

recorded on the centerline of the spray in the axial direction. Furthermore, the axial 

velocity of the liquid droplet is also caused due to the momentum of the gaseous particle. 

This results in the acceleration of liquid nitrogen droplets in the domain within 20 mm 

from the nozzle exit.  
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The peak velocity was found as 15.5 m/s and further reduced gradually towards the 

downstream of the flow. This increase in the speed of the droplet gives rise to Turbulent 

Kinetic Energy, resulting in a high turbulent flow.  

The velocity also reduces because tiny droplets near the periphery of the spray cone 

tend to evaporate faster as it move away from the axial centerline. This velocity rate 

change is clearly shown in Figure 5.11 as there is a sudden decrease of speed, i.e., from 

7.8 m/s to around 1.56 m/s. In addition, due to the pin, it is observed that momentum in 

the upper phase of the spray flow has a comparatively lower speed than the bottom side 

over the whole spray cone region. This reduced the impact of liquid nitrogen on the upper 

area of the target.  

Figure 5.11 Velocity Contour for 𝛥p 0.2 MPa 
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Figure 5.12 shows the maximum velocity profile along the y-direction on the center 

plane of the spray considering x = 0 mm and z = 50 mm spray at time = 120 ms. Due to 

the pin, there wasn't any particle having a velocity vector spotted near the upper region of 

the target plate.  

As the pressure difference increases, this constant region of maximum velocity has 

shifted into positive y-direction, as shown in Figure 5.13. Assitionally, Figure 5.13 is a 

velocity profile of the spray cone for different pressure differences along the y-direction 

for given x = 0 and z = 50 mm (target plate). Moreover, the top speed of the droplets has 

also increased along with the upstream pressure. Due to the high-pressure difference, the 

injected mass flow rate has also increased in the domain, resulting in droplets on the 

corner of the target with at least minimal velocity.  
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Figure 5.12 Velocity profile along y-direction 
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Due to the increase in velocity profile, it can also be indicated that there is a high 

impact of liquid nitrogen over the target plate (z = 50 mm) which was not clearly shown 

by the experimental study.   
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Figure 5.13 Maximum velocity for various pressure difference 
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6. Conclusion And Future Work 

The numerical simulation were performed on cryogenic spray. These simulations 

were accomplished using Ansys Fluent 2021 and include many state of art models. The 

simulation was performed using an Euler-Lagrangian approach with a Discrete Phase 

Model (DPM). The flow Turbulent was modeled by k-omega equations incorporated with 

the shear stress transport (SST) model. The primary breakup was evaluated using the 

Linearized Instability Sheet Atomization (LISA) model. This model helped to simulate 

the breakup of a liquid sheet into the discrete particle. Furthermore, the secondary 

breakup of the particle was modeled using Taylor Analogy Breakup equations and 

merged with evaporation-condensation to evaluate the phase change in the domain. 

Our study showed that the Sauter Mean Diameter (D32) tends to increase toward the 

center of the spray on a plane perpendicular to the spray flow direction. The reduction in 

droplet diameter along the axial direction is due to the aerodynamic breakup, and the 

numerical data also showed thermodynamic instability. Moreover, the numerical 

simulation indicated the particle size had drastically reduced along the centerline once the 

upstream pressure increased. However, there was not much difference at the periphery of 

the target among the high pressure. 

The droplet diameter clearly showed the distribution of the particle in the spray field. 

The droplets were spread across the domain for almost a large area in the environment 

forming around 95o to 105o spray cone angle. This angle did not significantly change for 

the high-pressure difference. In other words, it is found that the upstream pressure does 

not affect the spray cone angle substantially. 
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The simulation also showed a significant change in maximum evaporation rate while 

changing the upstream pressure. However, the pattern for the evaporation rate remains 

similar for all the cases.  

The droplet density was used to infer the presence of liquid nitrogen and gaseous 

nitrogen in the domain. The numerical results demonstrated the concentration of liquid 

nitrogen is focused on the center of the spray and reduces as it moves near the border of 

the jet. It is also suggested that the increase in pressure injection is likely to cause the 

spray to hit the desired target with a more significant amount of liquid nitrogen. The 

liquid concentration increases over the plate, covering a larger area over plate. The spray 

pattern was found to be different for a specific position while adjusting the pressure.  

The velocity is lower near the circumference of the spray as the droplet diameter is 

reduced. In addition, a significant effect of pressure on the velocity profile of the spray 

was found. So, the increase in pressure resultsin in velocity increase. 

Finally, some suggestions for future work based on this study are below: 

• New models should be tested with discrete phase models. 

• More modern and accurate evaporation models like the Homogeneous relaxation model 

can be integrated with this model, as earlier studies have reported promising results. 

• Isolated effects of the different models should be quantified in a suite of numerical 

experiments to further theoretical insights into the cryogenic spray phenomenon. 
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