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Öz 

Bu çalışmada, spreyleme nozülü ucundaki püskürtme davranışı hesaplamalı akışkanlar dinamiği yöntemi ile 

parametrik analiz yapılarak incelenmiştir. Bu amaçla, Ansys Fluent ticari yazılımı kullanılarak deneysel tasarım 

yöntemi olan Yanıt Yüzey Yönteminin (RSM) oluşturduğu parametrik tablo ile analizler yürütülmüştür. Giriş 

değişkenleri olarak nozül çıkış açısı, nozül çıkış çapı ve nozül çıkış hızı seçilmiştir. Buna bağlı olarak, kontrol 

hacmindeki püskürtme davranışını gösteren akış hızı ve basınç dağılımı ile türbülans kinetik enerjisi ve Eddy 

viskozitesi incelenerek karşılaştırılmıştır. Giriş değişkenleri için nozül çıkış açısı 145°-165°, çıkış çapı 0,6-0,8 mm 

ve nozül çıkış hızı ise 10-16 m/s olarak sırasıyla minimum ve maksimum değer aralığında alınmıştır. Çalışma 

sonunda maksimum akış hızı olan 1187.34 m/s değerine; nozül çıkış açısı 155°, nozül çıkış çap değeri 0.6 mm ve 

çıkış hızı 16 m/s değerindeyken ulaşılmıştır. Maksimum basınç değerine; 145° nozul açısı ve 0.6 mm nozul çapı 

ile 614029 Pa değerinde ulaşılırken, maksimum türbülans kinetik enerjisi olan 24260 J değerine ise 145° nozül 

çıkış açısı ve 13 m/s nozül çıkış hızı ile ulaşılmıştır. Eddy viskozitesi için de maksimum değer olan 0.02339 Pa·s 

değerine, 155°lik nozül çıkış açısı ve 16 m/s nozül çıkış hız değerinde ulaşılmıştır. Analiz sonucu elde edilen 

sayısal bulgular ile bir nozulun nasıl tasarlanması gerektiği konusunda öneriler yapılmıştır. RSM yöntemi ile elde 

edilen bulgulara göre, nozul açısı azaltıldığında akış hızının arttığı buna karşın türbülans davranışının güçlendiği 

görülmüştür. Bu nedenle özellikle bir nozul tasarımı ile yapılacak çalışmalarda, bu konunun sayısal bir yöntemle 

ele alınması ve sonuçlardan elde edilen bazı önerilerle sunulması gerektiği görülmüştür. 
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Abstract 

In this study, spray behavior in the nozzle was analyzed using the computational fluid dynamics (CFD) method through 

parametric simulations. Accordingly, parametric analyses were conducted using the Response Surface Methodology 

(RSM) in the commercial software ANSYS Fluent. The input variables were the nozzle outlet angle, the outlet diameter, 

and the nozzle outlet velocity. The flow velocity and pressure distribution in the control volume, as well as turbulence 

kinetic energy and eddy viscosity, were compared. For the input variables of the nozzle output angle the minimum value 

of 145°-165°, the width of the output orifice 0.6-0.8 mm and the outlet velocity of the nozzle 10-16 m/s were sequentially 

taken as the minimum and maximum values. The maximum flow velocity (1187.34 m/s) occurred at 155°, 0.6 mm, and 

16 m/s. The highest pressure (614029 Pa) was recorded at 145° and 0.6 mm, while turbulence kinetic energy peaked at 

24260 J at 145° and 13 m/s. The maximum eddy viscosity (0.02339 Pa·s) was found at 155° and 16 m/s. These results 

provide practical recommendations for optimizing nozzle design using CFD and RSM. The analyses revealed that 

reducing the nozzle angle increases flow velocity but simultaneously intensifies turbulence, highlighting the trade-off 

between efficiency and stability. Overall, the study emphasizes the importance of computational methods in nozzle 

design and offers clear guidelines for achieving improved spray performance. 
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1. Introduction  

 

Nozzle spray systems are widely used in various industrial applications, from fuel injection to spray coating. 

Spray performance is a key factor affecting efficiency and energy consumption. Therefore, optimizing spray 

systems is essential for enhancing performance and reducing costs. The impact of nozzle geometry on spray 

performance has been explored in numerous studies. Parameters such as nozzle angle, outlet diameter and 

outlet velocity are particularly influential factors directly affecting spray quality. The fuel injection process, 

a key application area for nozzle spray systems, plays an essential role in combustion and pollutant formation 

in diesel engines. Therefore, accurate management of this process is necessary to achieve reliable engine 

performance and emission predictions.  

 

Diesel spray modeling remains a challenging task due to complex phenomena such as primary atomization 

[1] and injector cavitation [2], which are not yet fully understood. The Discrete Droplet Method (DDM) has 

been widely used for over 30 years in diesel spray modeling for practical design applications [3]. The Discrete 

Droplet Method (DDM) emphasizes droplet dynamics and makes significant efforts to accurately represent 

breakup and collision processes. However, in the high pressure environments of diesel engines, turbulent 

mixing may be the dominant factor. For example, experimental results by Siebers [4-6] indicated that mass 

and energy transfer at droplet surfaces and during atomization were not limiting steps for evaporation in 

direct-injection (DI) diesel sprays.  

 

To ensure the stability of diesel sprays, grid sizes generally need to be larger than the injector diameter, which 

can result in insufficient resolution of flow structures [7-8]. In the Eulerian model, the scope of the 

atomization process is calculated using an interface surface density equation, eliminating the need to assume 

a specific shape for liquid particles. This model provides a natural approach to incorporate the flow effects 

of injector geometry into spray calculations [9].  

 

Another application area for nozzles, water sprays, is widely used in fire control and suppression. Numerous 

experimental programs have been developed to study the dynamics of these sprays and their effectiveness in 

various fire scenarios, such as passing through a fire flame or interacting with a ceiling vent [10-11]. The 

main complexity in water spray simulations is the breakup of the liquid into small droplets, which limits the 

ability to predict sprinkler atomization accurately [12]. 

 

The limitations in modeling flow patterns within spray dryers have led to the use of more fundamental 

approaches, specifically Computational Fluid Dynamics (CFD) packages, to better represent these patterns. 

This trend has been enabled by the development of powerful workstations at a more accessible cost. Crowe 

was the first researcher to apply this approach to spray dryers [13]. The CFD program predicted that the most 

likely areas for wall deposits are the circular zone on the ceiling, where a small backflow vortex gathers 

medium-sized droplets and a region below the atomizer where larger particles tend to accumulate. These 

predictions align with practical experience and highlight the industrial applications of CFD programs. Oakley 

et al. provided a strong example of the predictive capability of these techniques [14]. 

 

Nasal drug delivery offers new opportunities for administering systemic medications traditionally given 

orally or intravenously. Several Computational Fluid Dynamics (CFD) studies have been reported on the 

deposition regions of nasal spray drug delivery [15-16]. However, the initial droplet conditions used in these 

studies do not realistically reflect the behavior of atomized spray droplets from a nasal spray drug delivery 

device. Enhancing current CFD simulations for more accurate virtual drug delivery predictions could be 

achieved by implementing more realistic initial droplet conditions, crucial for downstream behavior.  

 

Recent studies on drug delivery through the oral cavity using metered-dose inhalers (MDI) and dry powder 

inhalers (DPI) have used experimental measurements to determine droplet size distributions post-breakup, 

applying these as initial conditions for spray nozzle simulations [17-18]. Zhang et al. investigated the effects 

of nozzle hole diameter and injection pressure on the spray angle and velocity distribution of jet fuel injected 

from pressure-swirl nozzles. They found that above the critical pressure of 1.5 MPa, the spray angle became 

independent of pressure and nozzles with a length to diameter ratio of 2 provided wider spray angles [19]. 

Önen et al. observed that as the nozzle exit and throat diameters increased, the impact area on the target 
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material also increased [20]. It was determined that momentum flow varied depending on the nozzle 

geometry and the difference increased with higher injection pressure [21]. In another study, Du et al. 

conducted Computational Fluid Dynamics (CFD) simulations using the Discrete Phase Model (DPM). They 

revealed that nozzle spray shape (circular, elliptical Type A and B) had a greater effect on cavitation and 

spray characteristics than fuel type in hybrid biofuel and diesel blends. Elliptical nozzles provided a wider 

spray, while circular nozzles exhibited deeper penetration [22]. Wang et al. found that in high-pressure fuel 

injection systems, nozzle geometry (chamber volume, hole curvature and inclination angle) significantly 

influenced spray penetration and Sauter mean diameter [23]. 

 

Recent research has drawn attention to the considerable role that the nozzle design plays in the characteristics 

of the spray. An example of this is a research paper [24] that brought the comparison between the twin fluid 

pressure nozzle and the blade designed nozzle to the table and the results showed that the latter delivered 

better atomization and the sprays were more evenly distributed due to increased turbulence generation. 

Another study aims to examine the effects of aerodynamic modifications of pneumatic nozzles on droplet 

size distribution, revealing that it is possible to achieve higher efficiency in atomization processes through 

specific geometric changes [25]. Moreover, one research assessed the behavior of the flow through the nozzle 

in conjunction with the characteristics of spray, which showed that having bigger diameters of the nozzle 

leads to longer reach and better spray targeting, both of which are crucial for precise applications [26]. 

 

The purpose of this study is to examine the effects of nozzle geometry on spray performance through both 

numerical simulations and statistical modeling. Numerical simulations were conducted using ANSYS Fluent 

to evaluate factors influencing spray performance. Additionally, using the Response Surface Methodology 

(RSM), a design of experiments approach, the effects of input variables on response variables were modeled 

and optimized. 

 

2. Material and Method 
 

In this study, numerical simulations of nozzle spray systems were conducted using ANSYS Fluent software. 

CFD analyses were performed to examine parameters such as flow velocity, pressure and turbulence kinetic 

energy. 

 

The realizable k-ε turbulence model is used for high-Reynolds-number flows and simulates the turbulent gas 

phase induced by droplet momentum [27]. While this model is extensively used, it often overestimates 

turbulent viscosity and may not be suitable for low pressure applications where induced flow by spray 

droplets in stagnant air is present.   Fogliati et al. demonstrated good agreement with experimental results by 

applying the realizable k-ε turbulence model in simulations of paint sprays at low injection pressures [28]. 

Therefore, the realizable k-ε turbulence model is used in this study. The governing equations for the fluid 

phase are as follows: 

 

 
𝜕

𝜕𝑥𝑗
(𝜌𝑔𝑢𝑗

𝑔
) = 0                                                                                                                                                  (1) 
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𝜌𝑔
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In these equations, the external force refers to the drag force caused by the interaction with the droplet phase. 

The symbols ρg and µg represent the gas phase density and effective viscosity, respectively. Mp is the 

momentum change, and u is the flow velocity [29]. 

 

The model assumes a linear stability analysis for a two-dimensional, viscous, incompressible liquid layer of 

thickness  ( 2h )  moving at a relative velocity ( U ) within an inviscid, incompressible gas medium. An 

infinitesimal disturbance spectrum is defined as follows [30]: 

 

𝜂 =  𝜂0𝑒𝑖𝑘𝑤𝑥+𝜔𝑡                                                                                                                                                (3) 
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The total velocity (U) is determined in relation to the injection pressure: 

 

𝑈 = 𝑘𝑣√
2∆𝑃

𝜌𝑙
                                                                                                                                                               (4) 

 

 

The mass flow rate is given by the following equation: 

 

𝑚̇  =  𝜋𝜌𝑈𝑐𝑜𝑠 𝜃ℎ(𝑑𝑛 − ℎ)                                                                                                                                (5) 

 

2.1. Model 

 
The three dimensional model used for aerodynamic simulations was created using the Design Modeler 

CAD program. In the model, the total dimensions ( L1 +  L2 +  L3 )  is fixed at 20 mm. Therefore, when 

the nozzle exit angle ( α ) changes, the dimensions  L1 and L2  will also vary. The dimensions D1 and 

D2 are independent of α changes. The range values for the other dimensions are provided in Table 3.  

 

                               

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. 2D and 3D nozzle model dimensions 

 

Table 1. Model dimension values 

 

Dimension Unit Value 

α degree 145-165 

D1 mm 5 

D2 mm 0.6-1 

L1 + L2 + L3 mm 20 

 

2.2. Mesh 

 
After defining the nozzle's design parameters, the system must be divided into numerous small parts, 

called "mesh" in the numerical analysis software for accurate analysis. As the number of mesh elements 

increases, the system is divided into smaller parts, yielding more precise results in numerical analysis 

when quality ratios are met. The mesh structure of the model is shown in Figure 2. 

 

In order to ensure that the CFD results are not affected by the size of the mesh and to ascertain the 

numerical precision, a mesh independence study was conducted. The three distinct types of the meshes 

used and vital output parameters such as the velocity at the outlet and the kinetic energy of turbulence 

were compared. It was discovered that the relative changes between medium and fine mesh outputs are 

less than 2% and this denotes mesh independent behavior. Thus, the mesh of 38,447 elements and 7,760 

nodes was preferred because it was a compromise between computational efficiency and solution 
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accuracy. The element size set to 4.95 mm and a tetrahedral element structure was used. Accurate data 

in the analysis is directly linked to the mesh structure and its properties, so the meshing process must be 

conducted carefully and precisely.  

  

 

 
  

Figure 2. Mesh structure of the model 

 

2.3. Solution 

 
The analyses were conducted on an i7 core processor using ANSYS Fluent 2020 R2. Numerical 

simulations were performed on the nozzle spraying model with defined dimensions. A pressure-based 

solver was used and the analysis was steady-state. The turbulence model applied was the standard k-ε 

model. For boundary conditions, a velocity inlet was defined at the nozzle entry and a pressure outlet 

for the control volume exit. A velocity inlet was defined at the nozzle entrance with a velocity of 10, 13 

and 16 m/s along with a pressure outlet which was set to 0 Pa at the domain exit. The turbulence at the 

inlet was determined by an intensity of 5% and a hydraulic diameter based on the inlet geometry. A no-

slip condition was applied to all the walls and a wall model was used to treat the near the wall area. Air 

was used as the flow and aluminum was the nozzle material. Aluminum properties are presented in 

Table 2. The coupled method was chosen for pressure velocity coupling, with a convergence criterion 

of 0.001. Due to the turbulent nature of the flow, Hybrid initialization was applied. 

 
Table 2. Physical properties of Aluminum used in the CFD Model 

 

Physical Property Aluminum 

Density (Kg/m3) 2719 

Specific Heat Capacity (J/kgK) 871 

Thermal Conductivity (W/mK) 202.4 

Thickness (m) 0.00125 

 

To confirm the correctness of the regression equations derived from the RSM analysis, residual plots 

and diagnostic tests were conducted. The probability plots of the normal distribution of residuals 

supported the claim that the errors had a normal distribution, whereas the plots of the residuals against 

the predicted values revealed no evident patterns that would indicate homoscedasticity. Moreover, all 

studentized residuals remained within the ±2 range, which corroborated the view that there were no 

outliers. 
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2.4. Experimental design method 

The CFD analyses were conducted to examine and mathematically model parameters such as flow 

velocity, pressure distribution, turbulence kinetic energy and Eddy viscosity. For this purpose, the 

Response Surface Methodology (RSM) was applied using the Design Expert software, with a total of 

12 analyses performed to model the relationships among input variables. These analyses were recorded 

in the experimental design results table (Table 3), followed by regression analysis (Table 4). Table 3 

shows the results of the RSM based experimental design. The nozzle angle, outlet diameter and inlet 

velocity were combined with the corresponding CFD outputs: outlet velocity, pressure, turbulence 

kinetic energy and eddy viscosity. The outputs can help understand the different aspects of the flow. The 

regression results, with a reliability close to 99%, demonstrate the accuracy of the derived mathematical 

equations. Furthermore, residual plots and ANOVA output supported the idea that, these models were 

statistically significant and appropriate for the prediction of flow characteristics. In this research, the 

impacts of input variables on the spraying characteristics were represented by means of Response 

Surface Methodology (RSM). Due to its regression-oriented framework, RSM allows not only the 

assessment of main effects but also of two-factor interactions. Hence, the influence of variables was 

examined without the need to perform an additional sensitivity analysis. While variance-based 

techniques suggested in the literature are highly efficient in investigating higher-order interactions, the 

RSM method was accepted as appropriate given the range of parameters and the nature of the model of 

this study.Although the current design successfully captured the main effects and two factor interactions, 

future studies could assist in improving predictive performance through a selection of more center points 

or higher order interactions.Within the study, the Box-Behnken method in the program was used to 

present the effects of nozzle exit diameter, nozzle angle and nozzle outlet speed on velocity,  pressure, 

turbulence kinetic energy and Eddy viscosity results on the midplane (plane 1) in the form of 2D contour 

plots. In the experimental design process, each variable was tested at three levels. The coefficients of 

regression for all response variables are summarized in Table 4. Here, A refers to the nozzle angle, B to 

the outlet's diameter and C to the inlet's velocity. An interaction effect such as BC is also included. These 

models illustrate both the single and joint impacts of design parameters and thus they contribute to the 

RSM method's prediction capability. 

 
Table 3. Experimental design results table  

 

Angle 

(degree) 

Outlet 

diameter 

(mm) 

Nozzle 

velocity 

(m/s) 

Outlet 

velocity 

(m/s) 

Pressure 

 (Pa) 

Turbulence 

Kinetic Energy 

(m2/s2) 

Eddy 

Viscosity 

(Pa.s) 

145 0.6 13 991.565 614029 24260 0.0195643 

165 0.6 13 954.84 558683 12348.4 0.0160239 

145 1 13 355.44 76540 1947.28 0.0148878 

165 1 13 340.354 69755 1452.07 0.0135086 

145 0.8 10 427.741 113965 3923.34 0.0121054 

165 0.8 10 411.601 103394 2181.52 0.013572 

145 0.8 16 683.825 288328 8389.56 0.0167124 

165 0.8 16 658.646 262539 6004.8 0.0180066 

155 0.6 10 745.733 347017 10790.2 0.0172133 

155 1 10 267.097 43353 1061.79 0.0114878 

155 0.6 16 1187.34 877943 22780.3 0.0233976 

155 1 16 427.45 109672 2478.35 0.0162995 

 

Table 4. Mathematical model 

 

 Intercept A B C BC 

Velocity Plane 1 

Pressure Plane 1 

Tke Plane 1 

Eddy Plane 1 

0.0434507 

0.00254068 

0.0160458 

8.0026 

 

 

0.00169901 

0.0108803 

0.00123055 

0.00850103 

0.5942 

-0.00510677 

-0.00058395 

-0.00339448 

-0.633352 

 

-0.000288207 

-0.00190008 
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3. Results 

 
In this study. the main goal of computational analyses is quantitative evaluation of characteristic flow 

parameters. which are essential to the description of the spray behavior. In this regard. emphasis has 

been given to variables such as exit velocity. pressure distribution. turbulence kinetic energy. and eddy 

viscosity on contour maps. (The overall results of these parameters on plane 1 are presented in Figures 

7–10). Since the scope of the study is focused on the understanding of aerodynamic influence through 

these basic parameters. the qualitative flow visualizations such as streamlines. vorticity fields. or 

velocity vectors have not been included. However. the presented data and analysis results provide a 

sufficient level of representation for the assessment of three-dimensional flow characteristics. 

 

3.1. Velocity  

 
It was observed that flow velocity distribution varies based on the nozzle’s geometric dimensions and 

exit velocity. The highest flow velocity. 1187.3 m/s. was measured at a 155° nozzle angle. 0.6 mm exit 

width and 16 m/s inlet velocity. as seen in Figure 3. Increased flow velocity with smaller nozzle 

diameters is expected. At these parameter values. pressure also reached a high level of 877943 Pa and 

turbulence kinetic energy reached its peak at 22780.3 J.  

 

                            
                                         dp1                     dp2                     dp3                        dp4 

 

                             
                                      dp5                       dp6                       dp7                           dp8 

 

                          
                                     dp9                       dp10                      dp11                        dp12 

Figure 3: Velocity at plane 1 
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3.2. Pressure 

 
Analysis revealed that pressure values at the nozzle exit increased significantly with lower outlet angles 

and smaller exit diameters. The highest pressure. 614029 Pa. was achieved at a 145° nozzle angle. 0.6 

mm exit diameter and 13 m/s outlet velocity. as shown in Table 3. The pressure distribution at the nozzle 

exit varies considerably based on the combinations of nozzle geometry and inlet velocity. In narrow 

angle designs. the flow compression increases pressure; for this design. this occurs at 145°. where 

turbulent flow is also higher compared to other configurations. 

 

 
                          dp1                                      dp2                                       dp3                                       dp4 

 

 
                         dp5                                       dp6                                        dp7                                       dp8 

 

 
                           dp9                                     dp10                                     dp11                                    dp12 

Figure 4. Pressure at plane 1 
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3.3. Turbulence kinetic energy 

 
The findings showed that designs with narrower nozzle diameters and higher outlet velocities generated 

more turbulence kinetic energy. The highest turbulence kinetic energy. 24260 J. was calculated at a 145° 

angle. 0.6 mm nozzle exit diameter and 13 m/s inlet velocity. as shown in Table 3. 

 

                        
                                     dp1                                 dp2                                dp3                                  dp4 

 

                  
                                      dp5                                 dp6                                dp7                                  dp8 

 

               
                                        dp9                                dp10                            dp11                                dp12 

 

Figure 5. Turbulence kinetic energy at plane 1 
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3.4. Eddy viscosity 

 
Eddy viscosity reflects the viscous friction effects of turbulent flow. The highest eddy viscosity. 

measured at 0.02339 Pa·s. was observed at a 155° angle. 0.6 mm exit width and 16 m/s inlet velocity as 

shown in Figure 6. This finding indicates that turbulent flow intensifies at high nozzle exit velocities 

and narrower nozzle angles. 

 

                    
                                         dp1                          dp2                          dp3                           dp4 

 

                      
                                         dp5                          dp6                           dp7                           dp8 

 

                        
                                         dp9                         dp10                          dp11                          dp12 

 
Figure 6. Eddy viscosity at plane 1 
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Figure 7: Velocity at plane 1 ( velocity inlet; a:10 m/s. b:13 m/s. c:16 m/s) 

 

 

 
 
 

Figure 8. Pressure at plane 1 ( velocity inlet; a:10 m/s. b:13 m/s. c:16 m/s) 

 

 
 

Figure 9. Turbulence kinetic energy at plane 1 ( velocity inlet; a:10 m/s. b:13 m/s. c:16 m/s) 
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Figure 10. Eddy viscosity at plane 1 ( velocity inlet; a:10 m/s. b:13 m/s. c:16 m/s) 

 

4. Conclusions 

 
This essay covers the effects of the nozzle geometry and outlet velocity on the spraying performance. 

The analysis indicated that. both a smaller diameter nozzle and higher output velocities will augment 

flow velocity. pressure. the turbulent kinetic energy and Eddy viscosity. The high turbulence value on 

the other hand. can deteriorate the flow regimes in some applications. Interaction effects between nozzle 

angle. outlet diameter and inlet velocity were analyzed using the RSM model. The results showed that 

the combined influence of small outlet diameters and high inlet velocities significantly increased both 

turbulence kinetic energy and Eddy viscosity. Additionally. the interaction between nozzle angle and 

velocity had a notable impact on pressure distribution and flow uniformity. These interactions emphasize 

the non linear behavior of spray dynamics and validate the usefulness of the RSM approach for capturing 

complex parameter dependencies. The limitations related to computational modeling are the key 

limitations of this study. The fluid was modeled as being incompressible in its property and the 

simulations were done in a steady state which can be a great source of missing pick up data for the 

transient spray dynamics. Also. temperature effects. phase change and droplet break up mechanisms 

were not explicitly modeled. The material properties were treated as constant and the turbulence 

parameters also were treated as constant. which could lead to unrealistic situations while being compared 

to the real world. In spite of these limitations. the form of the trends and ranges of the values were 

consistent with theoretical behavior and published data as well. which proved the general validity of the 

analysis.The results obtained are consistent with the previous studies in the literature. The main findings 

of the study are as follows: 

 

- A smaller nozzle diameter (0.6 mm) and higher inlet velocities (16 m/s) have been reached the 

maximum flow velocity. pressure. the highest turbulent kinetic energy and Eddy viscosity values. 

respectively. 

 

-  Using a larger nozzle (1 mm) and low exit velocities (10 m/s). the flow velocity and pressure values 

of the flow regime decreased and thus offered a more balanced flow. 

 

-  The nozzle angle seems to exert a significant impact on the turbulence by altering the kinetic energy 

and the viscosity. Wider angles (165°) were linked to an increase in the turbulence levels. 

 

The results showed that turbulence. eddy viscosity. and nozzle diameter are important factors in 

controlling atomization at high inlet velocities. but they may also contribute to spray instability. Also. 

the increase in turbulence because of the smaller nozzle angles. results in the break up and distribution 

of the droplets being affected. The implications of these findings in terms of the optimal quality of the 

spray process that should be ensured by a proper and careful selection of geometric and operational 

parameters were a focus of the study.  
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The study was able to make a good comparison between the CFD results and the physical behavior that 

has been previously established through methods such as the use of the trends reported in previous 

studies. The interrelationships between the nozzle geometry. the flow velocity. the turbulence 

characteristics and the spray quality were found in the previous studies Zhang et al. [19]. Du et al. [21]. 

and Wang et al. [23]. Model outputs. such as the increase in turbulence kinetic energy when the inlet 

velocity is increased and the outlet diameter is decreased. agree well with theory. These findings 

reinforce the confidence in the numerical results obtained from the simulations conducted in this study. 

 

The study outcomes demonstrate that in the applications requiring high needle velocities and pressure. 

the smaller diameter nozzles and higher exit velocities would be more efficient. To improve spray 

performance. turbulence kinetic energy and Eddy viscosity should be kept as low as possible. Small 

diameter nozzles may provide an advantage in high-speed applications. but the increased turbulence 

energy losses and the more challenging spray control may result. On the other hand. larger nozzle 

diameters can perhaps produce a more stable flow regime at lower velocities. Through this. therefore. a 

careful optimization in the nozzle design is required to be able to achieve an ideal spray performance. 

Future research should address transient effects and phase changes for more realistic predictions. and 

the implications of these findings should be leveraged to achieve improved spray performance. 
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