
1. Introduction

The increasing demand for high-performance cooling solutions 

in various industrial and technological applications such as 

power generation, electronics and manufacturing has driven the 

development and optimization of advanced heat transfer tech-

niques. One of the most promising methods is spray cooling, 

which involves optimizing the liquid into fine droplets on a hot 

surface, providing rapid and effective heat dissipation. This 

technique has achieved significant attention due to its ability for 

high heat transfer coefficients and low thermal resistance [1–4]. 

Recent advancements in spray cooling have focused on optimiz-

ing various parameters, including droplet size, velocity and dis-

tribution, to enhance the overall cooling performance [5–8]. 

In the context of spray cooling, the configuration of nozzle 

groups is a critical factor influencing the effectiveness of the 

process. Pressure, spacing and tilt angle of the nozzles can sig-

nificantly affect the heat transfer characteristics. For instance, 

higher pressures typically result in finer droplets and increased 

momentum, leading to improved heat transfer coefficients 

[9−11]. The spacing between nozzles is also important, as it af-

fects the uniformity of the spray coverage and the overlap of the 

atomization cones, which in turn impacts the heat transfer effi-

ciency [12,13]. Furthermore, the tilt angle of nozzles can alter 

the impingement pattern and the distribution of droplets on the 

target surface, thereby affecting the heat transfer rate [14]. Un-

derstanding these relationships is essential for the design and op-

timization of efficient spray cooling systems. 
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Abstract 

This study investigates the improved heat transfer process of multi-nozzle arrangements through numerical analysis. A dis-
crete phase based numerical model is developed to analyse the secondary atomization and heat transfer characteristics under 
different conditions. The effects of pressure, spacing and tilt angle of the nozzle group on the atomization cooling perfor-
mance are evaluated. The results indicate that increasing the pressure can significantly improve the heat transfer capacity. 
The higher the pressure, the lower the hot wall temperatures and the higher the heat transfer coefficient. The nozzle tilt angle 
also has a significant impact. The heat transfer performance for a 30° tilt angle is optimal, while for a 15° tilt angle is poor. 
Increasing the number of nozzles can improve the cooling to a limited extent. In addition, nozzle spacing will affect temper-
ature distribution, thereby achieving optimal cooling at intermediate distances. The results can provide valuable insights for 
optimizing multi-nozzle configurations of efficient heat transfer in industrial applications. 
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Nomenclature 
 

Abbreviations and Acronyms 

CHF  – critical heat flux  

DPM – discrete phase model 

PISO – pressure implicit split operator 

SMD – Sauter mean diameter 

TAB  – Taylor analogy breakup 

 

Numerous studies have shown the effects of different nozzle 

configurations on the heat transfer performance of spray cool-

ing. Durmus et al. [15] examined the heat transfer performance 

and pressure drop characteristics in concentric heat exchangers 

of a volute inlet, and analysed the heat transfer efficiency and 

fluid resistance under different operating conditions. Abbasi and 

Kim [16] explored the application of nano-fluids in spray cool-

ing, and found that the addition of nanoparticles can signifi-

cantly enhance the heat transfer coefficient. Combined with  

a newly designed conical wire blade, Oflaz et al. [17] investi-

gated the thermal properties of SiO2-water nano-fluid. The study 

also highlighted the potential of nano-fluids to improve thermal 

performance. Cheng et al. [18] experimentally and numerically 

investigated the impact of different nozzle configurations on 

spray cooling, demonstrating that optimal spacing and inclina-

tion angles can improve the cooling efficiency. Wang et al. [19] 

studied the heat transfer performance of spray cooling under low 

mass flux conditions and highlighted the importance of droplet 

size and velocity. 

Hou [20] conducted numerical simulations and experimental 

validations to multi-nozzle spray cooling systems, providing 

valuable insights into the optimal nozzle arrangements for im-

proved heat transfer. Zhang et al. [12] and Muthukrishnan  

et al. [21] developed the correlations to predict the critical heat 

flux (CHF) in spray cooling, which is crucial for the safe and 

efficient operation of cooling systems. The applications of im-

plementing spray cooling in real-world applications are also 

concerned. Pautsch and Shedd [8] measured the thickness of liq-

uid film during spray cooling of FC-72, providing data that can 

be used to optimize the cooling process. Liao et al. [22] devel-

oped a comprehensive model to predict the performance of sim-

plex atomizers, which are commonly used in spray cooling sys-

tems. Si et al. [23] tested an integrated refrigeration-spray cool-

ing system for high-power solid-state lasers and demonstrated 

the potential of spray cooling in specialized applications. These 

studies emphasize the importance of considering theoretical and 

practical aspects for designing and optimizing spray cooling sys-

tems. 

Despite the above advancements in spray cooling, a compre-

hensive understanding of the intricate interactions in different 

parameters remains to be fully explained. This study aims to de-

velop a gas-liquid two-phase atomization and heat transfer 

model for a pressure swirl nozzle array, and systematically ana-

lyse the influence of nozzle atomization cooling on improved 

heat transfer performance. This study focuses on different con-

figurations of nozzle groups, simulating atomization and heat 

transfer processes on heated walls by numerically calculating 

the droplet ejection at the nozzle outlet and its subsequent tra-

jectory in the computational domain. Based on these simula-

tions, an in-depth examination is conducted considering the ef-

fects of pressure, tilt angle and spacing on the atomization char-

acteristics of the nozzle array. These findings can not only pro-

vide essential insights for optimizing nozzle atomization cooling 

parameters, but also provide robust data support for advancing 

the comprehension of enhanced heat transfer mechanisms. The 

practical significance lies in its capacity to improve the effi-

ciency and reliability of industrial cooling systems through re-

fining nozzle configurations. This is particularly important in 

power generation, electronics and manufacturing. Efficient 

cooling solutions are indispensable in these fields, and can pro-

vide scientific foundations and technical guidance.  

2. Research method 

A numerical model utilizing ANSYS Fluent software based on 

the discrete phase model (DPM) is developed to investigate the 

secondary atomization and heat transfer characteristics of mul-

tiple nozzles under different operating conditions. The examined 

parameters include nozzle group pressure, spacing and tilt angle. 

The DPM model is selected to accurately track individual drop-

lets and predict their interactions with heated surfaces. To ensure 

the reliability of the model, grid independence is verified. The 

numerical results are validated with experimental data from pre-

vious studies to evaluate the impact of these parameters on at-

omization cooling performance.  

2.1. Verification of grid independence 

In this study, pressure swirl nozzles are used for numerical sim-

ulation of the atomization characteristics of the nozzle group and 

for the numerical simulation of cooling. The cooling medium is 

accelerated by the cyclone sheet, and then enters the central cy-

clone chamber to form a central air column under centrifugal 

force. When the cooling medium leaves the nozzle outlet, it is 

already in the state of liquid film. This is because the surface 

tension of the liquid film is unstable at this time, and then it de-

composes into filamentous liquid or liquid droplets. Due to the 

fact that the numerical simulation mainly explores the spatial in-

jection of droplets in the nozzle group of the computational do-

main, as well as the formation of liquid film and the heat transfer 

on the bottom hot surface, the central region is encrypted and 

the boundary layer grid is set on the bottom surface when divid-

ing the grid. To further verify the grid independence of this 

model, the rectangular computational domains with about  

50 000, 263 000, 386 000, 483 000 and 781 000 grid cells are 

used to verify the grid independence, respectively. The DPM 

condition of the bottom surface is set as escape and the time step 

is 1×10-5 s to run for 2000 steps. The Sauter mean diameter 

(SMD) of droplets injected by the nozzle is recorded for judg-

ment based on the change in SMD of droplets. The results are 

shown in Fig. 1.  

When the number of grid cells reaches 483 000, SMD of 

droplets hardly changes with this increase. Therefore, to shorten 

the calculation time, the calculation model with 483 000 grid 

cells is adopted to establish the independence of the model grids. 
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2.2. Numerical calculation settings 

ANSYS Fluent is used for numerical simulation. The boundary 

conditions for the continuous phase are established with a pres-

sure inlet, while the flow of the continuous gas phase (air) in the 

computational domain is induced by liquid droplets ejected from 

a lateral injection source. The bottom boundary of the computa-

tional domain is modelled as an adiabatic wall without slip, 

maintained at a temperature of 293 K. All other boundaries in 

the computational domain are designated as pressure outlets.  

A realizable kε turbulence model is adopted. A second-order 

upwind scheme is used for pressure and momentum calculations 

via the pressure implicit with splitting of operator (PISO) algo-

rithm. 

Under the background of setting discrete phase boundary 

conditions, a pressure cyclone nozzle is used to precisely define 

parameters such as the inlet pressure and flow rate. The DPM 

boundary conditions on the upper surface around the computa-

tional domain and at the nozzle location are specified as escape, 

while those on the bottom surface are configured to trap parti-

cles. A random tracking model is used for particle tracking, and 

a dynamic drag model and a Taylor analogy breakup (TAB) 

model are used to explain the effect of gravity on droplets. 

The inlet temperature of the cooling medium (water) and the 

ambient temperature are both maintained at 293 K. The material 

of the bottom heating wall is copper. The thermal wall is con-

figured to be non-slip, with a heat flux set at 100 W/cm². Drop-

lets are tracked as they reach the hot wall surface to form a liquid 

film. Consequently, the above Eulerian wall film model is acti-

vated, and the bottom boundary condition is defined as wall-jet. 

2.3. Model reliability verification 

To validate the reliability of the heat transfer model for the noz-

zle group, numerical simulations are conducted using the exper-

imental conditions in Ref. [17]. Figure 7 shows the simulation 

results of nozzle atomization cooling in a wall temperature range 

of 40‒90℃. As shown in Fig. 2, the discrepancy between the 

numerical simulations and experimental results remains within 

10% in the temperature range of 40‒90℃. This deviation may 

be attributed to the experimental conditions and measurement 

inaccuracies. The uncertainty related to temperature readings 

and droplet size distributions can affect the interpretation of re-

sults. Although the DPM model is effective for simulating dis-

crete phase flow, its limitations in predicting secondary droplet 

fragmentation and coalescence under specific conditions should 

also be considered. Given that the error is in an acceptable range, 

the used heat transfer model is reliable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results and discussion 

3.1. Effect of different pressures 

The heat transfer mechanisms in spray cooling include the direct 

thermal exchange between the cooling medium and high-veloc-

ity liquid droplets impacting on the heating surface via the noz-

zle, as well as the heat transfer from the liquid film formed by 

these droplets on the hot surface, the flow of this liquid film over 

said surface, and its subsequent evaporation. To investigate how 

pressure influences the heat transfer characteristics of the nozzle 

array, a constant heat flux of 100 W/cm² is maintained while 

simulating spray cooling pressures ranging from 1.0 MPa to  

2.0 MPa. Figure 3 shows the changes in bottom surface tempe-

rature under different pressure conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Mesh independence verification. 

 

Fig. 2. Comparison between numerical simulations  

and experimental results of the heat transfer model. 

 

Fig. 3. Temperature curves under different pressure conditions. 
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The data indicate that the two, three and four nozzles have 

similar trends. Specifically, as pressure increases, there is a cor-

responding decrease in average hot wall temperature. This phe-

nomenon can be attributed to the increased atomization effect 

caused by the increase in pressure, which increases the energy 

of droplet fragmentation, reduces droplet size, accelerates drop-

let velocity, and thus enhances their heat transfer ability. 

Figures 4, 5 and 6 show the temperature distribution on the 

bottom surface of the two, three and four nozzles under different 

pressure conditions. As nozzle pressure increases from 1.0 MPa 

to 2.0 MPa, the strong impact region and the blue low-tempera-

ture zone within the atomization cone both transition from a dis-

continuous state to a completely continuous state. At the same 

time, the area occupied by red high-temperature regions associ-

ated with weak impacts within the atomization cone gradually 

decreases. It is worth noting that an extension of this red high-

temperature region occurs near the atomization cone. However, 

it decreases along with the temperature. This phenomenon, 

which can be attributed to an increase in droplet velocity, will 

increase the pressure, resulting in a decrease in average droplet 

diameter while promoting a more uniform distribution of drop-

lets. Therefore, the heat transfer capabilities in the impact areas 

of the atomizing cone can be enhanced, and the thermal effects 

related to liquid film flow outside this region can be improved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         
                                                          (a) 1.0 MPa                                               (b) 1.5 MPa                                                (c) 2.0 MPa 

Fig. 4. Temperature distribution on the bottom surface of two nozzles under different pressures. 

            
                                                              (a) 1.0 MPa                                         (b) 1.5 MPa                                                 (c) 2.0 MPa 

Fig. 5. Temperature distribution on the bottom surface of three nozzles under different pressures. 

             
                                                       (a) 1.0 MPa                                                 (b) 1.5 MPa                                                  (c) 2.0 MPa 

Fig. 6. Temperature distribution on the bottom surface of four nozzles under different pressures. 
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Under consistent pressure conditions, an increase in the 

number of nozzles leads to a gradual expansion of the coverage 

area of the atomization cone. The blue low-temperature region 

in the atomization cone extends outward, while the interference 

zone becomes more dispersed. However, the central blue low-

temperature area has a significant increase. The number of red 

high-temperature regions with weak impact inside the atomiza-

tion cone increases, showing a clear regularity. On the contrary, 

the area and temperature of the extrapyramidal region will de-

crease. This phenomenon can be attributed to the increase in the 

number of nozzles, which leads to an increase in the atomization 

region and an expanded interference zone between nozzles, 

thereby improving the heat transfer area and efficiency. 

Figure 7 shows the variation in the hot wall heat transfer co-

efficient for the two, three and four nozzles under different pres-

sures. The data indicates that as the pressure increases, the heat 

transfer coefficient of the hot wall also increases. Notably, the 

range of variation in this coefficient is most significant for four 

nozzles and least pronounced for two nozzles. The heat trans- 

fer coefficients in all three nozzle configurations exceed  

15 000 W/(m2‧K). This suggests that increasing the number of 

nozzles can significantly enhance the heat transfer of the atom-

izing cooling system on the bottom surface of the nozzle group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to Figs. 3 through 7, as shown in Table 1 below, 

the parameters of different nozzle groups change under different 

pressures: as the pressure increases, the average droplet velocity 

increases; the bottom surface average temperature decreases, 

and the bottom heat transfer coefficient increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

This indicates that increasing pressure can improve the at-

omization effect of the nozzle group and its heat transfer capa-

bility, which is crucial for designing efficient multi-nozzle array 

cooling systems. 

3.2. Effect of different tilt angles 

Figure 8 shows the trend of the average bottom surface temper-

ature of the two, three and four nozzles at different tilt angles. 

The findings indicate that as the nozzle tilt angle increases, the 

bottom temperature first increases and then decreases. Notably, 

the two and three nozzles exhibit a similar trend, reaching  

a comparable minimum temperature at 30°. The four nozzles 

display a more pronounced variation in temperature and achieve 

a similar temperature at both 0° and 30°. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the temperature distribution of the hot wall in  

Figs. 9, 10, and 11, it is observed that the coverage area of the 

atomization cone changes as the tilt angle increases. The tem-

perature in the strong impact region of the cone increases, while 

the weak impact region first decreases and then increases, fol-

lowed by the decreased temperature. On the contrary, the inter-

ference area expands with the decreased temperature. The outer 

region of the cone experiences atomization without significant 

changes in temperature. This phenomenon can be attributed to 

an even distribution of bottom surface temperatures at a nozzle 

tilt angle of 0°. The droplets are densely concentrated in the 

strong impact and interference areas with low temperatures. As 

the tilt angle escalates to 15°, an overlap occurs between the 

weak impact and interference regions, leading to a decline in 

temperature. However, droplet kinetic energy decreases due to 

nozzle interference from different directions, resulting in ele-

vated temperatures within the strong impact zone. At a tilt angle 

of 30°, the kinetic energy of the droplets passing through the 

interference areas further decays, causing the droplets near the 

nozzle to almost vertically strike against the bottom surface. The 

interaction between these factors leads to an increase in the tem-

perature distribution of the bottom surface within the interfer-

ence regions. In the strong impact regions, the temperature out-

side these regions decreases.  

Figure 12 shows the variation of the average heat transfer 

coefficient of the bottom surface at different tilt angles. The data 

indicates that as the tilt angle increases, the average heat transfer 

 

Fig. 7. Heat coefficient curves under different pressure inlet conditions. 

Table 1. Parameters of the nozzle group under different pressures. 

  Number of 
    nozzles 

P,  
MPa 

Average  
bottom surface  
temperature, K 

Average  
liquid film  

temperature, K 

Heat transfer 
coefficient, 
W/(m2‧K) 

Two 
1.0 
1.5 
2.0 

372.37 
371.54 
370.81 

308.19 
308.33 
308.50 

15582.54 
15821.40 
16049.54 

Three 
1.0 
1.5 
2.0 

374.16 
373.07 
372.08 

307.59 
310.76 
313.08 

15023.26 
16048.27 
16949.58 

Four 
1.0 
1.5 
2.0 

371.84 
369.29 
367.35 

307.20 
310.81 
313.08 

15469.86 
17101.45 
18426.51 

 

 

Fig. 8. Temperature curves at different tilt angles. 
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coefficient for the two and four nozzles first decreases and then 

increases. For the three nozzles, it first increases slightly and 

then increases significantly. Compared with the two and four 

nozzles, the difference in behaviour of the three nozzles can be 

attributed to the changes in the spray coverage area. Specifically, 

as the tilt angle increases, this area first decreases before expand-

ing again. However, due to their asymmetric arrangement, the 

three nozzles have an impact on coverage distribution and liquid 

film uniformity. When the inclination angle of all three nozzles 

reaches 15°, the interaction between these factors increases 

slightly in the heat transfer coefficient of the bottom surface.  

The increase of the tilt angle can improve the heat transfer 

ability of the nozzle group. Optimizing the nozzle tilt angle (es-

pecially at 30°) can achieve a more uniform temperature dis- 

tribution and significantly improve heat transfer efficiency.  

Table 2 shows the variations of nozzle group parameters under 

different tilt angles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         
                                                              (a) 0°                                                        (b) 15°                                                      (c) 30° 

Fig. 9. Temperature distribution on the bottom surface of two nozzles at different tilt angles. 

         
                                                             (a) 0°                                                        (b) 15°                                                         (c) 30° 

Fig. 10. Temperature distribution on the bottom surface of three nozzles at different tilt angles. 

           
                                                             (a) 0°                                                        (b) 15°                                                         (c) 30° 

Fig. 11. Temperature distribution on the bottom surface of four nozzles at different tilt angles. 
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3.3. Effect of nozzle group spacing 

Figure 13 shows the variation of the average temperature on the 

bottom surfaces of the two, three and four nozzles with different 

nozzle group spacing. As the nozzle group spacing increases, the 

temperature of the three and four nozzles first increases and then 

decreases, while that of the two nozzles always shows a down-

ward trend. This phenomenon can be attributed to significant in-

terference effects between the three and four nozzles at a spacing 

of 2 mm. When this distance increases to 4 mm, although the 

coverage area of the spray is expanded, the interference effect 

will be weakened. Consequently, the average temperature on the 

bottom surface is observed to increase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 14, 15, and 16 show the average temperature distri-

bution on the bottom surface of configurations with two, three 

and four nozzles at different nozzle group spacing. At a nozzle 

spacing of 2 mm, there will be obvious interference between 

nozzles, resulting in overlapping of spray coverage areas and 

lower temperatures in the droplet impact zones. As the spacing 

between nozzles increases by 6 mm, this interference decreases. 

Consequently, the spray coverage area expands outward, caus-

ing a decreased temperature in the regions of strong impact 

while the temperature in the weak impact regions increases. In 

addition, the high-temperature region outside the atomization 

cone transitions from a continuous to discontinuous pattern. 

When the nozzle group spacing increases to 10 mm, the spray 

coverage area continuously expands, while the interference re-

gion decreases. The overall temperature is also decreasing. Spe-

cifically, the temperature in the weak hitting area of the atomi-

zation cone decreases, while that in strong hitting areas in-

creases. High-temperature regions outside the atomization cone 

are concentrated at the upper and lower ends of this area, result-

ing in a more uniform temperature distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Heat transfer coefficient curves at different tilt angles. 

Table 2. Parameters of the nozzle group at different tilt angles.  

Number 
of 

nozzles 

Tilt 
angles, ° 

Average 
bottom surface 
temperature, K 

Average 
liquid film 

temperature, K 

Heat transfer 
coefficient, 
W/(m2‧K) 

Two 
0 

15 
30 

372.37 
374.27 
369.91 

308.19 
307.97 
310.36 

15582.54 
15084.03 
16790.07 

Three 
0 

15 
30 

374.16 
376.54 
369.83 

307.59 
311.58 
310.83 

15023.26 
15393.46 
16948.77 

Four 
0 

15 
30 

371.84 
380.01 
371.15 

307.20 
312.12 
312.65 

15469.86 
14731.37 
17095.22 

 

 

Fig. 13. Temperature curves at different nozzle distance. 

           

                                                   (a) 2 mm                                                            (b) 6 mm                                                             (c) 10 mm 

Fig. 14. Temperature distribution on the bottom surface of two nozzles at different spacing. 
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As shown in Fig. 17, for two nozzles, the heat transfer coef-

ficient of the bottom surface increases with the nozzle group 

spacing. In contrast, for three and four nozzles, a decrease is ob-

served at a spacing of 6 mm, followed by a significant increase 

as the spacing continues to expand. This phenomenon can be 

attributed to the reduction of interference between nozzles when 

the spacing reaches 6 mm, which results in a dispersion of the 

droplet impact area. 

However, it is worth noting that although the spray impact area 

does not fully cover the thermal wall and some liquid film over- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

flows from its boundary, effective heat transfer would still occur 

at this stage. The temperature on the bottom surface decreases, 

and the average heat transfer coefficient also decreases. It is 

worth noting that during the temperature atomization cooling 

processes, the heat transfer coefficient of the bottom surface ex-

ceeds 14 750 W/(m2‧K). 

Increasing the nozzle spacing within a specified range can 

significantly enhance the atomization cooling effect through im-

proving droplet coverage and reducing interference zones, 

thereby enhancing heat transfer area and efficiency. Table 3 

shows the variations of nozzle array parameters at different noz-

zle spacing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           
                                                          (a) 2 mm                                                       (b) 6 mm                                                     (c) 10 mm 

Fig. 15. Temperature distribution on the bottom surface of three nozzles at different spacing. 

           
                                                          (a) 2 mm                                                       (b) 6 mm                                                     (c) 10 mm 

Fig. 16. Temperature distribution on the bottom surface of four nozzles at different spacing. 

 

Fig. 17. Heat coefficient curves at different nozzle spacing. 

Table 3. Parameters of the nozzle group at different nozzle spacing.  

Number 
of 

nozzles 

Spacing, 
mm 

Average 
bottom surface 
temperature, K 

Average 
liquid film 

temperature, K 

Heat transfer 
coefficient, 
W/(m2‧K) 

Two 
2 
6 

10 

376.07 
372.37 
369.59 

309.53 
308.19 
309.38 

15027.56 
15582.54 
16608.27 

Three 
2 
6 

10 

378.63 
374.16 
370.42 

311.54 
307.59 
310.15 

14904,62 
15023.26 
16593.26 

Four 
2 
6 

10 

378.90 
371.84 
367.05 

313.63 
307.20 
310.40 

15322.48 
15469.86 
17653.33 
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This study demonstrates that nozzle pressure, tilt angle and 

spacing have a significant impact on atomization cooling effi-

ciency. External factors such as ambient temperature and fluid 

properties should not be ignored. Changes in ambient tempera-

ture can affect the evaporation rates of droplets and alter heat 

transfer efficiency. Moreover, the viscosity and density of dif-

ferent liquids will directly affect droplet size and velocity distri-

bution, which in turn impacts cooling performance. In practical 

applications, these parameters should be adjusted according to 

specific operating conditions to optimize the cooling efficiency. 

Future research should further investigate the influence of these 

variables to improve the universality and practicality of the 

model. 

4. Conclusions 

This study analyses the effects of different pressures, tilt angles 

and spacing on the bottom temperature, liquid film temperature, 

liquid film thickness and heat transfer coefficient of the thermal 

wall of the nozzle array after atomization and cooling. The find-

ings are drawn as follows: 

(1) The increase in pressure can significantly improve the heat 

transfer capacity of the nozzle group. As the pressure in-

creases, the thickness of the liquid film in the high-impact 

region of the atomization cone decreases. This leads to an 

increase in liquid film temperature, a reduction in bottom 

surface temperature, and an increase in heat transfer coef-

ficient. 

(2) The tilt angle of the nozzle significantly influences the heat 

transfer characteristics of the nozzle group. When the tilt 

angle reaches 30°, the average temperature of the bottom 

surface decreases, enabling the optimal heat transfer per-

formance of the nozzle group. Under this configuration, 

a peak average heat transfer coefficient is observed. In ad-

dition, the bottom temperature distribution has good uni-

formity, and the liquid film is elliptical and can effectively 

reduce the retention areas. Conversely, at a tilt angle of 15°, 

the heat transfer efficiency of the nozzle group significantly 

decreases. Although the average temperature within the 

weak impact area of the atomization cone decreases, this 

will lead to an increase in the average temperature of the 

bottom surface and poor atomization cooling effects. 

(3) The increase in nozzle spacing can increase the spray cov-

erage area and improve the uniformity of temperature dis-

tribution in the nozzle array. When the distance between 

nozzles is set to 10mm within the range of 2 mm to 10 mm, 

the heat transfer performance is optimal. However, for the 

arrays with a limited number of nozzles, increasing the 

spacing may reduce the interaction between nozzles, which 

may lead to a decrease in overall heat transfer efficiency. 

(4) Increasing the number of nozzles can improve the cooling 

efficiency of the nozzle array in a certain range. However, 

this enhancement is limited. In practical applications, eco-

nomic factors such as costs related to nozzle manufacturing 

should be taken into account.  

The relative impact on the heat transfer efficiency of the noz-

zle group ranks as: pressure > tilt angle > spacing > number of 

nozzles. When the nozzle group pressure is 2.0 MPa, the tilt an-

gle is 30°, the nozzle spacing is 10 mm and the number of noz-

zles is 4, the heat transfer performance of the nozzle group is 

optimal. The numerical model has provided significant insights 

for optimizing atomization cooling parameters, and future work 

should combine experiments to validate these findings. An ex-

perimental study conducted under controlled conditions similar 

to those modelled in this study is crucial for verifying the accu-

racy and applicability of our results. This experimental valida-

tion may involve testing various nozzle configurations, pres-

sures, tilt angles and spacing in real-world environments to en-

sure the robustness and reliability of our proposed guidelines. 
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