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As the behavior of the spray cooling parameters, during cooling without phase 
change, is rarely considered and there are only little investigations on that mat-
ter, this work is focused on the influence of the parameters involved in water 
spraying cooling process of an aluminum plate at a temperature of 92 °C. A de-
tailed study of the effects of mass-flow rate, fluid pressure and the nozzle height 
above the hot plate was achieved using the version 5.2 of the COMSOL Mul-
tiphysics code. First of all, the flow rate was varied from 0.497 up to 1 L/min. 
Then, the inlet pressure varied from 0.7 to 2.1 bars. The influence of nozzle-to-
target distance is also tested since the simulations were carried out in a wide 
height range (100 to 505 mm). The effect of the studied parameters on the tem-
perature, total internal energy, convective heat flux, Reynolds number, spray dis-
tribution and velocity was investigated. 
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Introduction 

Spray cooling is a technology of increasing interest for several domains (energy, au-

tomotive, aerospace, electronics, metallurgy, etc.) and it require a precise definition of the 

cooling parameters. The thermal performance during spray injection of liquid onto surfaces is 

normally represented by the associated heat transfer coefficient or the Nusselt number, which 

is a measure of the cooling rate due to forced convection. Characterization of the heat transfer 

coefficient is important for determining the required cooling capacity and corresponding in-

ternal properties of the product. For this reason, a vast amount of work has been devoted to 

parameterize or model the heat transfer coefficient during spray cooling in different flow re-

gimes [1, 2]. Thibaud et al. [3] calculated and extrapolated the heat transfer coefficient distri-

butions for various spray quenching parameters (water volume flow and air pressure) as well 

as quenching profiles with aluminum and a steel plate. Using the calculated and implemented 

heat transfer coefficients, several quenching scenarios aiming at cooling down a 200 °C, 1.5  

0.3 m² thin aluminum plate below 50 °C in less than 25 seconds has been evaluated. Mudawar 

[4] realized an interesting study for optimizing spray quenching of aluminum extrusion, forg-

ing, or continuous casting. A numerical example was described to demonstrate how controlled 
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spray cooling of products containing sections of differing thicknesses significantly reduces 

thermal gradients. 

A correlation was established for the quantification of water jet dispersion on the to-

tality of a plane surface in the function of the spray nozzle dimensions and hydrodynamic pa-

rameters. Subsequently, numerical simulations based on the previous experimental results 

were conducted to investigate the effect of the water-spray characteristics on the heat transfer 

mechanisms involved during cooling of steel plates at high temperatures [5, 6]. A model to 

predict the heat and mass transfer in spray cooling was presented with consideration of drop-

let-film impaction, film formation, film motion, bubble boiling, droplet-bubble interaction, 

bulk air convection and radiation [7]. If multiple nozzles are used in a conveyorized applica-

tion, the overlapping liquid distribution pattern of the nozzles needs to be considered because 

the process may depend strongly on the relative local volume flux of the spray. In order to 

understand the fluid behavior in the overlap region, a hydrodynamic study was proposed us-

ing a FORTRAN programming based on experimental correlations of pulverized water jets 

[8]. The effects of droplet velocity non-uniformity, Sauter mean diameter distribution non-

uniformity, droplet number non-uniformity, and the heating power on the fluid film thickness, 

fluid film velocity, and surface temperature distribution were investigated, and then the sur-

face temperature non-uniformity correlations in non-boiling regime and nucleate boiling re-

gime were correlated [9]. The heat transfer characteristics of air-water spray impingement 

cooling of stationary steel plate were experimentally investigated. The controlling parameters 

taken during the experiments were fluid pressure, water-flow rate, nozzle tip to target distance 

and mass impingement density. The effects of the controlling parameters on the cooling rates 

were critically examined during spray impingement cooling [10, 11]. A CFD assessed the 

potential and performance of evaporative cooling by water spray system with a hollow-cone 

nozzle configuration [12]. Nizetic et al. [13, 14] proposed an alternative cooling technique for 

photovoltaic (PV) panels that includes a water spray application over panel surfaces. Both 

sides of the PV panel were cooled simultaneously, to investigate the total water spray cooling 

effect on the PV panel performance in circumstances of peak solar irradiation levels. Fur-

thermore, it was also possible to decrease panel temperature from an average 54 °C (non-

cooled PV panel) to 24 °C in the case of simultaneous front and backside PV panel cooling. 

The purpose of this study is to highlight, by simulation under COMSOL Multiphys-

ics, the influence of hydrodynamic parameters, namely the nozzle height, water-flow rate and 

spraying pressure in order to evaluate the impact of nozzle characteristics and operating con-

ditions on cooling performance of the spray system.  

Modelling and simulation 

In the simplest case, a single nozzle is employed to distribute liquid in a definite pat-

tern to cover a surface or fill a spatial volume in a prescribed manner. Hydraulic atomizers 

depend on the internal geometry and liquid pressure alone to produce a desired pattern. The 

exact definition of the spray characteristics and the specification of the operation parameters 

are the first two steps to be taken when a spray nozzle is being designed. Using the commer-

cial software COMSOL Multiphysics 5.2 we achieved a specific application, coupled between 

heat transfer and fluid-flow interface, for the simulation of a cooling process beneath liquid 

sprayer. The objective is to cool an aluminum 3003-H18 plate, tab. 1, with 6 mm thickness 

and an area of 1200 mm
2
, initially at the temperature of 92 °C. A single BETE WL6 nozzle 

fixed at the center upon the plate, delivers the simulated water spray in an ambience at atmos-

pheric pressure and a temperature of 20 °C. The nozzle geometry and meshing are shown in 
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fig. 1.The modelling section is executed in two steps, the fluid-flow model and heat transfer 

model. 

 

 

Fluid-flow model  

The resolution of the Navier-Stokes equations was achieved for laminar fluid-flow 

and stationary regime. The simulation was realized in two steps. The first one is the simula-

tion of the laminar flow around the aluminum plate, inside and outside the nozzle. The ob-

tained results were used in the second step, which is the simulation of the laminar bubbly 

flow, fig. 2. 

Using a two-phase Euler-Euler model, a momentum balance equation and a continu-

ity equation describe the dynamics of each phase. As the accuracy of the Euler-Euler method 

and Euler-Lagrange method depend on the drag force model and there is little investigation on 

that at supercritical condition [15], the bubbly flow method was used. In fact, it is a simple 

case of the two-fluid-flow model, relying on the following assumptions. 

Table 1. Aluminium 3003-H18 Properties 

Parameter Value 

Specific heat capacity, Cp 890 [Jkg-1K-1] 

Density,  2.8 [gcm-3] 

Thermal conductivity, k 180 [Wm-1K-1] 

Thermal expansion coefficient, 2.3E-5 [K-1] 

Melting point, Tm 913 [K] 
Figure 1. Design and meshing of 
the nozzle BETE WL6 

Figure 2. Simulation of the fluid dispersion inside and outside the nozzle (for colour image see journal 
web site) 
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The gas density is negligible compared to the liquid density; The bubbles motion  

(db ≈ 0.019 mm) through the liquid is determined by a viscous drag and pressure forces bal-

ance; The two phases share the same pressure field. Therefore, a momentum equation is ex-

pressed: 

 
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and the continuity equation:
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Thus the gas phase transport equation is: 
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The gas velocity ug is the sum of the following velocities: 

slip driftg lu u u u                      (4) 

The liquid volume fraction is calculated from: 

1l g                  (5) 

The drift velocity expression is: 
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Where is an effective viscosity causing the drift. A combination of previous equa-

tions gives: 
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A diffusive term is introduced in the gas transport equation, eq. (3), which is imple-

mented in the fluid-flow model. 

Heat transfer model 

The temperature distribution in a 3-D space within the considered solid is described 

by the equation of the heat conduction: 

0p p

T
C C u T q

t
 


   


              (8) 

where q = –kT 

By solving the heat equation, we evaluate the maximum plate temperature variation, 

the average total internal energy and the average convective heat flux. The convective heat 

flux variable, Cflux, is defined using the internal energy, E: 

fluxC u E       (9) 

where E = CpT 
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The total internal energy is calculated from: 

0

1

2
E E uu                 (10) 

There is no liquid evaporation, because the maximum plate temperature is below the 

water saturation temperature. The initial water supply temperature was 20 °C. The heat trans-

fer in fluid-flow is solved using the equation: 
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Equation in which: 
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and 

:VdQ u              (14) 

These terms represents viscous dissipation in the fluid. For the gas density estima-

tion, the model use the ideal gas law, i. e. the thermal expansion coefficient αp = 1/T. The grid 

generation was executed resulting in a free tetrahedral meshing, a finer grid is applied for the 

nozzle and extra-coarse grid for the aluminum plate and the controlled volume. The mesh in-

formation is shown in tab. 2. 

Table 2. Free tetrahedral mesh composition 

Complete mesh consists of 

Domain elements 41640 

Boundary elements 5100 

Edge elements 541 

Results and discussion 

Effect of mass-flow rate  

The flow values tested are 0.497, 0.7, and 1 L/min. The results in fig. 3 show a rapid 

decrease of the plate temperature during the first five minutes. The rest of time there is a very 

slow decrease of the temperature until t = 60 minute, this is due to the insignificant tempera-

ture difference between the plate and the impinging water. To disclose the influence of flow 

variation on heat transfer, an enlargement, fig. 3, makes it possible to distinguish the flow rate 

increase effect on the cooling stretch. In fact, the amount of water used plays the same role as 

in heat exchangers and contributes to the heat evacuation and consequently the plate internal 

energy decreases, fig. 4. 

Convection heat is also influenced by water-spray flow, since we notice a decrease 

in convective heat flux which is the evident consequence of the simultaneous temperature and 

internal energy fall, fig. 5. 
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The heat dissipation corresponding to a flow-rate of 0.497 L/min is 38 kW/m
2
. This 

value is doubled when the flow goes to 1 L/min, high Reynolds numbers promote forced con-

vection, fig. 6. The spray velocity values are measured on the horizontal median route (red 

line) at a virtual plan situated at 56.5 mm below the nozzle, fig.7. 

Figure 4. Time evolution of                                                  Figure 5. Flow rate effect on 

the plate total internal energy with flow rate                     temporary heat flux 

Figure 6. Flow rate effect on spray velocity and Reynolds number, 56.5 mm below the nozzle orifice 

Figure 7. Location of speed and Reynolds number measurement (red lines) 
(for colour image see journal web site) 

Figure 3. Plate temperature decrease profile under flow rate variation 
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The covered area by water droplets is a 

very important factor in spray cooling. In fact, 

fig. 8, clearly shows that the area covered by the 

water-spray depends on the initial flow-rate, 

visibly the area of water dispersion increases 

with its flow-rate. If we take for example the 

upper part of the plate, we note that the spray 

does not cover this area for a flow-rate value of 

0.497 L/min, beside the same area is fully cov-

ered when the inlet flow is 1 L/min. 

Effect of cooling-liquid pressure 

The goal in this section is to determine the pressure of optimum cooling among 

those applied, namely 0.7 bar, 1.9 bar, and 2.1 bar. From the graphical results obtained on 

figs. 9 and 10, it appears that the optimum cooling pressure is 2.1 bar. In the current context, 

it is the pressure that offers the best heat transfer resulting in a simultaneous drop of the plate 

temperature and the total internal energy, their respective values, at t = 5 min, are 53 °C and 

24500 J/kg. The decrease in temperature and internal energy is explained by the heat flux re-

leased by forced convection with an average value of approximately 900 W/m
2
 during the 

entire cooling period, fig. 11. For example, at P = 0.7 bar corresponds a heat release of 

17 W/m
2
, which represents a derisory value compared to the 1100 W/m

2
 evacuated at the op-

timal pressure P = 2.1 bar. 

 
In fig. 12, it can be seen the evolution of 

the spray velocity at the level of a virtual hori-

zontal plane along the red median line posi-

tioned at 56.5 mm below the nozzle orifice. One 

note a low spray speed of about 0.004 m/s for 

P = 0.7 bar, in the same time the velocity ex-

ceeds 1 m/s for P = 2.1 bar. 

A 300% increase in flow rate causes a flu-

id velocity increase of the order of 25000%.The 

surface covered by the spray decreases when 

the inlet pressure increases, this is the first remark that emerges from the study of the pressure 

effect on the fluid dispersion, fig. 13. Indeed, if we need to cover a larger surface, we have to 

reduce the fluid jet pressure. On the other hand, the droplet impingement zone is less im-

portant for P = 1.9 and 2.1 bar, but the drops speed is higher, favoring faster cooling. 

Figure 8. Spray distribution for 
different flow rates 

Figure 9. Evolution of plate temperature                         Figure 10. Time evolution of plate total  
under spray pressure influence                                         internal energy with spraying pressure 

Figure 11. Influence of spraying pressure on 

convection heat transfer 
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Effect of nozzle height  

This section aims to investigate the influence of the nozzle-to-target distance on the 

cooling spray performance, to be done, we considered four different positions: 100, 191, 330, 

and 505 mm. The role of this parameter is clearly shown through the figs. 14 and 15 since we 

note the significant influence of the nozzle position on the plate temperature and its internal 

energy. In this study, the value H = 505 mm is the optimum height and it is the one that en-

sures the fastest cooling. The effect of the height also appears on the convection heat flux, fig. 

16, indeed for H = 505 mm the significant surface covered by the spray enhances the convec-

tion heat transfer. Obviously, the minimum heat flux is recorded for H = 100 mm. Figure 17 

displays the spray speed measured at a height of 37 mm above the plate. The drops speed is as 

much greater as the height decreases. When the nozzle is placed at the optimum height, the 

spray can cover a wider surface, this is illustrated by the particles tracing shown on fig. 18. A 

nozzle very close to the plate reduces considerably the impact surface and could affect the 

surface roughness pattern of the studied material. Finally the choice of the ideal nozzle height 

for optimal cooling is based on objective analysis of figs. 17 and 18 which will help us to find 

a compromise between the jet particle speed and the surface covered by the scattered droplets. 

 

Figure 13. Fluid impingement comparison of different 
spray pressure 

Figure 12. Pressure effect on spray velocity and Reynolds number, 56.5 mm below the nozzle orifice 

Figure 14. Effect of sprayer height on                              Figure 15. Variation of aluminum plate 
plate temperature                                                               internal energy with nozzle height 
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Sum-up and conclusion 

This paper deals with influence of spray cooling process parameters on the 

thermodynamic behavior of fluid-flow and an aluminum plate at the temperature of 92 °C. 

Unlike previous studies devoted solely to intensive cooling of highly heated surfaces, the 

present study makes it possible to observe the evolution of hydrodynamic and thermal 

parameters during laminar water jet impingement cooling of surface at a temperature below 

the saturation temperature of the cooling fluid. The results of the simulation discussed in this 

paper signal the need to provide more insight for parametric analysis during spray cooling 

process involving the applications in such case of surface temperature ( 100 °C).Increase in 

electrical efficiency depends primarily on cooling techniques. It is well known that a decrease 

in the PV panel temperature will lead to an increase in electrical efficiency. Besides, high 

temperatures reduce the time-life of the PV system. In order to increase the average efficiency 

in conventional PV panels it is necessary to have more efficient backside thermal dissipation. 

The backside surface is usually of aluminum made and the analysis presented in this study 

considering aluminum 3003-H18 cooling allows instantaneously the control and monitoring 

of PV panels temperature. 

Nomenclature 

Cflux – convective heat flux magnitude, [Wm–2] 
Cp – specific heat capacity, [Jkg–1K–1]  
E – internal energy, [Jkg–1]  
E0 – total internal energy, [Jkg–1] 
F – additional volume force, [Nm–3]  
g – gravity acceleration, [ms–2] 

I – moment of inertia, [kgm2] 
k – thermal conductivity, [Wm–1K–1] 
mgl – gas to liquid mass transfer rate, 

[kgm–3s–1] 
p – pressure, [Pa] 
q – conduction heat flux, [Wm–2] 

Figure 18.Tracing of 3000 particles for different heights 

Figure 16. Convection heat flux evolution with               Figure 17. Spray velocity with height 

nozzle height                                                                        variation at 37 mm above the plate 
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qr – radiation heat flux, [Wm–2] 
R – ideal gas constant, [Jmol–1K–1] 
T – temperature,[K] 
u – velocity, [ms–1] 

ul – liquid velocity,[ms–1] 
uslip – relative velocity, [ms–1] 
udrift – drift velocity, [ms–1] 

Greek symbols 

p – coefficient of thermal expansion, [K–1] 

 – phase volume fraction, [m3m–3] 
 – density, [kgm–3] 
µl – liquid dynamic viscosity, [Pas] 
µT – turbulent viscosity, [Pas] 

  – effective viscosity causing the drift, 
[Pas] 

Subscripts  

g – gas 
l – liquid
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