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Abstract. Heat transfer techniques involving phase a change process are likely to play an 

important role in industrial devices that require the ability to remove high heat quickly. Air-

mist cooling, which has a low energy cost and a low environmental load, is a technology to 

cool high temperature surface using the latent heat associated with the vaporization of 

atomized droplets. In the present work, air-mist cooling as a high heat removal technology has 

been applied to the cooling of heated wall. A three dimensional numerical simulation, which 

is based on two fluid model using Eulerian-Lagrangian method with V2F model, has been 

developed in order to investigate the cooling characteristics of heated wall. It is found that the 

wall temperature rapidly decreases due to the effect of latent heat in the early stage of air-mist 

cooling, because there has the high rate of evaporation of fine mist particles on the wall.  
 

 

1 INTRODUCTION 

Mist cooling [1,2] is a very efficient technique for dissipating high heat fluxed with low 

coolant mass fluxes at low wall superheats. It is used in a wide range of applications from 

metal quenching over cooling of high power electronics to medical treatments. The heat 

transfer capability of mist cooling has greatly improved, and it has been reported that heat 

fluxes of mist cooling using water as coolant increased up to 1000 W/cm
2
 [3]. The coolant 

forms a cohesive or ruptured thin liquid film, which evaporates on the hot surface, depending 

on the mist parameters and surface properties. The transferred heat flux increases at a given 

surface temperature with decreasing film thickness [3]. From that result, the effects of mist 

cooling parameters (mean droplet size, droplet flux and droplet velocity) on critical heat flux 

were studied [4]. The experimental study was conducted to investigate the effect of surface 

structures and coolant mass flux on the heat transfer in the low surface temperature regime [5]. 

Recently, since water droplets of mist become smaller and vaporize more easily with the 

advance of atomization technologies, the outdoor cooling technology, which is called dry mist 

or dry fog, has been put into practical use [6].  

Many industrial devices require the abilities to remove high heat quickly with the 

development of industry in the region of high speed electrical components [7] or high power 
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leasers [8] and so on. These requests will not be met by the limited capacity of conventional 

cooling technologies such as forced convection. In order to apply fine mist cooling to 

industrial devices and develop to a higher level, it is necessary to understand the heat and 

mass transfer of fine mist cooling in detail. However, it is difficult to understand the transport 

phenomena of fine mist cooling only using experiments, because fine mist cooling is a 

complex two phase flow with droplet evaporation, latent heat and convection heat. A 

numerical simulation is a powerful tool for better understanding of the transport phenomena 

of fine mist cooling. There have been little studies that investigated the heat and mass transfer 

of fine mist cooling in detail using the numerical simulation. 

In the present work, we have paid the attention to evaporative latent heat of fine mist, 

which has very small particles of several ten micrometers in diameter and easily evaporates. 

The objective of present work is to apply the air-mist cooling as a high heat removal 

technology to the cooling of high temperature industrial devices. The comprehensive 

simulation model, which is based on two fluid model using Eulerian-Lagrangian method with 

V2F model, has been constructed in order to analyze the air-mist cooling intended for high 

temperature iron laminated wall. A three dimensional numerical simulation has been carried 

out to investigate the behavior of fine mist particles, flow of gas phase and temperature 

distribution of wall.  

2 NUMERICAL SIMULATION 

Figure 1 shows a schematic diagram of air-mist cooling system. This system consists of 

air-mist nozzle, iron wall and heater. The air-mist nozzle is a two phase fluid nozzle to spray 

air-mist including water droplets and air. The iron wall is 300 mm in height, 300 mm in width 

and 17 mm in thickness. The air-mist nozzle is set in position of 200 mm from the wall and 

cools the wall heated from back side. Table 1 shows a numerical simulation conditions. As 

shown in Table 1, the environmental temperature is 298 K and the environmental humidity is 

60 %. The wall material is a iron plate. It is heated up and the initial temperature of wall is set 

to 373 K. Air is fed 36 nL/min under pressure 0.3 MPa into the air-mist nozzle by a 

compressor and water is added 2.4 L/hr to the air-mist nozzle by pressure controlled water 

tank at 0.1 MPa. The air-mist nozzle sprays the fine mist, which is composed of atomized 

water droplets and air, into the heated wall. The starting time is the initiation of air-mist 

cooling and the output of heater keeps constant at 360 W. Additionally, as compared with the 

numerical simulation, the experiment has been performed on same conditions as the 

numerical simulation, which is shown in Fig. 1 and Table 1. In experiment, the iron wall is 

laminated by four plates, which are 1 mm, 3 mm, 3 mm and 10 mm in thickness. The 

temperatures of wall are measured at 12 positions, which are 1 mm, 4 mm and 7 mm in 

thickness direction and 0 mm, 40 mm, 80 mm and 120 mm in radial direction, by K type bare 

thermocouples. 

The numerical simulation has been performed in three dimensional rectangular coordinate. 

Air-mist cooling is modeled as a two-phase flow system of a gaseous phase and particle phase. 

The gaseous phase is treated by an Eulerian method and the particle phase is calculated by a 

Lagrangian particle tracking method. The gaseous phase and particle phase are coupled by the 

PSI-CELL (Particle-Source-In Cell) Model [9]. The internal temperature of wall is simulated 

by a heat conduction equation with consideration for the contact thermal resistance.  
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Figure 1: Schematic diagram of air-mist cooling system. 

 

Table 1: Numerical simulation conditions 

Environmental temperature [K] 298 

Environmental humidity [%] 60 

Air feed rate [nL/min] 36 

Supply pressure of air [MPa] 0.3 

Water feed rate [L/hr] 2.4 

Pressure of water tank [MPa] 0.1 

Heater input [W] 360 

Initial temperature of wall [K] 370 

 

2.1 Gas phase 

The unsteady state gas flow is described by continuity equation and conservation equation 

of mass, momentum, chemical species and enthalpy. The effective viscosity due to turbulent 

is modeled by means of v
2
-f model [10].The general form of the governing equation in three-

dimensional rectangular coordinate is: 
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        = 1(mass), u, v, w, k, ,    , h, mi 

where the equation for  = 1 is mass conservation equation, whereas u, v and w equations are 

the momentum equations for x, y and z direction, respectively. k,  and     are kinetic energy 

of turbulence, its dissipation rate and velocity scale in v
2
-f model. h and mi are stagnation 

enthalpy and mass fraction for chemical species of i (i = H2O, O2, N2). The dependent 

variables , the effective exchange coefficients  in the diffusive term and the source term S 
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are shown in Table 2. Sp represents the mass, momentum and enthalpy exchanges between 

gas flow and particles. 

 

Table 2: Dependent variables, source terms and turbulent diffusion coefficients 

for gas governing equations. 
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2.2 Forced convection heat transfer by impinging jet 

The heat flux of forced convection is expressed as equation (2) based on wall function [11].  
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where P is represented as [12]: 
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2.3 Heat conduction in the wall 

The equation of heat conduction in the wall is expressed as: 
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The contact thermal resistance is considered in the wall, because the wall is laminated by four 

plates in the experiment. It is assumed that the thicknesses of air layer between the wall are 

constant. The contact thermal resistance is represented as: 
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where d is grid thickness and dair is the thickness of air layer.  

2.4 Dispersed particle tracking 

The particle momentum equation and energy conservation equation are: 
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 (7) 

where CD denotes the drag coefficient, which is a function of the particle Reynolds number 

Rep. , p and dp are the gas viscosity, particle density and particle diameter, respectively. st 

and  are Stefan-Boltzmann constant and emissivity. The turbulent dispersion of particle is 

described by the gas velocity fluctuation vector which obeys a Gaussian probability density 

function having a standard deviation (2k/)0.5
. Particle-particle interaction is negligible in this 

work. If the particle is collided with the wall, the fluid calculation of particle is suspended and 

it considers that the particle is adhered to the wall. In the equation (7), the first term, second 

term and third term on the right side represent the convection heat transfer, latent heat of 

water and radiation heat transfer, respectively. The fourth term on the right side represents the 

conduction heat transfer, and this term is considered only after the particle is adhered to the 

wall. Where hc is the coefficient of convective heat transfer and is expressed as: 
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The rate of droplet mass [13], which is evaporated during the time interval, is represented as: 

   

  
    

 
  
 
 
    
  

 
 

 
   (9) 

where Pst and C are the saturated vapor pressure at the droplet temperature and water vapor 

concentration, respectively. hm is mass transfer coefficient and is calculated from the 

following equation. 

   
    
 

                  (10) 

where Sh and Sc are Sherwood number and Schmidt number, respectively. D is diffusion 

coefficient.  

2.5 Droplet size distribution 

Figure 2 shows the size distribution of fine mist droplets sprayed from two-phase fluid air-

mist nozzle. In this simulation, the size distribution of the droplets is expressed as a log 

normal distribution from 3 to 22 m, because it has a correlate with experimental results as 

shown in Fig. 2. The distribution is divided into 20 ranges and 200 computational droplets are 

assigned in each range. The injection angle of droplet is chosen randomly from a Gaussian 

distribution to represent the air-mist nozzle spray pattern. 

 
Figure 2: Size distribution of fine mist droplets sprayed from two-phase fluid air-mist nozzle. 

2.6 Numerical solution 

The conservation equation (1) is discretized using a finite volume code with a staggered 

grid arrangement and discretized coefficients are calculated by Power-Law scheme [14]. The 

partial differential equation shown in Eq. (1) is solved by employing the SIMPLE (Semi-

Implicit Method for Pressure Linked Equations) algorithm [15]. The velocity, pressure 
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increment and scalar fields are solved using the Bi-Conjugate Gradient Stabilized (Bi-

CGSTAB) [16]. Fourth-order Runge-Kutta-Gill method is used to solve the conversation 

equations (6) - (10) for a particle. And mass, velocity components, position and temperature 

of particle are calculated at each time. The environmental temperature and the environmental 

humidity are used at boundary except for the wall and Neumann condition is applied in the 

outflow boundary. 

3 RESULTS AND DISCUSSION 

Figure 3 shows the time changes of surface temperature at the center of wall compared 

between calculation results and experimental results. Figure 4 shows the surface temperature 

distribution of the wall after steady state compared between simulation results and 

experimental results. Model predictions reproduce a rapid drop well for the surface 

temperature of wall at the beginning of air-mist cooling. The surface temperature of wall 

becomes steady state condition after about 5000 s and the calculated surface temperature of 

wall is in reasonably good agreement with the experimental result.  

         
 

 

 

 

 

Figure 5 shows the predicted temperature distribution and velocity vector of gas phase at x-

z cross section of central axis and x-y cross section near the laminated wall after steady state 

condition. Figure 6 shows the simulated water particle trajectories. After the air jetted from 

nozzle impinges on the wall with a little spread, it uniformly spreads out from the center of 

wall and flows outside the analytical region. The gas temperature near the wall increases with 

distance from the center of wall, because the gas is heated by heat exchange with the wall. 

Water droplets move near the wall with gas phase under the influence of drag force and 

turbulence fluctuation. And then there are observed four cases that they completely evaporate 

in gas phase, they directly collide with the wall by inertial force, they impinge on the wall 

with spreading along the flow of gas phase, and they flow outside the analytical region. Water 

droplets impinge on the stagnation region with high frequency and collision frequency 
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Figure 3: The time changes of surface 

temperature at the center of wall 
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decreases with distance from the stagnation region. As a consequence, the wall has the lowest 

surface temperature at stagnation point due to the latent heat and the surface temperature of 

wall increases with distance from the stagnation point. The surface temperatures at 0 mm, 40 

mm, 80 mm and 120 mm from the center of wall are 309 K, 311 K, 317 K and 324 K, 

respectively.  

 
                  (a) y-z cross section                                    (b) x-y cross section     

Figure 5: Predicted temperature distribution and velocity vector of gas phase  

after steady state condition 

 

  
Figure 6: Simulated trajectories of fine mist particles. 

 

The behavior of fine mist particles in the numerical simulation are classified four 

categories, which are evaporation in gas phase, flowing out of analytical region, evaporation 

on the wall after impinging the wall and staying on the wall after impinging the wall. Figure 7 

shows the calculated time changes of the rate of evaporation in gas phase, impinging the wall 

and flowing out of analytical domain for fine mist particles. Figure 8 shows the simulated 
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time changes of the rate of evaporation on the wall and staying on the wall after impingement. 

Model prediction indicates that 8.7 wt% of fine mist particles evaporate in gas phase, 85.8 

wt% of fine mist particles impinge on the wall and 5.5 wt% flow out of analytical domain 

immediately after the beginning of spray. After steady state 0.7 wt% of fine mist particles 

evaporate in gas phase, 89.3 wt% of fine mist particles impinge on the wall and 10.0 wt% 

flow out of analytical domain. The fine mist particles hardly evaporate in gas phase after 

steady state, because there is little difference in temperature between fine mist particles and 

gas phase, and the humidity level is high. 3.5 wt% out of those particles, which do not 

evaporate in gas phase, impinge on the wall and 4.5 wt% flow out of analytical domain. After 

fine mist particles impinge on the wall, 66.7 wt% of fine mist particles evaporate on the wall 

and 19.1 wt% of fine mist particles stay on the wall immediately after the beginning of spray. 

After steady state 7.1 wt% of fine mist particles evaporate on the wall and 82.2 wt% of fine 

mist particles stay on the wall. Since the initial conditions are that the environmental humidity 

is 60 % and the laminated wall temperature is 373 K, water droplets easily receive a heat from 

the wall and easily evaporate on the wall at the beginning of air-mist cooling. As a results, 

there has the high rate of evaporation of water droplets on the wall in the early stage of air-

mist cooling, the wall temperature rapidly decreases due to the effect of latent heat. The 

relative humidity of gas phase increases and the surface temperature of wall decreases with an 

increasing amount of water droplets evaporation. The water droplets on the wall have the 

property that the evaporation proportion decreases and the staying proportion increases with 

an increasing time.  

      
 

 

 

 

4 CONCLUSIONS 

The comprehensive simulation model based on two fluid model using Eulerian-Lagrangian 

method with V2F model has been developed in order to simulate air-mist cooling intended for 

the iron wall. Air-mist cooling characteristics such as the behavior of fine mist particles, flow 
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of gas phase and temperature distribution of wall has been investigated. Model prediction are 

in reasonably good agreement with the experimental data. Simulation results indicate that 8.7 

wt% of fine mist particles evaporate in gas phase, 85.8 wt% of fine mist particles impinge on 

the wall and 5.5 wt% flow out of analytical domain immediately after the beginning of spray. 

After impingement, 66.7 wt% of fine mist particles evaporate on the wall and 19.1 wt% of 

fine mist particles stay on the wall at the beginning of air-mist cooling. As a consequence, 

there has the high rate of evaporation of water droplets on the wall in the early stage of air-

mist cooling, the wall temperature rapidly decreases due to the effect of latent heat.  
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