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Summary The present work focuses on the numerical simulation of the interaction of a water spray barrier and a premixed methane-
air flame inside a closed tube. The water mist is modelled as an uniform cloud of monodispersed droplets. The principal mechanisms 
of interaction of the water spray against the flame are: the break-up, drag, heating and evaporation of the droplets. The final goal is to 
determine its effectiveness as extinction mechanism.  

INTRODUCTION 
The fire suppression effects of water mist are attributed to physical effects more than chemical effects. When the water 
droplets contact hot or burning gas mixture, the water droplet changes from liquid to steam, which means an increase of 
1700 times its volume. The expansion of volume reduces the concentration of oxygen in the flame surroundings. The 
droplet evaporation removes heat from the burning mixture because of the sensible heat of water vapour. Optimum water 
droplet sizes ranges from 50 to 200 microns of mean diameter. Droplets must be large enough to avoid the drag and small 
enough to evaporate quickly. Experiments have shown that water spray can be very effective in quenching strong 
flames. 
It is possible to summarize the mechanisms of energy transfer between the flame front and the water spray barrier as: the 
surface tension energy necessary to break-up the droplets, momentum to accelerate the droplets due to the velocity of 
the ambient gases, energy to increase the temperature of the droplets due to the ambient temperature and the latent heat 
energy involved with steam generation, [1].  

NUMERICAL MODEL 
Drag model 
Regarding the momentum interaction between the gas mixture and the water barrier the gaseous flow exerts a drag force 
on the water droplets. The drag force is a function of the relative velocity between the gas mixture and the droplets: 
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0 to 3 105 and AP is the projected area of the droplet, assuming that the water droplets maintain a spherical shape. 
Break-up model 
It is commonly known that the break-up of a droplet is originated by a deformation of its surface due to the aerodynamic 
forces imposed by the gas flow. The break-up criterion can be expressed in terms of relative velocity between the droplet 

and the gas flow, Weber number σρ= DVWe 2
rel , [2]. In the case of water spherical droplets, when the Weber 

number is bigger than 12 there is bag type break-up, if the ratio of Weber and square root of Reynolds is bigger than 0.5, 
there is stripping type break-up, [3]. Ranger and Nicholls proposed an empirical expression for the break-up time, [1].  
In presence of pressure waves, the break-up criterion comes expressed in terms of the instantaneous acceleration, 

Eötvös number ( ) σρ= 2
W DdtdVEo , [4]. There is bag break-up if the Eötvös number is bigger than 16 and stripping 

break-up if the Eötvös number is bigger than 100, talking of water droplets.  
Vaporization model 
It was considered that vaporization can occur according two regimes: mass diffusion transfer and boiling conditions, any 
of them behaves according the widely used Spalding model, [5]. 
When the droplet temperature is lower than the saturation temperature, then the vaporization is due to diffusion 
transport from the droplet to the gas mixture, being the mass transfer from one droplet: 
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The thermal energy received by one droplet from the surrounding ambient is: 
( )WG TTNuKDQ −π=&       (2) 

DW is the mass diffusion of water vapour in gas mixture, BM is the Spalding mass transfer number, K is the thermal 
conductivity of the gas mixture. The Sherwood number, Sh, and the Nusselt number, Nu, are evaluated from the Ranz and 
Marshall correlation, [6]. The increase of the droplet temperature can be obtained from: 
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When the droplet temperature is around its boiling point, the vaporisation regime is the boiling. In that case, there is not 
droplet heating and the total energy is employed to vaporize the water, being the new rate of vaporisation evaluated from 
equation 3. 

DISCUSSIONS OF RESULTS 
In the calculations described here, an adaptive mesh was used to represent a tube 18 m length with one locked end, the 
initial temperature in the unburned gas mixture is 300 K and the temperature on the locked end is 1800 K to provide the 
ignition of the flame. The initial composition is the stoichiometric methane/air mixture. The flame will propagate through 



the tube. The water barrier is located at L = 3 m from the ignition zone and is characterised by droplets of diameter D = 50 
µm being the liquid volume fraction F = 0.05%.  
The figure 1 represents the temporal evolution of: temperature and diameter of the droplet and the liquid water volume, 
on the location x = 4 m. In order to compare simultaneously the three variables, they have been made nondimensional, 
they are the rate of the temporary value with reference to the initial value. The water volume, increases due to the drag 
from upwind sections and decreases with the time because of the vaporization. When the water temperature increases, 
the diffusion vaporization regime occurs. As soon the water temperature reaches the saturation temperature, then the 
boiling regime begins with an important decrease of the water volume. The important decrease of the diameter is due to 
the break-up by effects of the pressure waves while the slow reduction is due to the steam generation. The boiling 
regime begins when the droplet diameter is small enough and therefore has a high surface/volume ratio. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.E+00 1.E-03 2.E-03 3.E-03 4.E-03 5.E-03 6.E-03 7.E-03 8.E-03 9.E-03
Time (s)

N
o

n
d

im
en

si
o

n
al

 V
al

u
es

D/D0
F/F0

(T-T0)/(Tmax-T0)F/F0

D/D0
(T-T0)/(Tmax-T0)

 
fig. 1. Temporal evolution of the water barrier on x = 4m. 

Barrier of D = 50 µm, F = 0,05% and L = 3m 
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fig. 2. Temporal evolution of break-up parameters on x = 

4m. Barrier of D = 50 µm, F = 0,05% and L = 3m 
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fig. 3. Propagation of the free flame and the flame with the 

barrier of D = 50 µm, F = 0,05% and L = 3m 
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fig. 4. Propagation velocity of the perturbed flame 

expressed on percentage of the one free flame  
Figure 2 shows the Weber and the Eötvös numbers as well as the We/Re0.5 on x = 4 m. From the pictures, its possible to 
see that the Weber number takes values lower than 0.54, the We/Re0.5 lower than 0.11 while the Eötvös number takes 
values up to 86. That means that the main break-up agent is the instantaneous acceleration instead of the relative 
velocity, and there is bag break-up regime. 
The figure 3 represents the propagation of the front of a flame without water barrier (adiabatic flame) and a flame 
interacting with a water barrier. It is clear the important decrease of its velocity of propagation. On figure 4, there is a 
parametric analysis of the influence of the droplet diameter and liquid fraction of the barrier. The results are the velocity 
of propagation of different flames expressed as a percentage of the adiabatic velocity of propagation. 

CONCLUSIONS 
The interaction of a monodispersed water barrier of droplets with a premixed methane/air flame that propagates in a 
confined domain has been simulated. The main interaction agents taken into account are: the vaporisation: diffusion and 
boiling regimes, as well as the droplet break-up based on the Weber and Eötvös number. The results show a reasonable 
behaviour. The parametric analysis reveals the important decrease of the flame propagation velocity for small droplets 
and large liquid fractions.  
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