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ABSTRACT 

A CFD model has been developed to predict the behavior of the flame spread over solid 
fuels in water mist environment. A coupled analysis involving gas phase and solid fuel is 
considered using unsteady two-dimensional conservation equations describing the self-
sustained flame propagation. Due to the analysis is focused on the mechanism of flame 
suppression at the flame leading edge, which is explicitly exposed to the mist, finite-rate 
chemical reaction is taken into account. The equations for water mist and vapor mass 
fractions are added to the basic flame spread statement, which includes corresponding 
term describing energy consumption due to water evaporation. Horizontal flame spread 
over thick fuel beds of polymeric material (PMMA) under water mist suppression has 
been investigated. The results have shown that self-sustained energy balance in the heat 
release zone in the flame is highly sensitive to the external energy loss, which in this case 
is due to water droplet evaporation. Thus, flame struggles against the presence of water 
mist on the flame leading edge and either continues to propagate with almost the same 
velocity (as of without water mist), or complete extinction occurs. The extinguishing 
characteristics of fine water mist with the droplet diameter of the order of 30 microns are 
investigated. A critical concentrations of initial water mist mass fraction required for 
extinguishment have been achieved for the various conditions of flame spread 
phenomenon. 
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NOMENCLATURE 

C   specific heat sv  pyrolysis rate 
D   diffusion coefficient W  chemical reaction's rate 

wD  droplet diameter x  tangential coordinate 

E   activation energy Y  mass fraction 
g   gravity acceleration y  normal coordinate 
k   preexponential factor Greek 

wk  evaporation constant λ  thermal conductivity 

0L  thickness of solid fuel µ  viscosity 

vL  heat of evaporation ν  stoichiometric coefficient 
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wm  rate of water evaporation ρ  density 
p   pressure Subscripts 
Q   heat of reaction a  ambient 
R   specific gas constant F  fuel 

0R   universal gas constant g  gas 
T   temperature O  oxidizer 
t  time s  solid 
u   x-direction velocity v  vapor 
v  y-direction velocity w  water 

INTRODUCTION 

Water mist fire protection has been an object of intensive investigation and discussions 
over last years [1-3]. The primary properties that make water mist a highly effective 
flame suppression agent are high rates of heat and radiation absorption. 

Traditionally, water mist is considered as a volume flooding agent, which act similarly to 
gaseous suppressants. In order for water mist to suppress fire in such a way, it has to be 
distributed fairly uniformly within the compartment. This task faces technological 
difficulties due to very small size of water droplets comprising mist. For example, 
momentum of strong fire plume is hard to overcome for water mist spray. Such 
difficulties force application of multiple mist nozzles which significantly increase cost of 
protection systems and amount of discharged water [4].  

In the present paper, the authors assess potential of the “spot” or “local” application of 
water mist. This potential has not yet been neither fully appreciated, nor properly 
researched. One of important development in that direction is suppression of local flame 
spread. It is well known that flame spread is a primary fire growth mechanism, leading to 
uncontrollable combustion and eventually to flashover. Ability to be able to suppress (or 
restrict) flame spread at early stages is therefore, extremely important. Another important 
rationale for this approach is the fact that it is small-scale fires that are most difficult to 
extinguish by “total flooding” application [4]. 

The present paper focuses on the mechanism of flame suppression at its leading edge. 
Leading edge can be considered as a “weak” point of flame, where delicate heat transfer 
rate balance ensures flame propagation. It is envisaged that such a balance can be 
destroyed by water mist without much difficulty. The present study focuses on horizontal 
flame spread, where the flame leading edge is explicitly exposed to mist. 

It should be noted that the concept of local mist application could be significantly 
extended and include downward or upward flame spread suppression, flammable ceiling 
protection against ceiling jets, heat extraction by water mist from smoke layer, and other 
strategies. Some initial work in this direction has already been done [5,6]. 

On the other hand, further progress in the mathematical modeling of compartment fires 
by the approach of Computational Fluid Dynamics [7] requires detailed arrangement of 
submodels, which describe the number of physical, chemical, mechanical and other 
possible processes involved into fire development. Among them, flame spread process, 
being an actual driving force of fire, is to be considered as the key one, and achievement 
of proper knowledge of its basic behavior is of great interest (see e.g., [8-12]). Aimed at 
the development of advanced CFD code for fire modeling, investigation of the fire 
suppression mechanisms is the topic of high importance. 
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Difficulties associated with the suppression modeling have well being realized [5-7]. 
Despite good recent progress in CFD modeling of water mist suppression [13,14], many 
important issues remain unresolved.  

MATHEMATICAL MODEL 

A set of governing equations represents the coupled analysis of the flame spread problem, 
which reflects the very essential phenomenon of self-controlling mechanism of 
interaction between the gas-phase combustion and pyrolysis reactions. Unsteady, two-
dimensional conservation equations are solved both in the gas phase and solid fuel. Since 
small-scale flame is considered, laminar flow and negligible radiation are assumed. Gas-
phase conservation equations are as follows: 
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Equation 7 for water mist mass fraction has been added to the basic flame spread 
statement represented by Eqs. 1-6, which includes corresponding term describing energy 
consumption due to water evaporation. Fine water mist (droplet diameters under 
100 microns) is considered and, at least at present stage, droplet velocities are assumed 
equal to those of gas flow. Density, thermal conductivity and specific heat of the two-
phase mixture are related to the corresponding properties of the phases as follows: 
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Here the gas density is calculated from the ideal gas state law:  
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p
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It is necessary to adjust the component concentrations (Eqs. 5-7) due to presence of water 
vapor, which mass fraction vY  is obtained through Eq. 8: 
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The rate of water vaporization is as follows: 
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volume. It is assumed that droplets have the same local temperature and velocity as the 
gas until they reach evaporation temperature. Relevant justification can be made upon 
comparing droplet thermal and drag constants with their residence time in the flame front. 
Residence time is estimated as 2/Vχ  where Cgρλ=χ /  is the gas thermal diffusivity 
and V  is the gas velocity in flame. The droplet thermal constant can be estimated as 

 756



( )
Nu
DC ww

λ
ρ 6/2

 where Nu  is Nusselt number applicable to droplet moving in the gas. It 

can be shown that Stoke’s regime assumption is appropriate for droplet movement. The 

drag time constant estimation following from this law is ( )νρ
ρ
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of phase densities and gas kinematic viscosity gρµ=ν / . Upon introduction of these 
characteristic time scales, it is apparent (for droplets diameter of the order of mµ30~  
considered in the paper) that the ratio between droplet thermal constant and residence 
time is 510~ − ; the ratio between droplet drag time constant and residence time is 

610~ − . Therefore, both assumptions of instantaneous relaxation of droplet temperatures 
and velocities to those of gas are perfectly justified. 

It can be assumed with a good accuracy that the droplet vaporization follows the well-
known " 2D -law" [15]: 
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The energy equation for the solid fuel is 
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Present analysis is focused on the suppression of the flame leading edge, which implies 
that finite-rate chemical reactions are taken into account for the gas phase combustion 
and solid fuel's pyrolysis in the conventional Arrhenius form: 

( )TREYkYW FO 0/exp −= , (18) 
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The simple one-step global expression is considered here in the view of general study 
which is primarily focused on thermal effects of flame spreading and suppression. More 
realistic kinetics can be easily introduced into the model to address specific flame 
structure in more detail. 

Linear pyrolysis rate at the solid fuel's surface is expressed as [9]: 

∫
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Initial and boundary conditions for the mathematical statement presented here are of 
commonly used form [9,16] and solution procedure [9] is based on the combined 
algorithm using the finite difference (control volume) approach for the gas phase and 
finite element one for the solid material.  

Mist deposition on the surface and its subsequent effect on the flame spread is not 
modeled in the present study. It is assumed that extinction (if any) occurs shortly after 
injection of the mist. Therefore, wetting of the surface is negligible.  

RESULTS AND DISCUSSION 

Numerical investigations of the horizontal flame spread over polymeric material 
(PMMA) under water mist suppression have been carried out. Thick layer of fuels has 
been considered to avoid material depletion. Thermophysical and kinetic characteristics 
used in the calculations are presented in Table 1. Other necessary constants relate to the 
modeling of water droplet evaporation: wρ =1000 kg/m3, wλ =0.56 W/(m K), wC =4186 
J/(kg K), vL =2.26⋅106 J/kg, wk =1.47⋅10 –7 m2/s, vT =373 K. 

Table 1. Gas phase and solid fuel properties. 

Symbol Gas Solid Unit 
C  1005.6 1466.5 J /(kg K) 

λ  0.0254 0.19 W/(m K) 

ρ  1.29a 1200 kg/m3 
p  105 – Pa 
Q  2.5·107 –1.0·106 J/kg 

k  1.0·1016 2.82·109 1/s 
E  62850 129890 J/mol 

Fν  1.0 – – 

Oν  1.9 – – 

aT  300 300 K 

0L  – 3.0 mm 
a at the ambient temperature.  

First, calculations of the flame spread in normal conditions (without the presence of water 
mist) have been carried out from the ignition until the sustainable propagation process. 
Achieved values of flame propagation velocities ( fu = 3.49·10-5 m/s for aOY , = 0.21 and 
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fu = 1.42·10-4 m/s for aOY , = 0.33) are in reasonable agreement with known 
experimental and theoretical data [12,17,18]. 

Then, flame is exposed to the water mist generator located at some distance in front of 
the flame leading edge. Typical distributions of temperature and water mist mass fraction 
are shown in Figs. 1 and 2 respectively. Here suppression starts at 0=t , which 
corresponds to normal flame spread. The water droplets are discharged to the flame edge 
by the flow formed by buoyancy effect in the heat release zone. Typical distribution of 
the flow field is shown in Fig. 3. The shape of isolines of equal droplet concentrations in 
Fig. 2 is a combination of convective and vaporization effects. As droplets are drawn into 
the flame, the concentration drops, and the isolines separate from each other. Upstream, 
in front of the leading edge, the isolines asymptotically approach each other, and at the 
same time approach ambient (uniform) droplet concentration.  

 

 

Fig. 1. Temperature isolines (K) in the flame zone; 33.0, =aOY , 01.0, =awY , 
m30 µ=wD ; a - t = 0, b - t = 0.4 s,  c - t = 0.6 s,  d - t = 0.75 s. 
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Fig. 2. Water mist concentration isolines in the flame zone; 33.0, =aOY , 01.0, =awY , 

m30 µ=wD ; a - t = 0, b - t = 0.4 s,  c - t = 0.6 s,  d - t = 0.75 s. 

 
Fig. 3. Flow field in the flame zone. 
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It has to be noted that the same behavior of flame spread extinction (if it actually occurs) 
has been observed for all investigated cases. Intensive cooling of the flame heat release 
zone by the water droplets evaporation results the appearance of negative values of the 
heat flux on the fuel's surface as shown by the curves 3 and 4 of Fig. 4. 
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Fig. 4. Distribution of the heat flux on the solid fuel's surface; 33.0, =aOY ,  

01.0, =awY ,; 1 - t = 0, 2 - t = 0.4 s,  3 - t = 0.6 s,  4 - t = 0.75 s. 

Figure 5 presents the essence of flame extinguishment behavior for different input water 
mist mass fractions. As water mist approaches flame edge (approximately within 0.4 s), 
the movement direction of the point of maximal heat flux on the fuel's surface shown in 
Fig. 4., reflects the effect of interaction between flame and water mist. The overall results 
have shown that self-sustained energy balance in the heat release zone in the flame is 
highly sensitive to the external energy loss, which in this case is due to water droplet 
evaporation. This results in the fact that flame struggles against the presence of water 
mist on the flame leading edge and either continues to propagate with almost the same 
velocity (as of without water mist), or complete extinction occurs.  
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Fig. 5. Movement of the point of maximal heat flux on the fuel's surface; 33.0, =aOY ; 

 1 - 1.0, =awY , 2 - 01.0, =awY , 3 - 005.0, =awY , 4 - 0025.0, =awY ,  
5 - 001.0, =awY , 6 - 0, =awY , 7 - 1.0, =awY ( 0=vL ). 
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The value of flame propagation velocity could be estimated by the averaged slopes of the 
descending parts of the curves 4-7 shown in Fig. 5. Some difference in these slopes 
corresponds to the region where flame is able to spread with the slightly lower velocity 
(in comparison to normal condition). This region is apparently very narrow, which clearly 
reveals the critical value of water mist characteristics providing flame extinction. Flame 
spread rates estimated from curves 1-3 up to the point of these curves reversal 
(extinction) are consistent with the spread rates estimated from the curves 4-7. 

It is believed that the mechanism of extinction is reduction in thermal heat flux to the 
surface of material, leading to insufficient pyrolysis rate in front of the leading edge of 
the flame. 

Remarkable fact has been shown by the curve 7 of Fig. 5, which corresponds to the 
treatment of water mist as a purely flooding agent. It can be noted that there is no flame 
extinguishment effect even for the rather high input water mist concentration. 

The same behavior has been achieved for the flame spread in air ( 21.0, =aOY ), which is 
shown in Fig. 6. It has to be noted that in this case, flame already propagates near the 
extinction limit [19] and water mist affects the flame propagation more intensively as 
flame life-time in the presence of water droplets decreases from 0.4 s to 0.2 s. 
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Fig. 6. Movement of the point of maximal heat flux on the fuel's surface; 

 21.0, =aOY ; 1 - 1.0, =awY , 2 - 05.0, =awY , 3 - 01.0, =awY , 
 4 - 0, =awY , 5 - 1.0, =awY ( 0=vL ). 

CONCLUDING REMARKS 

Mathematical model has been presented to describe flame spread suppression by 
localized application of fine water mist. Simulations of laminar flame spread over 
horizontal PMMA sample have been carried out. The critical concentration required for 
suppression has been established for representative droplet size. Generally, achieved 
results showed a reasonable behavior of investigated process as being addressed to the 
experimental study of similar process [20]. 

A very important conclusion of the present study is that mist does not affect the rate of 
flame spread. The flame either propagates at the same velocity as of without water mist, 
or extinction occurs at critical water mist concentration. 
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