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Abstract 

Wildfires destroy the natural environment, cause property damages and cause victims, therefore great 

research effort is dedicated to improve protection against wildfires. As fire growth depends on many 

parameters to examine behavior relevant to fire protection methods systematically, we used CFD simulations 

to analyze the role of aerial fire-fighting. CFD simulations of the fire spread in relation to the water drop 

effect in aerial fire-fighting were done using the (15 x 15) fuel array in windy conditions. A single fuel cell 

is 8m x 8m x 2m, varying the space distance between the adjacent fuel cells. The water drop effect is examined 

as a function of the heat release rate, varying the wind speed. The results of our previous studies showed that 

it is difficult to extinguish the burning area in wildfires by directly dropping water over the flames and also 

it is less effective to drop water in the fringe areas of burning fires parallel to the wind direction. Therefore, 

the way selected in this study is to drop water in the downwind area slightly away from the fire front, making 

a water belt to reduce the radiative heat transfer. However, if the fuel distributes densely, even the water belt 

dropped in the area of 20m x 60m may not sufficient to stop the fire spread, since the fires may detour both 

sides of the water belt or the fires jump over the water belt. However, water dropped belts are very effective 

to delay the fire spreading speed. If the space distance between adjacent fuel cells is larger than 2m, the water 

belt can protect or highly delay the fire spread. One problem is the amount of water to realize such a water 

belt to stop the fire spread, since helicopters carry too few water and it is dangerous for helicopters to fly in 

the hot and smoky air. Large aircrafts carrying large amount of water are needed to make such a large water 

belt.  
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Wildfires destroy property, cause victims and emit large quantities of greenhouse gases, which may 

contribute to the climate change and enhance large-scale wildfires. Over recent years wildfires are 

globally increasing. Therefore, many researches (Viegas, 2006; Finney, 2003; Abatzoglou et al, 2018; 

Liu et al, 2007) have been made to protect and mitigate the damages by forest fires, examining the fire 

growth behavior. As the fire spread depends on many parameters and so it is difficult to examine the 

fire spread behavior in relation to the fire protection methods systematically, we used CFD simulation 

methods. The authors (Satoh et al, 2000; Satoh et al, 2003; Satoh et al, 2005; Satoh et al, 2008; 

McGrattan et al, 2000) have studied the fire protection methods in relation to the wind speed affecting 

the fire spread, together with the water drop effect by an aerial fire-fighting. The objective of this study 

is to examine the water drop effect upon the fire protection, particularly how large area is needed to 

protect the fire spread by the aerial water drop, using CFD simulation methods based on FDS by NIST 

(Floyd et al, 2006; McGrattan et al, 2001). CFD simulations of the fire spread are done using the (15 

x 15) fuel arrays. The results of our previous studies (Satoh et al, 2000; Satoh et al, 2005) showed that 

it is difficult to extinguish the burning area by directly dropping water over the fire and also it is less 

effect to drop water in the fringe areas of burning fires parallel to the wind direction. 
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Therefore, the way selected in this study is to drop water in the downwind area, slightly away from 

the fire front, making a water belt to reduce the radiative and convective heat transfer. 

 

 

 
Figure 1 - Schematics of (15 x 15) fuels in CFD simulations 

Figure 1 shows the schematics of the (15 x 15) array with an equal apace distance (s) between 

adjacent square fuels. The space distance (s) varies from 0m to 4m. The dimensions of each fuel cell 

are d x d x h, where d is the length and h is the height of each square fuel cell. This study deals only 

with one case of d=8m and h=2m. Other configurations will be studied in the future. At one vertical 

boundary, uniform wind blows with the wind speed of u. An ignition line heater with the length of n 

and the width of 1m or a square (2m x 2m) heater is used, giving the heat release rate per area (q), but 

no fire brands are considered. The relationship between the total heat release rate (Q) and the wind 

speed (u), varying the ignition heat source length (n) and the space distance (s), under the water 

dropped conditions in the aerial fire-fighting or no water dropped. Here, "water dropped area" means 

no fuel exists in one fuel cell and the water dropped area has the width W (in the wind direction) and 

the length L (perpendicular to the wind direction), locating at 18m (for small scale fires) to 72m (for 

larger scale fires) apart from the ignition heat source. In this simulation study, using the software FDS 

by NIST (McGrattan et al, 2000; Floyd et al, 2006; McGrattan et al, 2001), the combustion of fuels 

ignited by a heater is based on a mixing-controlled chemical reaction model. After the reaction of fuel 

and oxygen, CO2 and soot are produced, together with the convective heat, conductive heat and 

radiative heat affecting the fuel combustion in the downwind area. Radiative heat transfer is based on 

the solution of the radiation transport equation for a gray gas and the details are found in the user's 

guide of FDS (McGrattan et al, 2001). Difficulty was the choice of the fuel material. As a fuel, several 

materials are tested in the preliminary simulations, but the fuel in this study has no porous structure 

like real forest materials.  Simulations of some whole solid materials with the size of 8m x 8m x 2m 

needed so long computing time and some soft materials burned out too short. Thus, the "black PMMA" 

shown in the user's guide of FDS (Floyd et al, 2006), having the heat of combustion of 25200kJ/kg, 

the density of 1100kg/m3 and the conductivity of 0.20W/(m K), was used in this study. Except for the 

ground, all other boundaries are open, but a uniform wind is blowing in one vertical boundary. The 

four additional areas around the fuel array with the width of 30m as shown in Figure 1 are added, so 

the total ground area is 180m x 180m for s=0m and 240m x 240m for s=4m. Grid sizes used in the 

simulations largely affect the simulation results. However, the maximum number of grid cells used in 

the computations is limited due to the computer memory limit and the total computing time. Therefore, 

one uniform grid cell size of 0.5m x 0.5m x 0.5m is used in this simulation, where one case computation 

reaching the whole area combustion during several thousand seconds needed two or three months by 

a single personal computer. More than 200 cases of simulations, varying the wind speed and the water 

drop area, were done systematically.   
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The fire spread behavior is highly affected by the distance between fuel cells. Therefore, we 

investigated the relationship between the total heat release rate produced by the fuel combustion (Q) 

and the space distance (s), with varying wind speed (u). Preliminary simulations showed that the heat 

release rate per area (q) of ignition heat source, between q=1500 and 2500kW/m2, against the fire 

spreading behavior had only small effect upon the fuel combustion and the fire spreading patterns. 

However, the heating time had considerable effect on the fire spreading patterns, since the ignition 

source assists it. Therefore we employed values of the ignition heat source of q=2000kW/m2, heating 

time t=1000sec and the size of ignition source is (1m x n (m)) or (2m x 2m).  

 

Figure 2 shows the fire spreading profiles at u=2m/s and 10m/s, where there is no space between 

fuel cells and no water is dropped, keeping the ignition source size at (2m x 2m) and the heat release 

rate per area q=2000kW/m2. In the case of u=2m/s, the fire spreading pattern of fuels with no spaces 

becomes round and spreading into the lateral direction, too, but in the case of u=10m/s the fire is 

spreading mainly in the downwind direction.  

 
Figure 2 - Fire spreading profile of the case at s=0m, with no water drop. 

Next, the effect of water drop in the downwind area to limit the fire spread is examined, comparing 

with no water drop case, using the ignition heat of (2m x 2m) under the wind speeds of u=2m/s and 

4m/s. Figure 3 shows the total heat release rate as a function of time for Case (A) s=0m and u=2m/s 

and Case (B) s=0m and u=4m/s. Figure 4 shows the fire spreading patterns for Cases (A) and (B). As 

shown in Figure 3, the heat release rate (Q) begins to increase suddenly and rapidly, which may be 

dangerous for firefighters. The water dropped areas in Figure 3(A) are (W=10m x L=20m) and (W=20m 

x L=40m). In the case of water dropped area of (10m x 20m), the fire can jump over the water belt and 

the fire can spread in the downwind area, as shown in Figure 3(C)-(2), although the fire spread is 

highly weakened. The water drop belt of (20m x 40m) is effective to stop the fire spread, where the 

fire cannot jump over the belt with the width of W=20m and also cannot detour both sides of the belt, 

since the delay time is too long, the radiative heat transfer becomes weak and the spreading fires 

gradually burn out. Therefore, the water dropped belt of (20m x 40m) in the downwind of the fire 

caused by a small ignition heat source in a weak wind can stop the fire spread.  
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Figure 3 - (A) and (B) total heat release of fuels as a function of time, (C) and (D) burning profiles, comparing water 

drop effect with no water drop, (A)and (C): s=0m, u=2m/s, n=2m, (B) and (D): s=0m, u=4m/s, n=2m 

For the case of u=4m/s at s=0m, Figure 3(B) shows the water drop effect in the area of (20m x 40m) 

and (20m x 60m) comparing with the case of no water drop. The case of water drop of (20m x 40m) 

cannot allow the fire jumping over the water belt, but cannot stop the fire spread, since the fire soon 

begins to detour both sides of the water belt and spreads into the downwind area, which can however 

delay the fire spreading time. The water drop of (20m x 60m) in the downwind area can stop the fire 

spread, as shown in Figure 3(D)-3, but gradually begins to detour both sides of the water dropped area, 

extending toward the downwind direction. Therefore, a much longer water belt may be needed to stop 

or to delay the fire spread much more. Extending the wind up to 12m/s and the water dropped area up 

to 80m, the effect of water dropped area against the fire spread is examined. Figure 4 shows the 

relationship between the total heat release rate of fuels and time for s=0m and u=8m/s, varying the 

water dropped area. The heat release rates quickly increase at a time when the fire begins to detour, 

which we called the “critical time (tq)” in this paper, defined as the time when the total heat release 
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rate exceeds Q=1E+06kW. More critical times are examined, varying the wind speed between u=4m/s 

and 12m/s. Figure 5 shows the relationship between the critical time (tq) and the length (L) of water 

dropped area with the width W=20m, varying the wind speed. The critical time (tq) is linearly 

proportinal to the length (L) of water dropped area. At the width of water belt of W=20m, the fires do 

not jump over the water belt, but the fires can detour both sides of the water belt as shown in Figure 6, 

which shows the burning profiles of fuels. 

 
Figure 4 - Relationship between total heat release rate of fuels and time 

 

 
Figure 5 - Relationship between total heat release rate of fuels and heat length 
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Figure 6 - Burning profiles of fuels at s=0m, u=8m/s and W=20m  

Table 1 shows the critical time divided by the wind speed (u). Except for some cases of no water 

(L=0m), the divided values (tq/u) are almost similar for each length L. The average values of (tq/u)  are 

plotted in Figure 7, as a function of L. Thus, those relationships shown in Figure 5 can be correlated 

by the following equation:  

                                                   tq/u = 7.4 L +281                                                    (1)       

Table 1 - The critical time divided by the wind speed (tq/u) 

L (m) u=12m/s u=10m/s u=8m/s u=6m/s u=4m/s average 

0 208  209  216  287  375  259  

20 425  401  400  417  513  431  

40 604  603  575  573  625  596  

60 742  752  725  725  788  746  

80     869  842  858  856  

 

 

Figure 7 - Relationship between the average critical time divided by the wind speed and length of water dropped area.  
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Figure 8 - Total heat release rate of fuels 

as a function of time, varying the length 

of line heater, s=0m, u=12m/s  

 Figure 9 - Relationship between heat 

release rate and length of water drop 

area (n) at t=1200sec, s=0m, u=12m/s 
 

Figure 8 shows the total heat release of fuels as a function of time, varying the length (n) of line 

heater, for s=0m and u=12m/s, where the relationships are parallel between 1000 to 1500sec. The heat 

release rates at t=1200sec are plotted as a function of the ignition heat source length (n) in Figure 9, 

where the heat release rate is linearly proportional to the ignition heat source length. This linear 

relationship shown in Figure 9 between the heat release rate and the wind speed are found in many 

cases varying the fuel space and the ignition source length. Figure 10(A) shows the heat release rate 

vs. time for s=0m, u=8m/s and u=12m/s at n=72m and Figure 10(B) shows the fire spreading patterns. 

At u=12m/s and the water drop area of W=18m x L=80m, the fire spread is protected at t=1200sec, 

but at u=8m/s and the water drop area of W=16m x L=80m, the fire jumped over the water drop area 

at t=800sec. Fires at s=0m and ignited by a long heater can spread very fast and strong. The width 

W=18m of the water drop area is effective to protect the fire jumping over the water dropping, but 

fires can detour from both sides of the water drop area. Therefore, it is generally difficult to protect 

the fire spread at s=0m, even by a large water dropped area.  

(A) 

 
(B) 

 
Figure 10 - (A) Relationship between heat release rate and time, (B) burning profiles at t=800s,  n=72m,  (1) u=12m/s, 

no water, (2) u=12m/s, water – W=18m x L=80m, (3) u=8m/s, no water,  (4) u=8m/s, water – W=16m x L=80m  
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      (A) 

 
      (B) 

 
Figure 11 - (A) Relationship between heat release rate and time and (B) burning profiles of fuels at t=800s, varying 

the ignition fire source length (n),  s=1m,  u=10m/s. 

Figure 11(A) shows the relationship between the total heat release rate and time for s=1m and 

u=10m/s, varying the ignition fire source length (n). Figure 11(B) shows the burning profiles of fires. 

Figure 12 shows the relationship between the heat release rate and the length of water drop area (n) at 

1500 and 2000sec, where the heat release rate is linearly proportional to the ignition heat source length. 

As mentioned above, this linear relationshp between the heat release rate and the line heater length are 

observed in the cases of s=2m, 3m and 4m.   

 

Figure 12 - Relationship between heat release rate and length of water drop area (n) at time 1500 and 2000 sec, s=1m, 

u=10m/s.   
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  (A) 

 

  (B) 

 
Figure 13 (A) - Relationship between heat release rate  and time, (B) burning profiles of fires, for s=1m, u=8m/s, 

n=62m,  (1) no water, (2) water – W=8m x L=62m, (3) water – W=17m x L=62m. 

Figure 13(A) shows the relationship between heat release rate and time for s=1m and u=8m/s, 

comparing the effect of water drop area, keeping the ignition fire source n=62m. Figure 13(B) shows 

the fire spreading profiles. For s=1m, the width W=17m of the water drop area is effective to protect 

the fire jumping over the water drop area, while the width W=8m allowed to jumping over the fire 

spread.  Figure 14(A) shows the relationship between heat release rate and time for s=2m and n=128m, 

warying the wind speed. Figure 14(B) shows the fire spreading profiles at t=2100s, varying the wind 

speed. As shown in Figure 15, the heat release rates begin to increase from u=4m/s and reach almost 

constant at u=10m/s. This relationship curve can be found in other cases of s=1m, 3m and 4m, too. 

 

(A) 
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(B)    

 
Figure 14 - (A) Relationship between heat release rate and time, (B) burning profiles of fires at t=2100s, s=2m, 

n=128m, varying the wind speed  

 

Figure 15 - Relationship between heat release rate and wind speed at t=2000sec, s=2m, varying the ignition source 

length (n) 

Figure 16(A) shows the relationships between heat release rate and time for s=2m, u=8m/s and 

n=68m and Figure 16(B) for s=2m, u=10m/s, n=88m, varying the water drop area. Figure 16(C) shows 

the fire spreading profiles at t=1400s and Figure 16(C) at t=1500s, varying the wind speed. The fire 

spread is protected by the water drop at W=18m x L=68m, while the water drop area at W=8m cannot 

stop the jumping over the fire spread. Since the fires at s=2m cannot detour both sides of the water 

drop area, the width W is important to protect the fire spread. Therefore, the water drop length (L) 

larger than the ignition source length (n) can protect the fire spread at s=2m.    
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Figure 16 - (A), (B) Relationship between heat release rate and time, varying water drop area,  (A) s=2m, u=8m/s and 

n=68m, (B) s=2m, u=10m/s, n=88m, (C), (D) burning profiles of the fuels,  (C) s=2m, u=8m/s and n=68m, t=1400s, 

(D) s=2m, u=10m/s, n=88m, t=1500s 

 

Figure 17 shows the relationship between heat release rate and time for Case (A) s=3m, u=10m/s 

and n=52m, and Case (B) s=4m, u=6m/s or 8m/s, n=104m, varying the water drop area. Figures 17(C) 

and (D) show the fire spreading profiles of Case (A) at t=3000s and Case (B) at 3200s, respectively. 

The fire spread is protected by the water drop of Case A-(2) W=8m x L=30m, Case A-(3) W=8m x 

L=52m, Case B-(2) W=8m x L=80m, Case B-(4) W=8m x L=104m. The fires at s=3m and s=4m do 

not jump over the water drop area and detour both sides of the water drop area. Therefore, if the spaces 

(s) are much larger, much fewer water dropping can stop the fire spread. 
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Figure 17 - (A) and (B): Relationship between heat release rate and time, varying water drop area,  and (C) and (D): 

Fire spreading patterns, varying the water drop area, (A) s=3m, u=10m/s, n=52m, n=52m, (B) s=4m, u=6m/s or 8m/s, 

n=104m, (C) s=3m, u=10m/s, n=52m, t=3200s, (D) s=4m, n=104m, t=3000s, (1)-1: u=8m/s, no water, (1)-2: u=8m/s, 

water- W=8m x L=80m, (2)-1: u=6m/s, no water, (2)-2: u=6m/s, water- W=8m x L=80m. 

 

 

If the fuel distributes very densely like s=0m, even the water belt dropped in the area of 20m x 60m 

may not be sufficient to stop the fire spread perfectly, since fires may detour both sides of the water 

belt or jump over the water belt. To stop such fire spread, much larger water belt may be needed. If 

the fuels distribute discretely such as s=3m or 4m, the water belt of 20m x 40m may be able to stop 

the fire spread. However, helicopters carry only about 0.5tons=500kg of water in the suspending 

bucket, but it is too few, since the water density on the ground is only 500kg/20m/40m=0.6kg/m2 [7]. 

An aircraft carrying the water of 20tons can drop the water with the density of 25kg/m2 in the area of 

20m x 40m, which is far better than those by helicopters. In this study, the selected way is to drop 

water in the downwind area slightly away from the fire front, eventually on a strongly burning area. It 

is dangerous for helicopter to fly in the hot and smoky sky, just above the fires. If helicopters fly at 

higher altitude and higher flight speed like larger aircrafts, it may be safe, but too few water drop may 

be disperse into mists in the sky. Therefore, large aircrafts carrying large amount of water, flying much 

higher altitude than helicopters, and passing through the smoke quickly above the burning fires, are 

needed to make such a large water belt. In the future, the water drop in an aerial firefighting may be 

done in much more effective ways based on the combination of the infrared reconnaissance of burning 

areas and the real-time CFD simulations of the burning profile of forest fires. 

 

 

CFD simulations have been made to examine the effect of water dropped belt by an aerial fire-

fighting to protect the fire spread. Some relationships are found, such as linear relationship between 

the heat release rate and the wind speed or the length of ignition heat source. The selected way in this 

study is to drop water in the downwind area slightly far from the fire front which may be more strongly 

burning place, making a water belt to reduce the radiative heat transfer to the fuels in the downwind 

area. However, if the fuel distributes densely, the water belt dropped in the area of 20m x 60m may 

not be sufficient to stop the fire spread, since the fires may detour both sides of the water belt ort jump 

over the water belt. However, the water drops are very effective to delay the fire spreading speed. If 
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the space distance between adjacent fuels is larger than 3m or 4m, the water belt may be able to protect 

or extremely delay the fire spread. One problem is the amount of water to realize a water belt to protect 

the fire spread, since helicopters carry about 0.5 tons of water in the suspended buckets, which is too 

few and it is dangerous for helicopter to fly in the hot and smoky sky. If helicopters fly at higher 

altitude, it may be safe, but too few water drop may be disperse into mists in the sky. Large aircrafts 

carrying large amount of water such as 20tons are needed to make such a large water belt.   
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