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Highlights:  12 

• A gas analysis system is used to accurately characterize the heat balance  13 
• The cooling power of the spray is estimated using a single temperature measurement 14 
• The water spray is well characterized experimentally and numerically 15 
• The cooling power of the spray is underpredicted by about 34 % 16 
• The reduction in the radiative heat flux to the surroundings has not been predicted 17 

 18 

Abstract: 19 

This paper presents a detailed experimental and numerical study on the interaction, at a reduced 20 
scale, between a turbulent buoyant propane flame of about 15.5 kW and a water mist spray with 21 
a flow rate of 0.43 L/min from a nozzle positioned at 1 m above the burner. The water spray has 22 
been characterized experimentally without a fire, by measuring the water mass flux and droplet 23 
size distributions at the level of the burner surface. The whole assembly was installed under a 24 
hood and the following three parameters were measured: (1) the chemical heat release rate 25 
(HRR) (using the oxygen consumption method), (2) the rise in gas temperature at the top, and (3) 26 
the radiative heat flux at 0.72 m from the axis of the burner and at a height of 0.05 m. Reductions 27 
of about 40% and 30% were recorded for, respectively, the gas temperature (in the hood) and the 28 
radiative heat flux, while the chemical HRR did not change. Computational Fluid Dynamics 29 
(CFD) simulations with the Fire Dynamics Simulator (FDS, version 6.7.0) predicted relatively 30 
well the gas temperature, without a reduction in the HRR, but, in contrast to the experiments, the 31 
radiative heat flux did not change.  32 

Keywords: water mist; turbulent buoyant flame; experiments; CFD  33 

 34 

1. Introduction 35 

Water mist sprays are widely used in the suppression and control of fires. It is well-known that 36 
water mist spray systems can: (1) suffocate the fire (reduced oxygen supply), (2) block thermal 37 
radiation, and (3) cool smoke. A specific configuration in this regard is when the water spray is 38 
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positioned directly above the heat source, as is the case in the present study. It is important to 39 
first characterize the water mist spray pattern, given the variety of patterns that could be 40 
generated using the same spray nozzle. For example, in [1] and [2], water sprays from a single 41 
nozzle and a multi-nozzle set-up were characterized in terms of droplet diameter distribution, 42 
water flux, and droplet velocities.  43 

The interaction between a water mist spray and several types of heat source, such as hot air jet, 44 
liquid fuel fires, gas fuel fires, and wood-crib fires, has been studied in [3–5]. In [3], velocity 45 
fields of the ceiling layer were measured. Under the effect of the water spray, the peak velocity 46 
in the ceiling jet was reduced by 50% and the layer thickness increased by a factor of 4. In [4] 47 
and [5], the suppression and extinguishment of liquid and wood-crib fires were studied for 48 
different water mist spray conditions.  49 

However, such experiments are very costly. Therefore, Computational Fluid Dynamics (CFD) 50 
simulations are a very useful ‘support’ tool in this context. In [6] and [7], e.g., the influence of a 51 
water mist spray on the ceiling-jet underneath a horizontal ceiling plate, created by a vertical 52 
upward jet of hot air, was reproduced very well. In [8], it has been reported that the heat release 53 
rate (HRR) instantaneously increased by the water mist flow just before rapidly decreasing 54 
because the high-speed water mist jet flow pushed the fuel vapor to the side. Some parameters of 55 
the water mist spray were carefully selected to get numerical results that are similar to the 56 
experiment.  57 

The main goal of the present study is to provide a new and well-documented set of experimental 58 
data for the assessment of CFD simulations. More particularly, prior to the fire-water interaction 59 
test, a detailed characterization is sought for (1) the water mist spray in the absence of any fire-60 
driven flow, and (2) the fire source in the absence of water. The influence (or not) of the water 61 
mist spray on the fire-driven flow is examined experimentally and numerically (using the Fire 62 
Dynamics Simulator (FDS), version 6.7.0 [9]) by analyzing (1) the chemical HRR, (2) the gas 63 
temperature at the level of the hood (in order to estimate the convective heat flow), and (3) the 64 
thermal radiation to the surroundings.  65 

 66 

2. Experimental study 67 

A full description of the experimental set-up has been reported in [10]. There are though few 68 
differences such the shape of the hood to collect the combustion products and the positions of 69 
measurement devices. Only the most important aspects are briefly mentioned here.   70 

 71 

2.1 Experimental apparatus and conditions 72 

Figure 1 shows a schematic diagram of the experimental apparatus. The fire source is a propane-73 
gas porous bed burner (diameter 0.15 m). A mass flow meter monitors the mass flow rate of 74 
propane gas consumed by the burner. In order to characterize the fire source in the absence of the 75 
water mist spray, a thermocouple tree was positioned on the centerline, with 17 thermocouples 76 
above the burner surface. Temperatures were recorded for 1200 s, with quasi-steady state time 77 
averaged values calculated over a period of 600 s. Radiation corrections were performed [11]. 78 



3 
 

For the spray, the water pressure and flow rate of water in the pipe were measured by a pressure 79 
gauge and flowmeter, respectively. In this study, the full cone spray nozzle was operating at a 80 
pressure of 0.246 ± 0.003 MPa, delivering a flow rate of 0.439 ± 0.065 L/min through a 0.69 81 
mm-diameter orifice. A photo of the water spray pattern near the injection is shown in Fig. 2 82 
(left). The spray angle covering most of the droplets is about 56°, but some droplets are observed 83 
further outward (an angle of 90° covers them all). Measurements of the water flow rate 84 
distribution were carried out, in the absence of any fire-driven flow, using the mass of water 85 
collected by 15×15 plastic cups with an inner diameter of 56 mm and an outer diameter of 62 86 
mm (Fig. 2, right). 87 

 88 

  89 

Fig. 1. Experimental apparatus, showing the fire source, water spray system, exhaust system and 90 
gas analysis system. 91 

 92 

                  93 

Fig. 2. Photo of spray angle (left) and schematic diagram of the positioning of the cups to 94 
measure the water flow rate distribution at the burner surface (right). 95 

 96 

The droplet size distribution was determined from pictures with a microscope camera, collecting 97 
droplets on a petri dish with thinly spread castor oil, using the three–point measurement method 98 
[12, 13]. The droplets were collected at the fire source height and at three radial positions: r = 99 
0.0, 0.1, and 0.2 m (called hereafter A, B, and C). At each position, more than 1000 droplets 100 
were collected and measured, respectively. However, some droplets collided and coalesced, 101 
creating large droplets. These ‘abnormally’ large droplets were disregarded. The quality of the 102 
representation of the droplet size distribution could only be done a posteriori, based on the water 103 
mass flux distribution at floor level. The good agreement between simulation results and 104 
experimental data gives confidence in the prescribed droplet size distribution as is. 105 
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In the exhaust duct, an average volume flow rate of 0.187 m3/s was set before starting the 106 
experiment. Four meshes were installed at the sides of the experimental apparatus between the 107 
hood and the water collection tank to make the ambient air flow more uniform (Fig. 1). The 108 
aperture of the mesh is 0.98 mm and the wire diameter is 0.29 mm, so the aperture ratio is 59.6 109 
%.  110 

In the gas analysis system, after extraction and collection of the combustion products, soot and 111 
water vapor were removed by a filter and a dehumidifier, and the gas analysis was carried out to 112 
measure the concentrations of oxygen, carbon dioxide, and carbon monoxide. Moreover, the 113 
mass flow rate of smoke in the duct was determined from measurements of the smoke velocity 114 
and temperature in the duct, using a combination of a Pitot tube and a fine differential pressure 115 
gauge, and a thermocouple, respectively. One thermos-hygrometer was installed to measure the 116 
temperature, T0, and humidity, h0, of ambient air outside of the experimental apparatus. A second 117 
thermos-hygrometer was installed to measure the temperature, TA, and humidity, hA, of the gas 118 
before the gas analyzers.  119 

Furthermore, the radiative heat flux, qrad, was measured at a horizontal distance of 0.72 m from 120 
the fire source and a height of 0.05 m above the burner surface using a 120°-solid angle water-121 
cooled gauge. The temperature, Th, at the top of the hood was measured by a thermocouple 122 
installed at a height of 2.34 m from the surface of the fire source. 123 

In this study, three experiments have been conducted: (1) an experiment to characterize the fire 124 
source, (2) an experiment to characterize the water mist spray, and (3) an experiment addressing 125 
the interaction between the two. In the latter, ignition occurred 2 minutes after the start of the 126 
measurements. After a free-burn period of 11 minutes, the water spray was activated. The 127 
interaction between the spray and the fire lasted 5 minutes. Ten minutes later, the supply of 128 
propane gas was stopped (referred to hereafter as extinction). The rise in temperature at the top 129 
of the hood, ΔT, and the results of the gas analysis were used to estimate the convective heat 130 
flow, , and the combustion efficiency, χ, respectively. The convective heat flow was 131 

calculated as: 132 

             (1) 133 

where d is the mass flow rate in the duct and c is the specific heat of air (c = 1006 J/(kg・K)). 134 
In the absence of water, Eq. (1) is indicative of the convective heat release rate from the fire. In 135 
the presence of a water spray, the convective heat flow is expected to be reduced due to 136 
evaporative cooling. In other words, the difference in (before and after the spray) is 137 
interpreted as the rate of heat absorbed by water. The combustion efficiency was calculated as: 138 

          (2) 139 

where  is the chemical HRR calculated by the oxygen consumption method [14] and is 140 

the HRR for complete combustion estimated from the mass flow rate of the fuel. The latter two 141 
parameters are calculated as: 142 

    (3) 143 
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          (4) 144 

where E′ is the net heat of combustion per unit volume of oxygen consumed at standard 145 
conditions (of 25 °C and 1 atm) and for complete combustion (E′ = 17.2 MJ/m3), E″ is the net 146 
heat of combustion per unit volume of oxygen consumed at standard conditions in the burning of 147 
carbon monoxide (E″ = 23.1 MJ/m3), X°O2 is the volume fraction of oxygen in the ambient air, f 148 
is the fraction of depleted oxygen going into the formation of carbon monoxide,  is the fraction 149 
of oxygen depleted, VA is the volume flow rate of air at standard conditions, f is the mass flow 150 
rate of the propane gas, and ΔHT is the lower calorific value of propane gas (ΔHT = 46.0×103 151 
kJ/kg [15]). The calculation procedure to estimate the uncertainties of the measurements is 152 
provided in [10]. 153 

 154 

2.2 Experimental results 155 

2.2.1 Fire without spray 156 

The measured profiles of , , and  (see Eqs. (1), (3), and (4)) are shown in Fig. 3 157 

(left). The average HRR values and the second order standard deviations, determined as the 158 
mean values between 1080 and 1680 s under the assumption of quasi-steady combustion, are: 159 

 = 12.05±0.35 kW (2σ = 2.41),  = 14.76±2.73 kW (2σ = 2.55),  = 15.43±0.14 kW 160 

(2σ = 0.02). This implies a combustion efficiency of about χ = 96 %. 161 

 162 

   163 

Fig. 3. Evolutions of HRR (left) and radiative heat flux (middle) and temperature rise (right) at 164 
the top of the hood over time (no water spray). 165 

 166 

The radiative heat flux profile displayed in Fig. 3 (middle) shows a continuous slight rise as the 167 
hood and the burner walls gradually heat up. The average values are 0.567 kW/m2 (2σ = 0.002) 168 
and 56.38 K (2σ =7.55), respectively. In Fig. 4, the measured average temperature profile over 169 
height on the centerline is shown. The measurements compare well to McCaffrey’s correlation 170 
[16].   171 

 172 
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 173 

Fig. 4. Evolution of time-averaged measured temperature along the centerline above the burner. 174 

2.2.2 Water spray without fire 175 

Figure 5 shows the measurements for the distribution of the water mass flux at the burner 176 
surface. The starting point of axis is the center of the fire source surface and the positive 177 
direction of x-axis is along with the direction of the duct. Clearly, there is no perfect circular 178 
shape. A spatial integration of the profile displayed in Fig. 5 leads to a water flow rate that is 179 
12% higher than the measured flow rate at the injection. This is indicative of the uncertainty 180 
level in the water mass flux distribution measurements. 181 

   182 

Fig. 5. Water mass flux distribution.  183 

         184 

Fig. 6. Droplet size distributions. 185 
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Figure 6 shows the droplet size distribution of 1000 droplets at the 3 locations mentioned above, 186 
as well as the overall droplet size distribution considering all the droplets collected at the 3 187 
locations.  188 

It can be observed that the further the collection point from the center is, the higher is the droplet 189 
diameter at which the peak in the number of droplets occurs. This is expected because the small 190 
droplets are ‘easily’ entrained in the core of the spray, whilst the larger ones (with a higher 191 
momentum) are able to follow their ‘own’ trajectory. The Sauter mean diameter (SMD) and the 192 
volume-median diameter (VMD), DV0.5, are reported in Table 1. 193 

 194 

Table 1. Mean droplet diameters 195 

(h, r) A (0, 0) B (0, 100) C (0, 200) Total 
SMD [µm] 244.7 209.2 241.7 233.9 
Dv0.5 [µm] 306.8 234.0 253.0 258.2 

 196 

 197 

  198 

  199 

Fig. 7. Comparison of measured droplets size distributions to Eq. (5). 200 

 201 

The measured and approximated cumulative volume fraction (CVF) distributions are shown in 202 
Fig. 7. The estimated CVF combines log-normal and Rosin-Rammler distributions [17]: 203 
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    (5) 204 

where D is the droplet diameter, γ is the spread factor, and σ is a standard deviation calculated as: 205 

          (6) 206 

The measurements follow Eqs. (5) and (6) well, except at position A for diameters larger than 207 
350 µm. 208 

 209 

2.2.3 Water spray-flame interaction 210 

Figure 8 shows the measured profiles of , ,  (from Eqs. (1), (3), and (4)), and 211 

which is the difference of convective heat flow between before and after starting water 212 
spraying. In this study, the results are evaluated during three stages: (1) before water spraying 213 
(Phase 1), (2) during water spraying (Phase 2), and (3) after water spraying (Phase 3). The time 214 
periods considered as steady-state for each stage are: 600–780 s, 900–1080 s, and 1500–1680 s. 215 
The average values and the second order standard deviations are reported in Table 2. The 216 
convective heat flow decreased by 41.59% between phase 1 and phase 2.  As the slight decrease 217 
in combustion efficiency during phase 2 is within the uncertainty range, it can be stated that the 218 
combustion efficiency is not affected by the water spray. Figure 9, showing the radiative heat 219 
flux (left) and temperature rise (right) at the top of the hood, illustrates that qrad, and ΔT decrease 220 
by about 28.32±0.23% and 43.16±3.16% in Phase 2, but the fire was not suppressed. 221 

 222 

 223 

Fig. 8. Evolution of HRR values before, during and after the water spray activation. 224 
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        226 

Fig. 9. Experimental results of radiative heat flux (left) and temperature rise (right) at the top of 227 
the hood before, during and after the water spray activation.  228 

 229 

Table 2. Summary of time-averaged results and the second order standard deviations before 230 
(Phase 1), during (Phase 2) and after (Phase 3) activation of the water spray. 231 

 Phase 1 Phase 2 Phase 3 
 Average 2σ Average 2σ Average 2σ 

χ [%] 98 - 97 - 97 - 
 [kW] 15.44±0.14 0.03 15.44±0.14 0.03 15.44±0.14 0.03 

 [kW] 15.07±2.39 2.38 14.96±2.46 2.57 14.94±2.42 2.50 

 [kW] 11.67±0.38 2.23 6.82±0.35 1.96 12.09±0.39 2.50 

 [kW] - - 4.85 1.96 - - 
qrad [kW/m2] 0.558±0.001 0.033 0.393±0.001 0.028 0.523±0.000 0.013 
ΔT [K] 55.12±1.52 7.46 31.33±1.51 7.16 56.47±1.57 9.15 

 232 

3. Numerical study 233 

3.1 Computational domain 234 

Figure 10 shows the computational domain and mesh blocks. Unlike in the experimental 235 
apparatus, the duct section is a square, rather than circular, but the exhaust velocity was set to 236 
vduct = 3.727 m/s, yielding the same volume flow rate as in the experiments. The computational 237 
domain was divided into 35 blocks, as indicated by the dashed lines in Fig. 10. There is a space 238 
of 512 mm (chosen based on the cell size) further from the hood to minimize the effect of the 239 
‘open’ boundary condition on air entrainment. The burner, the hood, the water receiving tank and 240 
the duct were modeled as a 1 mm thick stainless steel with an emissivity of 0.34, a density of 241 
7817.0 kg/m3, a conductivity of 16.3 W/(m·K), and a specific heat of 0.46 kJ/(kg·K).  242 

gasQ!

chQ!
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    243 

Fig. 10. Computational domain and blocks: side view (left) and top view (right). 244 

 245 

3.2 Free burning 246 

The temperature at the top of the hood, the central temperatures of the fire plume, and the 247 
radiative heat flux were measured at the same positions of the experimental set-up. The fire 248 
source was modeled as a square with a side length of 0.128 m. A heat release rate per unit area of 249 
898.7 kW/m2 was prescribed, which corresponds to the HRR of  = 14.8 kW, as measured in 250 
the experiment. Soot and CO yields of respectively 2.4% and 0.5% were prescribed. The default 251 
FDS 6.7.0 model settings have been used, e.g., a radiative fraction of 0.3. The simulation time 252 
was 60 s and steady-state results were obtained after 30 s. Averaged values have been 253 
determined over the last 30 s of the simulations, to compare to the experimentally measured 254 
values. 255 

Three cell sizes have been tested: 8 mm, 16 mm, and 32 mm. In the cell sensitivity analysis, the 256 
computational domain was reduced by removing the additional space at the sides and thus, 257 
reducing the computational times. The temperature distributions along the centerline are shown 258 
in Fig. 11 (left). No substantial differences are observed between the 8 mm and the 16 mm 259 
simulations. Therefore, the latter was chosen as the cell size for the remainder of the simulations 260 
in this study. 261 

It is also important to assess the impact of the number of angles to resolve the radiative heat 262 
transfer (which is calculated with the finite volume method in FDS). The default number of 263 
angles is 100. A sensitivity analysis has been carried out on this parameter by considering also 264 
the values of 400, 800, 1200, 2400, and 3600 on the 16 mm mesh (Fig. 11, right). However, 265 
increasing the number of angles leads to an almost linear increase in computational time as well 266 
(from about 500 min for 100 angles to about 2000 min for 3600 angles; note that the simulation 267 
time has been reduced to 30 s, with averaging over the last 10 s, in order to reduce computing 268 
times). Taking this into account, a number of angles of 800 seems a good balance between 269 
‘accuracy’ and computational time. Assuming the radiative heat release rate in case of 800 270 
angles has already reached a steady state, a difference of the heat release rate between 800 angles 271 
and 3200 angles was within 5%. 272 

 273 

chQ!
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         274 

Fig. 11. Mean temperature along the centerline above the burner for different cell sizes (left) and 275 
radiative heat flux at the top of the hood for different numbers of angles for radiation (right) 276 

 277 

3.3 Water mist spray 278 

For the water mist spray simulations in the absence of fire, the computational domain was 279 
reduced to 1600 × 1600 × 1664 mm3 with a passive opening to the outside at all faces. The 280 
default FDS 6.7.0 model settings have been used, unless mentioned otherwise. Numerical 281 
devices to measure the spray distribution were positioned at the burner height: 15 in the x and y 282 
directions, starting from the center and with 64 mm distance between each device. The 283 
measurements provided by each device were based on droplets collected within a 32 mm-radius 284 
sphere. The spray nozzle was installed at 0.992 m above the measurement points. The settings 285 
for the base case are reported in Table 3. The initial velocity was calculated as: 286 

          (7) 287 

where ρd is the water density (1000 kg/m3) and ΔPw is the operational pressure of the nozzle. The 288 
constant C accounts for friction losses in the nozzle, estimated as C = 0.95.  289 

 290 

Table 3. Base case settings for simulations of the water spray (no fire) 291 

Parameter Value 
Water flow rate [L/min] 0.43 

Pressure [MPa] 0.25 
Initial velocity [m/s] 21.24 

OFFSET [m] 0.032 
Orifice diameter [mm] 0.69 

Spray angle [°] 56 
 292 

Figure 12 (left) shows results for the water flux on meshes with a uniform cell size of 8 mm, 16 293 
mm, or 32 mm. The cell sizes of 8 mm and 16 mm yielded very similar results for the spray 294 
distribution. A cell size of 16 mm is used for the remainder of the simulations. 295 

It is also important to assess the sensitivity of the results to the number of computational droplets 296 
injected per second. Four different values have been tested on the 16 mm mesh: 5000 (which is 297 

0
2 w

d

Pv C
r
D

=



12 
 

the default value in FDS 6.7.0), 50000, and 500000. Figure 12 (right) shows that the numerical 298 
profiles were not ‘perfectly’ symmetrical until a value of 50000 droplets per second was used. 299 
Thus, the latter value was used for the remainder of the simulations. 300 

 301 

 302 

Fig. 12. Water mass flux obtained on different meshes (left) and with different numbers of 303 
droplets per second (right). 304 

 305 

3.4 Water mist spray-flame interaction 306 

The computational time was set to 90 s, with combustion over the entire period and the water 307 
mist spray activated during the last 30 s. The results were averaged half time during each phase 308 
(i.e., the last 30 s before activating the water mist spray, and the last 15 s of the simulations).  309 

3.4.1 Heat release rate 310 

The HRR post-processed in FDS [18] is compared to the experimental HRR, , in Fig. 13 311 
(left). The average values in FDS were 14.8 kW in Phase 1 and 14.5 kW in Phase 2. This is in 312 
line with the experimental observations in that the HRR is not affected by the water spray. 313 

             314 

Fig. 13. Comparison CFD results with average of experimental data: HRR (left) and temperature 315 
rise at the top of the hood (right). 316 

 317 

3.4.2 Temperature rise at the top of the hood 318 

Figure 13 (right) shows the evolution of the temperature rise at the top of the hood. The average 319 
value (49.9oC) from the CFD results is somewhat below the experimental value (55.1oC) in 320 
Phase 1. This can be partially attributed to inaccuracies in the calculations of the heat losses to 321 
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the burner. The agreement in Phase 2 (31.9oC vs 31.3oC) is excellent. The reduction in 322 
temperature rise is relatively well captured. 323 

 324 

3.4.3 Radiative heat flux 325 

Figure 14 shows the results for the radiative heat flux. In the CFD results, the radiative heat flux 326 
does not decrease during the activation of the water spray, in contrast to what is observed 327 
experimentally. Actually, the mean value even slightly increases (by about 3 %). Much stronger 328 
fluctuations are observed in the radiative heat flux after activation of the water spray.  329 

 330 

Fig. 14. Comparison CFD results with experimental data: radiative heat flux.  331 

The time-averaged temperature contour plots of phase 1 (before activation of the water spray) 332 
and phase 2 (after activation of the water spray) are shown in Fig. 15. The averaging period is 15 333 
s. The irregular patterns in the contour plots indicate that the averaging period is too short, but 334 
longer averaging is left for future work. Nevertheless, the contour plots as they are, indicate an 335 
overall shortening of the flame under the effect of the water spray, but little effect on the high-336 
temperature region close to the burner. If anything, the region of high temperature (red and 337 
orange color) is even a bit larger after activation of the spray. This might explain the slight 338 
increase in the predicted radiative heat flux. Another important aspect to mention is that the 339 
flame sheet (i.e., the flame surface) cannot be resolved. This is typical for fire simulation and 340 
hence a radiative fraction can be defined in FDS, version 6.7.0, such that the overall radiation 341 
from the flame is set to a fraction of the total heat release rate. As such, turbulence - radiation 342 
interaction is somehow accounted for and the overall radiation is fixed, despite the fact that 343 
flame temperatures cannot be calculated accurately on the CFD mesh. To date, we used the same 344 
radiative fraction (equal to 0.3) before and after activation of the water spray. This deserves 345 
investigation in the future, but can explain why there is so little effect on the radiative heat flux 346 
in the simulation results at the moment. Another explanation might be that the influence of water 347 
on soot, and its subsequent effect on thermal radiation, is not well accounted for in the 348 
modelling. In any case, a more detailed study is required to analyze the absence of ‘radiative 349 
shielding’ in the simulations, but this is left for future work. An important factor to bear in mind 350 
is that the flame sheet (i.e., the flame surface) is not well-resolved, leading to inaccuracies in the 351 
temperature calculations. As a consequence, the radiative fraction is not well-predicted (recall 352 
the fourth power dependence on the temperature) and thus, the prescribed radiative fraction of 353 
0.3 continues to be used during water spraying. Another explanation would be that the influence 354 
of water on soot and its subsequent thermal radiation is not well accounted for in the modelling. 355 
A more detailed study is required to analyze the absence of ‘radiative shielding’ in the 356 
simulations. 357 
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 358 

Fig. 15. Time-averaged contour plots of temperature distribution over 15 s. 359 

 360 

3.4.4 Heat absorbed by the droplets 361 

In FDS, the heat absorbed per unit time by the droplets, , is post-processed as an output 362 

[18] . The obtained value is = 3.68 kW. This value is relatively in good agreement with the 363 

reduction in the convective heat flow, = 3.20 kW (see Fig. 16). This is quite interesting 364 
knowing that the former stems from an integration of local values over the whole domain and for 365 
all the droplets, whereas the latter is estimated from a local measurement of the gas temperature 366 
and mass flow rate near the exhaust duct. Furthermore, the slightly higher value (by 15 %) of the 367 
heat absorbed by the droplets might be attributed to thermal radiation attenuation by the droplets 368 
(in addition to smoke cooling that is associated to the convective heat flow). These aspects will 369 
be further analyzed and can contribute to a more detailed assessment of heat transfer around 370 
droplets in fire-driven flows.   The predicted reduction in the convective heat flow is 371 
underpredicted by 34 % (the experimental value is = 4.85 kW), despite the good 372 
agreement in the temperature at the water spraying stage, see Fig. 16. The deviation is attributed 373 
to the underprediction in the gas temperature prior to water activation, see Fig. 16. 374 

 375 

   376 

Fig. 16. Computational result of the heat absorption rate. 377 

 378 
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4. Conclusion 379 

The goal of this study is to assess the current CFD capabilities for the prediction of the 380 
interaction between a water mist spray and a turbulent buoyant flame.  381 

First, three experiments were conducted: (1) an experiment to characterize the fire source (heat 382 
release rate, combustion efficiency, thermal radiation to the surrounding, temperature profile in 383 
the centerline), (2) an experiment to characterize the water spray (droplet size distribution and 384 
water mass flux distribution), and (3) an experiment addressing the interaction between the two 385 
(reduced convective heat flow rate, thermal radiation, and heat absorbing by droplets). As a 386 
result, the temperature at the top of the hood and the radiative heat flux decreased about 40% and 387 
30%, respectively, while the rate of chemical heating did not change during the activation of the 388 
water mist spray. It is important to recall that this outcome is not representative of all the 389 
possible expected effects of mist systems, e.g., flame cooling. Nevertheless, the obtained dataset 390 
is very useful for the assessment of the current CFD capabilities.    391 

Second, a CFD study of the interaction between the fire and the water spray has been undertaken 392 
with, first, a separate numerical characterization of the fire source and the water mist spray. A 393 
sensitivity analysis for the free-burning flame simulation has shown that a cell size of 16 mm and 394 
a number of solid angles of 800 were ‘appropriate’ for the case at hand. For the water mist spray 395 
simulation, a cell size of 16 mm is also shown to be ‘appropriate’, in addition to a number of 396 
500000 droplets per second.  397 

Similarly to the experiments, the CFD study shows that the heat release rate remains constant 398 
during the activation of the water mist spray. A relatively good agreement was also obtained for 399 
the gas temperature at the extraction duct during water spray activation. An underprediction of 400 
the temperature prior to water spray activation resulted in an underprediction of the overall 401 
convective heat flow reduction. Furthermore, it has been shown that the heat absorption rate by 402 
the fine droplets can be estimated from the convective heat flow rate, which is based on the 403 
temperature and the mass flow rate of gas near the hood.  404 

However, as opposed to the experiments, the predicted radiative heat flux did not decrease 405 
during water spray activation. This is primarily attributed to the fact that the radiative fraction is 406 
not well-resolved because the temperature near the flame surface cannot be calculated exactly on 407 
the coarse numerical grid. Nevertheless, further analysis is required to explain the discrepancy 408 
with the experimental result. 409 
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Figure captions 461 

Fig. 1. Experimental apparatus, showing the fire source, water spray system, exhaust system and 462 
gas analysis system. 463 

Fig. 2. Photo of spray angle (left) and schematic diagram of the positioning of the cups to 464 
measure the water flow rate distribution at the burner surface (right). 465 

Fig. 3. Evolutions of HRR (left) and radiative heat flux (middle) and temperature rise (right) at 466 
the top of the hood over time (no water spray). 467 

Fig. 4. Evolution of time-averaged measured temperature along the centerline above the burner. 468 

Fig. 5. Water mass flux distribution. 469 

Fig. 6. Droplet size distributions. 470 

Fig. 7. Comparison of measured droplets size distributions to Eq. (5). 471 

Fig. 8. Evolution of HRR values before, during and after the water spray activation. 472 

Fig. 9. Experimental results of radiative heat flux (left) and temperature rise (right) at the top of 473 
the hood before, during and after the water spray activation. 474 

Fig. 10. Computational domain and blocks: side view (left) and top view (right). 475 

Fig. 11. Mean temperature along the centerline above the burner for different cell sizes (left) and 476 
radiative heat flux at the top of the hood for different numbers of angles for radiation (right) 477 

Fig. 12. Water mass flux obtained on different meshes (left) and with different numbers of 478 
droplets per second (right). 479 

Fig. 13. Comparison CFD results with average of experimental data: HRR (left) and temperature 480 
rise at the top of the hood (right). 481 

Fig. 14. Comparison CFD results with experimental data: radiative heat flux. 482 

Fig. 15. Time-averaged contour plots of temperature distribution over 15 s. 483 

Fig. 16. Computational result of the heat absorption rate. 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 
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A. Estimation of the uncertainties in the Heat Release Rate (HRR) calculations 492 

In this experiments, the measurement uncertainties of Qconv, Qch, and Qgas were calculated as: 493 

         (19) 494 

U is Measurement uncertainty at a 95% confidence level, B is the bias limit, Student’s t value is 495 
the estimate value of the precision error limit and evaluated as two because the data measured 496 
at 1-s intervals and evaluated the value averaged for 180 seconds, and  is the precision 497 
index of average. Qconv, and Qch were calculated using many parameters measured as follow. 498 

        (20) 499 

      (21) 500 

These parameters have the bias limit and the precision index of average, respectively. 501 
Therefore, the bias limit and the precision index of average were estimated as follows: 502 

     (22) 503 

    504 

           (23) 505 

     (24) 506 

507 

            (25) 508 

Table 2 lists the bias limits for all the instruments, the precision indexes of average for all the 509 
measurement values, and sensitivity for all measurement values.  510 

 511 

Table 4 List of all the bias limits and the precision index of average 512 

 Parameter i Description Units Bi  θi 

 
ΔP Pressure difference in the duct Pa 2.5×10-1 7.2×10-2 7.1×10-1 
Td Temperature in the duct K 1.0 7.2×10-2 1.8×10-2 
Td Temperature in the duct K 1.0 7.2×10-2 5.8×10-1 
Th Temperature in the top of the hood K 1.0 1.5×10-1 2.1×10-1 
T0 Ambient temperature K 1.5×10-1 2.5×10-3 2.1×10-1 

 
 O2 volume fraction - 1.7×10-6 1.7×10-4 3.8×10-3 
 CO2 volume fraction - 1.1×10-6 2.4×10-6 7.8×10-6 
 CO volume fraction - 1.1×10-8 2.3×10-8 1.3×10-11 

( )( )1/222
XU B tS= ±

XS

( )0, , ,conv d hQ func T P T T= D

( )2 2 0 0, , , , , , , ,ch O CO CO d A AQ func X X X T P T h T h= D

( ) ( ) ( ) ( ){ }0 0

1/22 2 22

conv d d h hQ T T P P T T T TB B B B Bq q q qD D= + + +

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ){ }0 0 0 02 2 2 2

1/22 2 2 2 2 22 22

ch O O CO CO CO CO d d A A A AQ X X X X X X T T P P T T h h T T h hB B B B B B B B B Bq q q q q q q q qD D= + + + + + + + +

( ) ( ) ( ) ( ){ }00

1/22 2 22
conv d hd h

X X X X XQ T P T TT P T TS S S S Sq q q qDD= + + +

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ){ }0 02 2 0 02 2

1/22 2 2 2 2 22 22
ch O CO CO d A AO CO CO d A A

X X X X X X X X X XQ X X X T P T h T hX X X T P T h T hS S S S S S S S S Sq q q q q q q q qDD= + + + + + + + +

X iS

convQ!

chQ! 2OX
2COX

COX
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Td Temperature in the duct K 1.0 7.2×10-2 2.2×10-2 
ΔP Pressure difference in the duct Pa 2.5×10-1 7.2×10-2 7.1×10-1 
TA Temperature in the analyzer K 1.5×10-1 3.1×10-3 1.4×10-5 
hA Humidity in the analyzer % 2.0×10-2 1.7×10-15 4.4×10-3 
T0 Ambient temperature K 1.5×10-1 2.4×10-3 1.6×10-4 
h0 Ambient humidity % 2.0×10-2 2.0×10-2 3.9×10-3 

 513 

 514 


