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Abstract: This article presents a numerical analysis of the performance of three water mist fire
suppression systems, with different characteristics, on shielded fires as representing more realistic
fire scenarios in an enclosure. A diesel pool fire with a peak heat release rate (HRR) value of 75 kW
is covered by an obstacle above it with different shielding conditions to investigate the influence
of the obstacle size and the vertical distance between the obstacle and the nozzle on the efficiency
of the water mist systems. The obstacle prevents a large number of droplets from directly reaching
the fuel surface and flames. The modeling and numerical analysis of this study were carried out
by the fire dynamics simulator (FDS) programming tool, and the designed model was validated
against the experimental data for both dry and wet tests. The results show that two of the analyzed
mist sprays could successfully extinguish the shielded fires in a short time with an obstacle size of
25 cm x 25 cm and 50 cm x 50 cm, placed at two heights. However, the third mist system had a
longer extinguishing time compared to the first two nozzles. All three nozzles failed to suppress the
fire covered by the largest obstacle (1 m x 1 m). The shielding conditions and nozzle characteristics
can affect the performance of water mist systems to some extent.

Keywords: water mist system; shielded fire; fire suppression systems; CFD simulation; FDS

1. Introduction

Due to the increasing number of fire incidents and hazards in different spaces, the
development of active fire suppression systems has been at the center of attention recently.
Fire suppression systems are effective tools to control and extinguish fires preventing
death and injury, and severe damage to structures. Water-based fire suppression systems,
including water mist and water sprinkler systems, have been developed to control fires
effectively. According to NFPA 750 [1], water mist systems are classified into various types
based on different criteria, including system application, nozzle type, system operation
method, and system media type. Water mist systems can also be categorized as low-
pressure (pressure < 12.1 bar), intermediate-pressure (12.1 bar < pressure < 34.5 bar), and
high-pressure (34.5 bar < pressure) systems. The working pressure of the nozzles can
change the mist droplet size and dominant fire-extinguishing mechanisms.

The fire extinguishing performance of water mist systems has been discussed in
recent years. Although experimental fire tests (large-scale or reduced-scale experiments)
are generally very costly, their obtained results are valuable and significant in order to
design more effective fire suppression systems. There have been several experimental
tests analyzing the performance of water mist systems in various spaces like tunnels and
enclosures [2,3]. Laser-based experimental tests have been carried out to study water mist
and nozzle characteristics. These techniques, such as that facilitated by a phase doppler
particle analyzer (PDPA), have been developed to measure droplet size distribution and to
find out the optimal droplet size [4,5]. Laser experiments have been employed to measure
different characteristics, such as Sauter mean diameter (SMD, D32), velocity, cumulative
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volume diameter (CVM), and volumetric median diameter (VMD, Dv,50). For instance,
the characteristics of a low-pressure twin-fluid water mist system were measured using
a particle/droplet image analyzer (PDIA) technique to find out the optimum conditions
for extinguishing small pool fires [4]. Many studies have performed other laser-based
techniques to investigate the spray behavior and droplet size measurements [6-8].

In addition to the characterization studies, many efforts have been made to assess
and optimize the performance of water mist systems for different fire scenarios [9-12].
Yinshui et al. [13] suggested two ways to improve the suppression performance of water
mist systems. The first method is to decrease the flow rate and the spray angle and increase
the water discharge duration. The second way is to increase the flow rate and the spray
angle and reduce the water discharge duration. Other parameters, like the ventilation
condition in tunnels, can also impact the performance of water mist systems. Fan et al. [14]
investigated the effect of longitudinal ventilation in a tunnel fire, and they proposed the
optimal condition of a water mist system.

As mentioned before, due to the cost of experimental tests and engineering constraints,
numerical tools have been developed to simulate different fire scenarios. The fire dynamics
simulator (FDS) developed by the National Institute of Standards and Technology (NIST-
USA) is a popular open-source computational fluid dynamics (CFD) tool in the fire science
literature, and numerous research works have employed FDS to simulate different fire
scenarios and water mist systems [15-17]. The FDS prediction on the effectiveness of
mist application for different fire scenarios has been discussed and challenged by these
researchers. The details of the FDS modeling of the current work will be demonstrated in
the next section. Several papers have focused on the performance of water mist systems in
extinguishing fire scenarios in different environments like tunnels [18-20]. The immediate
temperature drop after using water mist systems was seen in an FDS modeling of an
enclosed-space fire suppression [21]. Although there are several successfully validated
models in the literature proving the capability of FDS for extinguishing simulations, Kim
and Ryou [22] reported their failure to simulate the suppression stage.

In real fire scenarios, the fire can be blocked by obstacles preventing mist droplets
from directly reaching flames and fuel surfaces. These obstacles above the fire can represent
the ceiling of cars and trains in road or railway tunnel fires or any other kind of shields in
enclosure fires. Thus, investigating the interaction between mist droplets and the shielded
fire is important. Fire extinguishing mechanisms, including endothermic cooling, oxygen
displacement, thermal radiation attenuation, and kinetics disturbance, are involved in
suppressing class A and B fires to some extent [23]. Ferng and Liu [15] demonstrated that
the dominant extinguishing mechanism for larger droplets is fuel surface cooling, and for
finer droplets, oxygen displacement and evaporation are used. However, the dominant
extinguishing mechanism in shielded fire suppression scenarios should be further discussed.
The general fire-extinguishing mechanisms are depicted in Figure 1. There is a limited
number of research studies focusing on shielded fires and suppression systems [24-26].
They have tried to assess the plume-spray thrust ratio and the interaction between the
upward fire plume thrust and the downward water mist thrust defined by Alpert [27].

Our current knowledge about shielded fires and proper extinguishing systems is
very limited. The shielded fire is a more realistic fire scenario, and the complex physics
happening in the area of shielded fire suppression is still unknown. In the current work,
three different water mist systems, including low-pressure and high-pressure single-orifice
nozzles, are employed to numerically investigate their capabilities to extinguish or control
the shielded fire in an enclosure using FDS. Three different obstacle sizes, two different
vertical distances between the obstacle and the nozzle, and different nozzle characteristics
are considered the variables of this paper. The validation of the FDS model against the
experimental data and the grid sensitivity analysis are reported in detail. A total number of
23 cases are defined, and the results are evaluated in terms of the extinguishing time, the
HRR evolution, and the temperature fields and the capability of water mist systems to con-
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trol fires with various shielding conditions is discussed. This research work contains valu-
able outputs that are useful for advancing mist technology and performance-based designs.
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Figure 1. General fire-extinguishing mechanisms in the presence of water mist spray.

2. Methodology
2.1. Numerical Procedure in FDS

One of the most reliable tools in fire-related topics is FDS (version 6.7.9) to solve the
Navier-Stokes equations for low-speed flows based on Large Eddy Simulations (LES) [28].
In order to visualize the results for postprocessing purposes, Smokeview (SMV) program is
used [29]. Some scripts are also written in MATLAB and Python environments for better
data visualization.

The basic governing equations in FDS, including mass, momentum, and energy
conservation equations and Radiation Transport Equation (RTE), are coupled to solve the
fire-mist problem. It should be noted that interested readers can refer to the FDS technical
reference guide [30] for detailed mathematical modeling of FDS and formulations. In
addition to the above-mentioned equations, the initial and boundary conditions must be
defined, and the equation of state should be added to make the complete set of equations.
It is worth mentioning that in FDS, air, fuel, and products consisting of primitive species
are considered lumped species to formulate combustion. Moreover, a pressure zone is
defined in this study by considering a bigger computational domain, and the external
boundaries are selected as ‘OPEN’. For air extraction, the ‘EXHAUST’ vent is considered
as the volumetric flow of the air blower is known. The general steps of the numerical
procedure of this study are depicted in Figure 2.
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Figure 2. Flow chart of the numerical procedure in FDS for the present study.

According to [28], there are three basic principles for simulating the water suppression
phenomenon in FDS, namely, transporting the water droplets through the air, tracking
the water along the solid surface, and predicting the reduction of the burning rate. The
local mass loss rate of the fuel and, consequently, HRR in the suppression model of FDS is

formulated as follows [28]:

iy (1) = m}roe-f k(t)dt 1)

where m} o is the mass loss rate per unit area in case of dry test, and k(t) is a function of the

water mass per unit area (i1,,) and is defined as follows:
k(t) = aringy (t) @)

The coefficient « is obtained experimentally or through sensitivity analysis. In FDS,
an ‘e_coefficient’ can be introduced to see the reduction in the burning rate in HRR curves
after nozzle activation.

The extinction and evaporation models in FDS and their formulations are demon-
strated here and can also be found in [28,30]. In order to simulate the flame extinction using
water mist droplets, two extinction models, namely ‘EXTINCTION 1" and ‘EXTINCTION
2" are introduced in FDS. The "EXTINCTION 1’ model is based on oxygen concentration,
whereas the ‘EXTINCTION 2’ model is based on both fuel and oxygen concentration. In
the current work, ‘EXTINCTION 2’ is implemented into the model. In this model, the
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Critical Flame Temperature (CFT—T() is of importance, and if the temperature of a cell
goes below the CFT, the fire is suppressed. The CFT can be calculated as follows:

AH./r
Tor = Ty + Xoj——— (3)
ncp

where Ty, Xo;, AH. /7, n, and ¢, are the initial temperature of the fuel/air mixture, the
limiting oxygen volume fraction, the heat of combustion per mole of oxygen consumed, the
number of moles of products of combustion per mole of fuel/air mixture, and the average
heat capacity of products of combustion, respectively [28].

Additionally, in order to capture the evaporation effect of water mist droplets on the
fire suppression process, it is critical to understand and define the evaporation model in
FDS. The heat and mass transfer in this model can be estimated as follows [31]:

% = —Apshmps (Yo — Yag) )

oV s — (1) M ®)

= i+ Aty (= Ty) 4 At (To =) + ] )
% = mglcg[Ap,shg(T,, —Tg) + %(ha,p — hag)] @)

o _ Lot (g, ) ®)

where the subscripts &, g, and p refer to the gas species, the average of the quantity in the cell
occupied by the droplet, and the liquid droplet, respectively. Y, ; is the liquid equilibrium
vapor mass fraction, Y, ¢ represents the local gas phase vapor mass fraction, T}, stands for
the droplet temperature, T is the local gas temperature, m,, displays the droplet mass, ¢
stands for the specific heat of the liquid, A, is the surface area of the liquid droplet, /i,
shows the mass transfer coefficient, g, is the droplet radiative heating rate, p, represents
the gas density, h, ¢ is the vapor-specific enthalpy, c; shows the gas-specific heat, i, is the
heat transfer coefficient between the droplet and the gas, Y ¢ is the vapor mass fraction of
the gas, my is the mass of the local gas, p 7 denotes the density of the particle film, 1y, hyp,
and ¢, represent the mass of the first node of the solid, the heat transfer coefficient between
the droplet and the solid, and the solid specific heat, respectively. It should be noted that
Equation (8) is employed when the droplets hit a wall surface.

After demonstrating the mathematical and physical explanations of the model, the
geometry and computational domain of the model are defined. The details about the
simulation process are presented in the next section.

2.2. Simulation Model

The dimensions and the properties of the compartment, and the fuel and material
characteristics are chosen according to the data presented by Jenft et al. [32]. The size of
the room is 4.20 x 4.30 x 3.05 m?, and the material properties are given in Table 1. The
diesel pool fire is defined by introducing a steel pan in the middle of the compartment with
the size of 30 x 30 x 10 cm3. The properties of the diesel are mentioned in Table 2. The
pyrolysis is introduced to the model by defining a specific heat release rate per unit area
(HRRPUA—KW/m?) and a peak HRR value of 75 kW. The HRR evolution is also extracted
from [32], and it is implemented into the model using a time ramp via the 'RAMP_Q’
function in FDS. The geometry of the FDS model representing the walls, the nozzle, the
pool fire, and the obstacle is displayed in Figure 3a, and the cross-section of the model
showing the grid can be seen in Figure 3b.
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Table 1. Material properties.

Material Conductivity (k) W/mk Specific Heat (cp) j/kgk Density (p) kg/m3
Concrete 1.575 1000 2100
glass 1 750 2500
steel 50 450 7800
wood 0.13 1600 500
Table 2. Fuel properties.
Common Formula Heat of Combustion (AH,) kj/kg Soot Yield kg/kg
Diesel CipHys 42,200 0.059
|“| ozzle + l
|
|
|
1 - -
|
|
|
’} obstacl
|
’\ Roolirs e
d
(a) (b)

Figure 3. (a) Snapshot of the model geometry in FDS and the (b) XZ plane of the grid.

Three single-orifice water mist systems with different nozzle characteristics, includ-
ing the operating pressure, the droplet size distribution, and the cone angle, were used
in this study. In order to analyze the effectiveness of water mist systems to control and
extinguish the shielded diesel fire, a variety of input and output parameters were con-
sidered. The variables include the size of the obstacle, the vertical distance between the
obstacle and the nozzle, and the characteristics of the nozzle. The characteristics of the
nozzles can be seen in Table 3. In this paper, a total number of 23 different cases have
been defined, as shown in Table 4. It is worth mentioning that a useful way to predict the
movement of liquid droplets on horizontal surfaces, like shielded fire cases, is to employ the
‘ALLOW_UNDERSIDE_PARTICLES=T" function in FDS [28]. The obstacle sizes include
25 cm x 25 cm (Obstacle 1), 50 cm x 50 cm (Obstacle 2), and 1 m x 1 m (Obstacle 3) at
two heights: 800 mm (H1) and 1500 mm (H2) above the floor. In Table 4, different categories
are defined with respect to the nozzle and height numbers; for instance, N1H1 refers to
cases in which nozzle 1 is used, and the obstacles are located at a height of 800 mm above
the floor. It should be noted that the HRR value of all cases is 75 kW.

Table 3. Nozzle characteristics of water mist systems.

Nozzle 1

Nozzle 2 Nozzle 3

D =46 um

Operating pressure = 100 bar
Flow rate = 11.9 L/min

Velocity =10 m/s
Cone angle = 0-48°

K factor = 1.9 L/min/bar!/?

D =124.6 um
Operating pressure = 10 bar
Flow rate = 22.8 L/min
Velocity =42.5m/s
Cone angle = 0-90°
K factor = 7.2 L/min/bar!/?

D =112 um
Operating pressure: 10 bar
Flow rate: 6.3 L/min
Nozzle exit diameter: 0.0008 m
half injection angle: 65°
K factor: 1.9 L/min/barl/2
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Table 4. Defined simulation cases.

Distance between

Category Case No. Obstacle No. Obstacle and Floor Nozzle Number Activation Time
. I—dry validation - - - -

Validation II—wet validation - - 3 540s
I - - 1 75s
v 1 H1 1 75s
N1H1 Vv 2 H1 1 75s
VI 3 H1 1 75s
Vil - - 2 75s
VIII 1 H1 2 75s
N2H1 IX 2 H1 2 75s
X H1 2 75s
XI - - 3 75s
XII 1 H1 3 75s
N3H1 XIII 2 H1 3 75s
XIV 3 H1 3 75s
XV 1 H2 1 75s
N1H2 XVI 2 H2 1 75s
XVII 3 H2 1 75s
XVIII 1 H2 2 75s
N2H2 XIX 2 H2 2 75s
XX 3 H2 2 75s
XXI 1 H2 3 75s
N3H2 XXII 2 H2 3 75s
XXIII 3 H2 3 75s

3. Results and Discussion
3.1. Grid Sensitivity Analysis

The aim of the grid resolution study is to find out a trade-off between the accuracy of
the model and the computational cost in which the cell size does not affect the results signif-
icantly. The characteristic fire diameter is calculated as the following equation, suggested
by the FDS user’s guide [28]:

o 2/5
D' =(———

. ©)
where Q is HRR, and peo, cp, and T are the density, the specific heat, and the temperature
of the ambient, respectively. The nondimensional quantity ?—; is then applied to define the
proper grid size for buoyant plume simulations, where éx is the nominal size of a mesh cell.
In the current study, the sensitivity analysis was carried out considering three cases with
the same characteristics but different mesh sizes, including coarse, moderate, and fine, with
the total number of grid cells varying from about 300,000 to almost 1,700,000. The average
temperature distribution along a vertical line that is lateral to the fire (from the floor to the
ceiling) between 50 s and 150 s after ignition is illustrated in Figure 4. It should be noted
that all three sets of meshes are selected based on an acceptable range of cell numbers for
this study.
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Figure 4. Temperature comparison between three cases for sensitivity study.

The temperature deviation between the moderate and the fine meshes, which follow
the same trend, does not go beyond 7%. However, this percentage for the coarse mesh
is 13% compared to the fine mesh. The deviation of the quantities between the moderate
mesh and the fine mesh is not significant. Therefore, the moderate mesh was selected for
further studies, which has reasonable accuracy and an acceptable computational time. The
selected model has a single mesh with a total number of approximately 500,000 cells.

3.2. Model Validation
3.2.1. Dry Test Validation

The simulation results of the basic case (case I—no water mist application) were com-
pared with the experimental data of Reference [32] for the diesel pool fire dry test validation
with a peak HRR value of 75 kW. The comparison of the results for O, concentration near
the exhaust fan is displayed in Figure 5a. The average difference between the results
is below 1%, and the simulation outputs are perfectly matched with the experimental
data for this quantity. Moreover, the temperature was recorded at the heights of 50 cm,
150 cm, 250 cm, and 290 cm on a thermocouple tree with 140 cm offset from the central axis
of the room in the corner. From Figure 5b, it can be seen that the simulation results are in
good agreement with the data from the experiments; however, the FDS model generally
overpredicts the temperature values in the corner axis at the height of 50 cm by a maximum
difference of 20%. This percentage decreases at a higher altitude, from 150 cm to 290 cm, by
a maximum deviation of 10%. The maximum temperature discrepancy between the results
does not exceed 18 °C.

I ——FDS 50 cm
. ——FDS FDS 150 cm
0.208F — 80 FDS 250 cm
FDs 290 cm
- Exp 50 cm
\ Exp 150 cm
* Exp 250 cm
* © Exp290cm

0.204 *

Led
N
S
&

0.202 &

Temperature (°C)

02 concentration (mol/mol)
=
o

0.198 Vo *

0.196 W

0.194 - 0 - - - .
0 100 200 300 400 500 0 50 100 150 200 250 300 350 400 450

time (s) Time (s)
(a) (b)

Figure 5. Comparison of (a) O, concentration and (b) temperature evolution between FDS and
experimental data [32] (dry test).
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3.2.2. Wet Test Validation

In addition to the dry test validation, the wet test validation (using a water mist
system) was also carried out using experimental data. In this regard, the water mist system,
with the same characteristics as mentioned in Reference [32] (see Table 3—nozzle 3), was
introduced into the model, and the outputs were compared with the experimental data.

For the wet test validation, the simulation time was set to 700 s, and the nozzle acti-
vation time was 540 s after ignition (case II). As can be seen in Figure 6, the comparisons
can be analyzed in two parts: before and after nozzle activation. Before nozzle activation,
the deviation in the results for both temperature and oxygen concentration values is small.
However, the difference between the results is higher after nozzle activation. The FDS
model showed an immediate increase in O, concentration after mist activation. However,
the maximum deviation does not go beyond 5%, with an average difference of below 3%.
This shows a good match between the results. Qualitatively speaking, the temperature de-
creases for both the experimental and simulation measurements follow the same trend after
nozzle activation in the wet test, but this reduction is sharper for FDS modeling. Generally,
FDS overestimates the impact of the mist droplets on the reduction in temperature. The
same behavior and observation (for both dry and wet validations) were seen in the FDS
model of Reference [32], and the complete explanation was also reported in that article.
Considering the delay in data logging and experimental bias, the validation results are
satisfactory for the wet test. After validation, the current model can be used to further
study the performance of water mist systems and the shielded fire suppression process.

T 100
¥ Exp
FDS| | 90

80

> Exp50 cm
“ Exp150 cm
Exp 250 cm
»  Exp 290 cm
FDS 50 cm
—FDS 150 cm
FDS 250 cm
70 — FDS290 cm

Temperature (°C)

100

200 300 400

L
500

X 100 200 300 400
Time (s) Time (s)

(a) (b)

Figure 6. Comparison of (a) O, concentration and (b) temperature between FDS and experimental
data [32] (wet test).

700

3.3. HRR and Temperature Fields

The HRR evolution and the designed fire curve are defined according to [32] in FDS.
For the early application of the water mist, the nozzles are activated 75 s after ignition
(the HRR at the time of activation is around 50 kW—the fire is not fully developed). For
cases with different obstacle scenarios, the HRR and temperature curves are plotted to
compare the evolution after nozzle activation. In this study, the criterion for comparing the
extinguishing time for any case is the time when HRR becomes zero.

In Figure 7a, the HRR comparison for cases III to VI (nozzle 1) is illustrated. The only
case where the water mist system was unable to suppress the pool fire completely is case
VI, in which the obstacle is 1 m x 1 m in size and is located 800 mm (H1) above the floor.
In this case, the pool fire is completely covered by the obstacle, and the droplets are unable
to reach the fire plume or the fuel surface. In case IV, the water mist system was able to
extinguish the fire around 7 s after nozzle activation. Cases III and IV represent almost the
same behavior, where the burning rate decreases to zero sharply after activation. In case IV,
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the obstacle is the smallest, and the mist droplets could reach the flame and the fuel surface.
The longest extinguishing time among the suppressed cases belongs to case V, in which
the mist nozzle extinguished the fire after almost 37 s. In this case, although the fire was
blocked by the obstacle, some droplets could bypass the obstacle and reach the flame.
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Figure 7. (a) HRR evolution for cases III to VI; (b) temperature evolution in the corner at the height

of 50 cm for cases III to VI; (c) temperature evolution in the corner at the height of 290 cm for cases III
to VL

250

The temperature evolution of different cases is also illustrated. The temperature values
were obtained in three thermocouple trees: one in the center axis of the room above the fire,
and the other two in the corners, 1 m away from the central axis. Only the temperature
evolution in the corners is shown here. The temperatures were measured at different
heights, from 50 cm above the floor up to 290 cm. Figure 7b,c show the temperature
evolution for cases using the early application of nozzle 1. The temperature first decreased
with nozzle activation in case VI (the largest obstacle) but then increased rapidly up to
45 °C. In other cases, the temperature went down sharply and stayed at a constant value
until the end of the simulation. The temperature was controlled successfully for the
extinguished cases after the activation of nozzle 1. The flame temperature plots are not
shown here; however, as the fire was suppressed quickly in cases III to V, the flame
temperature at the thermocouple tree above the fire (from 30 cm to 50 cm above the fire)
dropped to the ambient temperature after activation. On the other hand, the near flame
temperature for case VI (failed suppression case) did not change significantly and kept
fluctuating up to 800 °C for the closest thermocouples to the fuel surface.



Fire 2023, 6, 129

11 of 17

920
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Figure 8a shows the HRR evolution for four cases using the second nozzle. As can be
seen, the water mist system was unsuccessful in suppressing the fire where the obstacle was
the largest (case X). However, the mist system could extinguish the shielded fire in other
cases. The extinguishing time for cases VII and VIII is below 10 s, but this time increased to
around 45 s when the size of the obstacle increased to 50 cm x 50 cm. Figure 8b,c represent
the temperature evolution for cases VII to X at 50 cm and 290 cm above the floor in the
corner of the compartment. In the failed extinguishment case, the temperature in the corner
first decreased after nozzle activation, then increased after a few seconds. The temperature
was completely controlled in the other cases.
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Figure 8. (a) HRR evolution for cases VII to X; (b) temperature evolution on the corner at the height
of 50 cm for cases VII to X; (c) temperature evolution on the corner at the height of 290 cm for cases
VII to X.

The same visualizations are illustrated for cases XI to XIV using nozzle 3 in Figure 9.
For this nozzle, the HRR and temperature distributions also follow the same trends as
nozzles 1 and 2. However, the extinguishing time is almost 5 to 10 times the extinguishing
time of those cases using the first nozzle with the same k-factor. Nozzle 3 was capable
of controlling far-field temperatures at the corners, which is almost the same as the other
two nozzles, thanks to its high cone angle (130°). The nozzle acts as a mist curtain around
the fire leading to a temperature drop, although the suppression process is slow compared
tonozzles 1 and 2. Although the working pressure and the droplet size of this nozzle are
almost the same as nozzle 2, the suppression time is longer due to the lower flow rate.
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Figure 9. (a) HRR evolution for cases XI to XIV; (b) temperature evolution on the corner at the height
of 50 cm for cases XI to XIV; (c) temperature evolution on the corner at the height of 290 cm for cases
XI to XIV.

The results for the HRR values of cases XV to XXIII are shown in Figure 10. In order
to avoid repetition, only the HRR evolutions are displayed in this figure. In cases XV
to XXIII, the obstacle is placed at a height of 1500 mm (H2) above the floor. The water
mist system successfully suppressed the fire almost immediately for cases XV and XVI
(Figure 10a). For case XVII, nozzle 1 failed to control the fire. Similar to the previous cases,
the simulations were carried out for cases XVIII to XX using the second nozzle. As can
be seen, nozzle 2 was also unable to suppress the shielded fire when the obstacle was
the largest (case XX—Figure 10b). With the use of nozzle 3 (case XXI-XXIII), the same
suppression behavior can be seen (Figure 10c). When the obstacle is placed at a height of
1500 mm, the extinguishing time is generally shorter compared to the H1 cases.

In order to compare the nozzles more clearly in terms of the extinguishing time with
different shielding conditions, the suppression time of the successful cases is shown in
Figure 11. The extinguishing time in case IX is almost 8 s longer than the time in case
IV (considering the time that the HRR becomes almost zero). In this regard, the first
nozzle with finer droplets and higher pressure excelled over nozzle 2 in the shielded fire
application, with an obstacle size of 50 cm x 50 cm. In cases VII and VIII, the extinguishing
time is less than 10 s. Nozzles 1 and 2 performed almost the same for those cases in
which there was no obstacle and when the obstacle size was the smallest (25 cm x 25 cm).
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However, the extinguishing time is almost 3 to 11 times longer than nozzles 1 and 2. When
the obstacle is closer to the nozzle (H2), the droplets have a better chance to bypass the
obstacle, therefore reaching the flames. It should be noted that if the obstacle is very close to
the fuel surface or to the nozzle, the fire can be fully covered, preventing mist droplets from
reaching the flames or bypassing the horizontal surface. Even though in such scenarios,
water mist droplets, especially finer droplets, can occupy the space around the shielded
fire, the spray momentum is not sufficient to overcome the buoyant fire plume momentum
and, consequently, there will be no penetration to the fire plume and flames.
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Figure 10. (a) HRR evolution for cases XV to XVII; (b) HRR evolution for cases XVIII to XX; (c) HRR
evolution for cases XXI to XXIII.
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Figure 11. Comparison of extinguishing times in the successfully suppressed cases.
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As depicted before (Figure 1), there are different fire-extinguishing mechanisms in-
volved in the suppression process facilitated by the water mist systems. In shielded fire
suppression, the dominant extinguishing mechanisms can be diverse with respect to the
shielding condition. When the fire is fully blocked by an obstacle (obstacle 3 in this study),
even large droplets cannot penetrate the fuel surface or flames; therefore, the fire can only
be controlled through thermal radiation attenuation or oxygen displacement. As mentioned
before, all three nozzles failed to extinguish the fire in the existence of the largest obstacle;
however, the temperature in the corners of the enclosure decreased. In the shielded fire sup-
pression regarding obstacles 1 and 2, the fire is not fully covered, and larger droplets have
a chance to penetrate the fire plume and extract heat from the flames so that the smaller
droplets can bypass the obstacle, leading to endothermic cooling, oxygen displacement,
and radiation attenuation.

Figure 12a,b show the velocity contour plots at the plane y = 2.15 m in the middle of
the compartment for case V, as an example. For the velocity contours, one plot displays
1 s before water mist activation (Figure 12a), and the other one shows 1 s after activation
(Figure 12b) in order to compare the effect of the water droplets on the velocity field. As
can be observed clearly, the velocity is the highest in the middle, close to the nozzle after
activation. The obstacle above the fire prevents most of the droplets from directly reaching
the fuel’s surface, as shown in the velocity contour plot after activation.

Velocity (Zmls) Velocity (m/s)
3 3
18
6
25 1.6 25
1.4 5
2 12 2
4
E 1 E
N 1.5 W15
0.8 3
1
0.6 1 )
0.4
0.5
0.5 1
0.2 .
0 0 0 0
0 05 1 15 2 25 3 35 4 0 05 1 15 2 2.5 3 3.5 4
x(m) x(m)

(a) (b)

Figure 12. Velocity contour plots for case V (a) at t = 75 s, just before activation, and (b) att =76, 1s
after activation.

For the temperature contours, six different plots at the plane y = 2.15 m are shown
for case V at different times, including 1 s before activation (Figure 13a) and 1 s (b), 5 s (c),
10's (d), 25 s (e), and 100 s (f) after activation. It can be seen that, for this fully extinguished
case, the flame almost disappeared 25 s after spray activation (the predicted extinguishing
time for this case is around 37 s), and the temperature in the upper layers close to the
ceiling was higher after suppression. Additionally, the maximum temperature dropped
from above 800 °C to around 70 °C 25 s after nozzle activation.



Fire 2023, 6, 129 15 of 17

Temperature(°C) Temperature(°C)

600
3 800 3
700 500
25 25
600
2 400
500
E E
N 1.5 400 N15 300
300
1 200
200
100
0
0 1 2 3 4 o o5 1 15 2 25 3 35 4

0

x(m) x(m)
(a) (b)
Temperature(°C) Temperature(°C)
350
3 500
450
300
25 400 25
1350 250
2
s 1300
£ B 200
N 1.5 250 W15
200 150
1
150
100
0.5 100 0.5
50
0 0
0 1 2 3 4 0 05 1 15 2 25 3 35 4
x(m) x(m)
(© (d)
Temperature(°C) Temperature(°C)
3 35
70
25 )
60
¢ 30
2
P 50
E
N 15
40 25
1
30
0.5
© 20
20
0
0 0.5 1 1.5 2 25 3 35 4 0 1 2 3 4
x(m) x(m)

(e) ()

Figure 13. Temperature contour plots for case V (a) at t = 75 s, just before activation, (b) at t =76 s, just
after activation, (c) at t =80 s, 5 s after activation, (d) at t = 85 s, 10 s after activation, (e) att =100s,
25 s after activation, and (f) at t = 175 s, 100 s after activation.

4. Conclusions

In this study, the performance of three single-orifice water mist systems with different
characteristics on extinguishing shielded fires in an enclosure was investigated using FDS
simulations. The impact of the shielding condition, including three obstacle sizes and
two vertical distances from the nozzle, on the shielded fire suppression behavior was
thoroughly assessed. A 4.20 m x 4.30 m x 3.05 m enclosure was modeled in FDS, and
23 different cases were defined for comparisons. The diesel pool fire with an HRR peak
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value of 75 kW was placed in the middle of the compartment. The following conclusions
can be drawn:

e  The maximum deviation in O, concentration between the FDS predictions and the
experimental measurements was 1% for the dry test and less than 5% for the wet test.
Moreover, the discrepancy in the temperature values did not exceed about 18 °C in
both cases;

e  The first two nozzles (nozzles 1 and 2) were able to suppress the fire completely in the
absence of obstacles in a very short time. However, all three nozzles failed to suppress
the shielded fire where the obstacle size was 1 m x 1 m, located at any distance from
the nozzle;

e  The high-pressure spray system performed better in terms of the extinguishing time
of the shielded fire compared to nozzles 2 and 3, where the obstacle sizes were
25cm x 25 cm and 50 cm x 50 cm. However, the suppression time using nozzle
2 (low-pressure) was close to nozzle 1 (high-pressure) due to the higher flow rate;

e  Although nozzles 2 and 3 had the same pressure (10 bar) and almost the same droplet
size, nozzle 3 had a longer extinguishing time due to a lower flow rate;

e In the successful cases of extinguishment, the temperature inside the enclosure de-
creased sharply after nozzle activation;

e  The obstacle size, its distance from the nozzle, and the nozzle characteristics are critical
parameters in the study of shielded fire suppression;

e  When the fire is not fully covered by the obstacle, a portion of droplets can penetrate
the flame by overcoming the plume thrust and bypassing the obstacle.

The authors recommend that researchers perform more experimental tests and simula-
tions to investigate different water mist systems in the case of shielded fires and to analyze
the fire extinguishing mechanisms. Moreover, the nozzle application time (early or late
application) as an effective parameter can be taken into consideration.

Our future work will focus on experimental shielded fire suppression tests with
different shielding conditions to further develop the FDS models.
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