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a b s t r a c t

Fire suppression using a water mist nozzle directly above an n-Heptane pool in a fire compartment with
a door opening was numerically investigated using the Fire Dynamics Simulator (FDS) for the purpose of
application in nuclear power plants. Input parameters for the numerical simulation were determined by
experimental measurements. Water mist was activated 10 s after the fire began. The sensitivity analysis
was conducted for three input parameters: total number of cubic cells of 6032e2,926,400, droplets per
second of 1000e500,000, and extinguishing coefficient of 0e100. In a new simple calibration method of
this study, the extinguishing coefficient yielding the fire suppression time closest to that measured by
experiments was found for use as the FDS simulation input value. When the water mist jet flow made
contact with the developed fire, the heat release rate instantaneously increased, and then rapidly
decreased. This phenomenon occurred with a displacement of the flame near the liquid fuel pool.
Changing the configuration of the door opening with different aspect ratios and opening ratios had
impact on the maximum value of the heat release rate due to the flame displacement.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The fire protection system of nuclear power plants is designed
with a defense-in-depth concept, with the ultimate goal of safely
shutting down the reactor and preventing the leakage of radioac-
tive material to the environment even in the event of a fire [1,2].
The defense-in-depth concept is based on the following sequence
of steps: 1) preventing the occurrence of a fire, 2) detecting, con-
trolling and extinguishing fire rapidly if a fire occurs, and 3) pro-
tecting the reactor so that the fire does not prevent the safe
shutdown of the plant when the fire suppression is not done
quickly.

To apply the defense-in-depth design, nuclear power plants
should have appropriate fire suppression systems capable of pro-
tecting equipment, cables or people depending on its function for
each fire area or zone. Gas type fire extinguishing systems, such as
carbon dioxide (CO2) based fire suppression systems, has been
usually applied to computer rooms and combustible liquid fuel
storage facilities such as emergency diesel generator room in nu-
clear power plants [3]. They combine high performance fire-
fighting ability with lower cost. With respect to safety, however,
the CO2 based fire suppression systems have been being replaced

with other alternative systems such as clean agent fire extin-
guishing systems or water spray suppression systems.

Recent studies [4e7] has reported that the smaller droplets from
the water spray nozzle for a given water volume can promote the
stronger evaporation with more surface interaction with the sur-
rounding gas, which results in gas phase cooling, oxygen
displacement, and fuel vapor dilution during the fire suppression
process. Unlike other water based suppression systems, water mist
consists of very small droplets with a maximum droplet size of less
than 1000 mm, according to NFPA750 [8], and requires a lower
water flowrate for fire suppression. For that reason, the water mist
suppression system can be used to suppress electrical fire, and can
suppress almost all common fires including Class A, B, C, and F.
Accordingly, more studies on the application of water mist systems
are needed for an alternative of the CO2 based fire suppression
systems in nuclear power plants.

The fire suppression effectiveness of a water mist system de-
pends on the compartment size, door opening size, ventilation,
water spray injection pressure, droplet sizes, drop size distribu-
tion, injected-water flow rate, and injected-spray angles, among
other factors. Kim and Ryou [9] numerically and experimentally
investigated fire suppression performance using five water mist
nozzles in a compartment with dynamic ventilation on the ceiling.
They found that when the water mist nozzles were activated, the
average temperature along the ceiling in the compartmentE-mail address: jaiholee@khnp.co.kr.
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initially dropped sharply and then gradually decreased thereafter.
Ferng and Liu [5] extended a study by Kim and Ryou [9] to
numerically investigate how the drop sizes affected the fire sup-
pression time. They found that when the water drop size was less
than 500 mm, further reducing the mean drop size decreased the
fire suppression time due to an increase in the evaporation effect.
However, in the drop size range of 500e750 mm, decreasing the
drop size increased the fire suppression time. In their simulation
to evaluate the effect of water mist drop size on fire suppression
time, they assumed that the sizes of the droplets used were
constant. They also used the same extinguishing coefficient sug-
gested in the study by Hamins and McGrattan [10]. However,
actual water mist has a distribution of various droplet sizes
depending on the particle size distribution function, and the
extinguishing coefficient used in a Fire Dynamics Simulator (FDS)
should be determined by experiments. In this study, the proper-
ties of the water mist for the simulation input were determined by
experiments and the extinguishing coefficient was found in
comparison with the experimentally-determined fire suppression
time using a simple calibration method.

When water mist jets or steam jets are sprayed over a fire, the
flames of the fire are expanded to the sides due to the strong jet
flows. Xiao et al. [11,12] suggested a theoretical model of the flame
displacement and experimentally investigated the flame expanding
phenomenon caused by strong steam or water mist jets. According
to their theory, when the water mist or steam jets reach the fuel
vapor rich core of the liquid fuel pool, the high speed of the strong
jet flows pushes the fuel vapor to both sides, and then flame
displacement occurs in the region of the expanded fuel vapor. The
flame displacement is characterized by the simultaneous increase
of the heat release rate. In this study, the flame displacement
phenomena due to water mist injection was investigated with the
rapid increase of the heat release rate, and in terms of local dis-
tribution of oxygen volume fraction, pressure, and temperature
near the fuel pool surface.

Liu et al. [13] experimentally analyzed the effect of changes in
ventilation rate, fire size, fire compartment size, and water mist
system properties on fire suppression. They observed that water
mist effectively suppressed a fire in natural ventilation conditions,
whereas in forced ventilation conditions, the suppression effect
was reduced due to the strong mass exchange between inside and
outside. One concern with their experiments is the effect of the
door opening configuration such as door aspect ratio and door
opening ratio on the fire suppression when using a water mist
nozzle above the fuel surface.

In this study, fire suppression using a water mist nozzle
directly above a liquid fuel pool was investigated numerically
using FDS 6.3.2, developed by the National Institute of Standards
and Technology (NIST). The main numerical analysis includes
three sensitivity analyses including total number of cubic cells,
droplets per second, and extinguishing coefficient; a physical
analysis of the flame displacement phenomena caused by the
water mist application; and the impact of the opening configu-
ration of a door in a fire compartment on the fire suppression by a
water mist system. The grid sensitivity analysis was conducted by
increasing total number of cells ranging from 6032 to 2,926,400
for finding the optimized total number of cells for the simulation.
The droplets per second of 1 � 103, 5 � 103, 5 � 104, 1 � 105, and
5 � 105 were used to find the effect of the numerical number of
droplets per second on the fire suppression. In the sensitivity
analysis for finding the appropriate extinguishing coefficient as an
input parameter, various extinguishing coefficients between 0 and
100 were applied to investigate the suppression closest to that
measured by experiments. The effect of different natural ventila-
tion conditions of door aspect ratio ¼ 0.17e0.58 and opening
ratio ¼ 0.3e0.8 on the fire suppression due to water mist was
investigated with the change of the maximum values of the heat
release rate.

Fig. 1. Detailed drawings of the test compartment with door opening of 1.1 m � 1.9 m: (a) side view, (b) front view, (c) top view, (d) photography of front view.

J. Lee / Nuclear Engineering and Technology 51 (2019) 410e423 411



2. Experiments

To obtain information for the FDS simulation input values, fire
suppression experiments were conducted using a water mist
nozzle. The measurements were limited to find the input param-
eters for use of fire simulation: fire suppression time and drop size
distribution. The dimensions of the fire compartment used were
5.4 m (Length) � 3.1 m (Depth) � 2.4 m (Height) as shown in Fig. 1.
The fuel used as the fire source was n-Heptane and the surface area
of the fuel pool was 0.3 m � 0.3 m with an equivalent diameter of
0.34 m. The n-Heptane fuel pool was located 0.3 m from the
midpoint of the floor of the fire compartment. The water mist
nozzlewas located 1.7m high directly above the left edge of the fuel
surface. A door on the right wall was opened with width of 1.1 m
and height of 1.9 m during the experiment. The water mist nozzle
was activated 10 s after the fire occurred.

Fire images showing the process of fire suppression by the water
mist nozzle were used to determine the fire suppression time [6]. It
was assumed that the fire was completely suppressed when the fire
flame could not be observed in the images. Fig. 2 shows the fire
phenomenon in the fire compartment before and after the water
mist nozzle application. The firewas developed and stable before the
water application; however, it spread to the right side immediately
after the water mist nozzle activation. The fire was suppressed 2.5 s
after the water mist was applied. The flame displacement phe-
nomenon due to the water mist injection as shown in Fig. 2 (b) was
also similarly observed in experiments by Xiao et al. [11,12].

The size of the droplets ejected from the water mist nozzle was
measured using a droplet size analyzer (Model: Malvern Spraytec)
to obtain the input values for the FDS simulation. The droplet size
analyzer consisted of a 5 mW He-Ne laser, collimating optics for
expanding the laser beam, a Fourier Lens, a light-detection system
consisting of a 36 element log-spaced silicon diode detector array,
and a rapid data acquisition system. The water mist nozzle was
installed perpendicular to the optical path of the laser beam. The
water flowrate measured under an injection pressure of 10 bar was
22.45 lpm, and the calculated k-factor was 7.1 lpm/atm0.5. The outer
spray angle measured by image analysis was 76�.

The drop size measurements were conducted at two

measurement locations: at 0.05 m directly down from the center of
the water mist nozzle tip, and at half-width of the spray horizon-
tally, down 0.05 m from the center of the nozzle tip, as shown in
Fig. 1 (a).

As the collimated laser light passes through themeasuring region
of the water mist spray, the scattering angle of the light diffracted by
a droplet is inversely proportional to the droplet size. The informa-
tion on the scattered light diffracted by the different sized droplets in
themeasuring volume is collected on the silicon diode detector array
through a Fourier transform lens. The particle sizes and distribution
of the spray droplets were obtained by simultaneously measuring
and calculating the amount of light detected by the detector. The

Fig. 2. Flame behaviors in the fire compartment observed through the door opening on the right wall: (a) before the water mist application and (b) immediately after the water mist
application.

Fig. 3. Measured droplet cumulative distribution and estimated curve, combining the
Rosin-Rammler and Log-Normal distribution functions; measured SMD (SD3/SD2) and
MVD (DV,0.5) were 106.5 mm and 124.55, respectively; the estimated constants g and s

were 2.22 and 0.52, respectively).
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droplet size analyzer can measure drop sizes ranging 0.1 mm to
2000 mm, and take 10,000 data measurements per second.

Fig. 3 shows the cumulative distribution of droplet sizes
measured by experiments, and an estimated curve combining the
Rosin-Rammler and Log-Normal distribution functions. In the FDS,
the droplets can be sprayed with a mono-disperse distribution,
generating droplets with the same size, or with various droplet
sizes based on a drop size distribution function. In the present
study, the Rosin-Rammler and Lognormal distribution functions
were used as follows [14]:
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where DV,0.5 is the Median Volumetric Diameter (MVD), and g and s

are empirical constants that can be measured by experiments. An
MVD of 124.6 mm was applied as inputs for the simulation. The
relationship between g and s for the Rosin-Rammler and
Lognormal distribution function is expressed as follows [14]:

s ¼ 2
. ffiffiffiffiffiffi

2p
p

ðln2Þg ¼ 1:15=g (2)

Accordingly, the constants, g and s for the estimated curve were
determined to be 2.22 and 0.52, respectively, so that the difference
between the measured (circles) and estimated cumulative (blue
and red solid lines) volumes was minimized as shown in Fig. 3.

3. Numerical simulation

3.1. Fire modeling

Since the introduction of NFPA-805 [15] for the fire protection
design of nuclear power plants, the investigation of fire modeling
methods has been of continuing interest. The Nuclear Regulatory
Commission (NRC) developed a well-known quantitative method,
the Fire Dynamics Tools (FDT), for analyzing possible fire phe-
nomena and fire protection systems at nuclear power plants. The
FDTconsists of 19 spreadsheets written inMicrosoft Excel using fire
dynamics equations associated with fire phenomena, including
spreadsheets predicting hot gas layer temperature and estimating
the burning characteristics of a liquid pool fire, heat release rate,
burning duration, and flame height. The National Institute of
Standards and Technology (NIST) developed a two-zone fire model
known as the Consolidated Model of Fire and Smoke Transport
(CFAST) that solves ordinary differential equations (ODEs) based on
the fire dynamics equations used in the FDT. NIST also developed a
field model known as a fire dynamics simulator (FDS) using
computational fluid dynamics (CFD) to solve the partial differential
equations (PDEs).

In this study, the process of liquid pool fire suppression in a fire
compartment using a water mist nozzle was investigated numeri-
cally using the FDS. Fire behavior in a fire compartment is by nature
turbulent. The FDS applies a large eddy simulation (LES) turbulent
model to analyze turbulent flow due to the fire. The combustion of
fuels in the FDS is calculated using the eddy dissipation combustion
model, and the Eulerian-Lagrangian method is used to analyze the
behavior of a two-phase flow between water droplets and a sur-
rounding gas. The surrounding gas phase is treated as a continuum,
but the water droplets are treated as individual sprayed particles. It

Fig. 4. Schematic of simulation fire compartment with an open door on the right-side
wall; the inset shows an enlarged image of the liquid fuel pool and the starting point of
the Cartesian coordination system (Dimensions: H ¼ 2.4 m, W ¼ 3.0 m, L ¼ 5.3 m,
w ¼ 1.1 m, h ¼ 1.9 m, d ¼ 0.15 m, hp ¼ 0.3 m, and lp ¼ 0.3 m).

Table 1
Simulation input parameters.

Grid Total number of cells 6032e2,926,400 for grid sensitivity analysis
365,800 (cubic cell, 5 cm) for fire suppression analysis

Fire compartment dimension 5.4 m (Length) x 3.1 m (Width) x 2.4 m (Height)
Boundary conditions Wall, Ceiling Wall concrete thickness ¼ 0.5 m

Inner surface: steel thickness ¼ 0.002 m
Floor Concrete (Thickness: 0.5 m)
Door opening Original opening size: 1.9 m (height) x 1.1 m (width)

Materials Thermal properties Thermal conductivity (K) [W/m$K] Heat capacity (Cp)[J/kg$K] Density (r) [kg/m3]
Concrete 1.6 750 2400
Steel 45.8 460 7850

Combustion Surrounding temperature 20 �C
Heat of combustion(DHc) 44,566 kJ/kg
Fuel type n-Heptane (C7H16)
HRR evolution assumption t2 function, approaching time to max of 1 s
HRR per unit area 2716.14 kW/m2

Soot yield 0.037 kg/kg
Square pool size 0.3 m � 0.3 m

Water mist Flow rate on a nozzle 22.45 lpm
Full cone type spray angle 76�

Initial temperature of water 20 �C
K-factor 7.1 lpm/atm0.5

Operating pressure 10 bar
Median volumetric diameter 124.6 mm
Drop size distribution function Rosin-Rammler-Lognormal with g ¼ 2.22 and s ¼ 0.52
Water mist activation time 10 s

J. Lee / Nuclear Engineering and Technology 51 (2019) 410e423 413



is also assumed that fine droplets of water mist absorb thermal
radiation by applying a thermal radiation model based on the Mie
scattering theory.

3.2. Input parameters

The size and shape of the fire compartment and the door
opening used in the experiments was applied in the FDS simula-
tions. However, the numerical domain was extended beyond the
doorway in order of minimize the numerical effect of the ‘OPEN’
boundary condition on the vent flow at the level of the doorway,
i.e., allow smoke to freely leave the room and generate underneath
an inflow of fresh air. Fig. 4 shows a schematic view of the fire
compartment used in the simulation. The n-Heptane pool was
located 0.3 m above the midpoint of the floor in the fire compart-
ment. Several numerical devices were located at different positions
in the fire compartment, to measure the temperature, oxygen
volume fraction detector, and pressure. The starting point in the
Cartesian coordination system was the center of the fuel surface. A
water mist nozzle was located 2.0 m high from the floor, and 1.7 m
above the left edge of the fuel surface.

The simulation input parameters used in the FDS are shown in
Table 1. The values of the input parameters, including injection
pressure, injection flow rate, injection angle, and particle size dis-
tribution, among others, were those measured in the experiments.
The water mist nozzle was set to spray the water vertically
downward at 10 s after the fire was initiated, under an injection
pressure of 10 bar. The water mist jet velocity was assumed to be
42.52 m/s with injection pressure of 10 bar and flow coefficient of
0.95 at a discharging flowrate of 22.45 lpm. One half of the outer
spray angle of the solid cone type measured by experiments was
used in the simulation. The maximumvalue of heat release rate per
unit area (HRRPUA) for the developed fire was 2716.14 kW/m2. As
described in Section 2.1 of this paper, Rosin-Rammler and
Lognormal distribution functions were used with the MVD of
124.55 mm, g of 2.22, and s of 0.52.

Because the total number of cells and the cell size affect the
simulation results, reliable cell numbers for use in the FDS should

be determined through a grid sensitivity analysis [16]. The char-
acteristic diameter (D*) for finding the optimal number of cells is
expressed as follows [16]:

D* ¼
�
_Q
.
r∞CpT∞

ffiffiffi
g

p �2=5
(3)

where D* is the characteristic diameter in meters, _Q is the heat
release rate in kW, r∞ is the ambient density in kg/m3, Cp is the
ambient specific heat in kJ/kg$K, T∞ is the ambient temperature in
K, and g is gravity in m/s2. According to the FDS user's guide, if the
value of D*/dx is between 4 and 16, reasonable simulation results
for the designated size of the fire will be predicted. However, it is
recommended that a separate grid sensitivity analysis be per-
formed to determine the cell sizes and the total number of cells.

In the FDS, the time step is automatically calculated by the ratio
of the cell size of the flow to the characteristic velocity, and is
adjusted so that the CFL (Courant, Friedrichs, Lewy) condition is
satisfied for each time step calculation [14]. However, the initial
time step can be set as an input value for the simulation, and the

Fig. 5. Suppression time for different total numbers of cells (Test condition:
E_COEFFICIENT ¼ 16.4, DPS ¼ 50,000, and Suppression time criteria of HRR ¼ 0.01 kW).

Fig. 6. Grid sensitivity analysis for different total numbers of cells in terms of (a) heat
release rate and (b) temperature at the location of x ¼ 0 m and y ¼ 1.2 m; Test con-
dition: E_COEFFICIENT ¼ 16.4 and DPS ¼ 50,000.
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value of the automatically-calculated time step can be set to not
exceed the initial time step value. The default time step used in the
FDS is calculated as follows [14]:

dt ¼ 5(dx$dy$dz)1/3/(gH)1/2 (4)

where dt is the time step, dx, dy, and dz are the cell lengths in the
Cartesian coordinate system, g is acceleration due to gravity, and H
is the height of the fire compartment. In this study, the initial time
step used was 0.01 s.

In the FDS, an appropriate droplets per second (DPS) should be
set as an input parameter for fire suppression using a water spray
application. The value of the droplets per second is just an input
variable for the simulation and is independent of the actual phys-
ical phenomenon. Even if this value changes, there is no change in
the water flowrate injected in the simulation. However, since this
value is used as an input parameter to represent the sprayed water
flow in the simulation, it is recommended that this value be
increased so that the mass of water sprayed from the nozzle is
evenly distributed over the droplets [14]. If this value is too small,
the evaporation process can produce non-physical results causing
numerical instability. In the present study, the sensitivity analysis
of the DPS on the water mist suppression time was conducted with
the different DPSs of 1 � 103, 5 � 103, 5 � 104, 1 � 105, and 5 � 105.

The extinguishing coefficient is another important input
parameter to calculate the reduction in HRR due to the water spray
application. The extinguishing coefficient was first introduced by

Yu et al. [17]. They found that the total fire heat release rate after the
water spray application can be expressed as follows [17]:

_QðtÞ ¼ _Q0exp½ � kðt � t0Þ� (5)

where _QðtÞ is the total heat release rate at time (t) after the water
application, _Q0 is the total heat release rate at the time (t0) of the
water application, and k is an empirical parameter. According to the
global heat balance, the coefficient k can be expressed as follows
[17]:

k ¼ a
�
_m"
w Qw � b _m"

fDHc þ _m"
f Qp

�.
rf C

�
Tp � T∞

�
(6)

where rf is fuel density, C is the specific heat of the fuel, Tp is the
average temperature of the layer of fuel undergoing pyrolysis, T∞ is
the initial temperature of the fuel, b is the fraction of the total heat
release rate transferred to the fuel surface, _m"

f is the average
burning rate per unit burning surface area, _m"

w is the liquid mass
per unit area that reaches the fuel surface, Qp is the heat of pyrol-
ysis, Qw is the heat of the evaporation of water, and a is the ratio of
the total burning surface area to the total volume of fuel under
pyrolysis. Yu et al. [17] found that the coefficient k can be correlated
as a linear function of the local water mass per unit area ( _m"

w). To
apply an extinguishing coefficient to the FDS simulation, Hamins
and McGrattan [18] revised Equation (5) as follows.

Fig. 7. Heat release rate variation for different droplets per second (DPS) at the condition of different cells size of (a) 0.15 m, (b) 0.1 m, (c) 0.05 m, and (d) 0.025 m; Test condition:
E_COEFFICIENT ¼ 16.4.
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_m"
f ðtÞ ¼ _m"

f ;0ðtÞexp
�
ð
kðtÞdt

(7)

where _m"
f ðtÞ is the local mass loss rate of the fuel after water

application, and _m"
f ;0ðtÞ is the user-specified burning rate per unit

areawhen nowater is applied. The coefficient k can be expressed as
a function of time as follows [18]:

kðtÞ ¼ E COEFFICIENT � m"
wðtÞ ½1=s � (8)

where E_COEFFICIENT is the extinguishing coefficient in m2/(kg$s),
and m"

w is the local water mass per unit area. The examples of
E_COEFFICIENT suggested by experiments in Yu et al. [17] and
Hamins & McGrattan [18] can be applied to complicated fuels such
as a cartoned commodity. For different types of fuels, such as a
liquid pool fire, the E_COEFFICIENT that is used as the input value in
the FDS must be obtained through a separate experimental
correlation.

4. Results and discussions

4.1. Grid size sensitivity

In the grid sensitivity analysis, the effect of increasing the total
number of cells on the fire suppression time by water mist was
assessed. The total numbers of cells used in the grid sensitivity
analysis varied from 6032 to 2,926,400, representing coarse,

moderate, fine, and super fine grids. In previous experiments and
simulations, the fire suppression time of the water mist was
determined by the following methods: the time when the flame
disappears by observing fire images measured in the experiment
[6,13,19,and20]; the duration of sudden cooling regime due to
water spray [5]; the time when the HRR curve due to fire reaches
zero [21]; and the time when the radiant heat flux reaches zero
[22]. In this sensitivity analysis, it was assumed that the fire was
completely suppressedwhen the heat release rate reached 0.01 kW.
Accordingly, the fire suppression time (t*) is the time it takes for the
heat release rate to reach 0.01 kW after the water mist application.
Fig. 5 shows the variation in suppression time (t*) for the different
total number of cells applying different cubic cell sizes and the
characteristic diameters (D*). The suppression time was not largely
influenced by changing total number of cells. The simulated sup-
pression time corresponding to extinguishing coefficient of 16.4
and DPS of 50,000 in the test conditions has a good agreement with
experimentally measured suppression time within 0.5 s for all
mesh size regimes. Fig. 6 shows the grid sensitivity in terms of the
variation in heat release rate in the fire compartment and tem-
perature at the location of x ¼ 0 m and y ¼ 1.2 m. The variation in
the heat release rate is very sensitive for the different total number
of cells within 0.5 s after water spray application. The maximum
values of the heat release rate in the coarse meshes with cubic cell
sizes of 0.2 m and 0.15 m are 508 kW and 674 kW, respectively. The
maximum values of the heat release rate increase up to around
1200 kWwith increasing total number of cells and decreasing cubic
cell sizes. With changing total number of cells, the temperature

Fig. 8. Temperature variation for different drops per second (DPS) at the condition of different cells size of (a) 0.15 m, (b) 0.1 m, (c) 0.05 m, and (d) 0.025 m; the temperature
distribution was numerically measured at the same location of x ¼ 0 m and y ¼ 1.2 m as Fig. 5(b); Test condition: E_COEFFICIENT ¼ 16.4.
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variation at the location of x ¼ 0 m and y ¼ 1.2 m is more sensitive
before the water mist application. Over the entire mesh regimes,
the temperature rapidly increases at the initial stage ranging from
1.5 to 4 s after the fire and becomes fully-developed up to the
maximum level with some fluctuation before the water mist
application. The more total number of cells is used, the more
maximum level of temperature increases. However, the maximum
temperature of cell numbers of 365,800 with cell size of 0.05 m
reaches that of superfine meshes. When the water mist is sprayed,
the temperature decreases with different reduction rate over all the
total number of cells. The temperature in the superfine mesh
regime more rapidly decreases in comparison with other regimes
after water application. With regardless of the total number of cells,
the temperature reaches around 65 �C at t ¼ 10 s after the water
application. In this study, the number of cells of 365,800 with cubic
cell size of 0.05 m categorized into fine mesh regime was used in
the water mist fire suppression simulations considering simulation
time.

4.2. DPS sensitivity

In FDS, Eulerian-Largrangian dispersion models uses two-way
coupling between the gas and liquid phases, without considering
the interactive effect of the individual droplets through the aero-
dynamic interaction. However, for the local droplet volume fraction
exceeding 10�5 such as water mist, the drag reduction factor be-
tween droplets in a given cell is considered [23,24]. In the Eulerian-
Largrangian particle tracking mode, the gas phase is initially
calculated and the droplets trajectory is later calculated with the
updated information of the gas phase. However, all droplets are not
tracked in the simulation, but only a set of droplets which is known
as droplets per second (DPS) are tracked. Beji et al. [25] found that
the DPS as an input parameter cause the numerical error which
reaches up to 35%. They also confirmed that the more DPS increase,
the better median volumetric diameter is converged for application
of the Lognormal-Rosin-Rammler distribution, but the more
simulation time is needed. Fig. 7 shows the effect of the application
of different droplets per second on the heat release rate for the
representative cubic cells sizes of 0.15m, 0.1m, 0.05m, and 0.025m
corresponding to coarse, moderate, fine, and superfine mesh re-
gimes, respectively. The effect of changing droplets per second on
the heat release rate is more pronounced with increasing total
number of cells by using smaller cells. It is also observed that when
using larger cells, the maximum value of heat release rate after the
watermist application becomes lower as shown in Fig. 6 (a). For the
cell size of 0.15 m representing coarse mesh regime, increasing the
DPS has not impact on the variation in heat release rate. However,
themore total number of cells with decreasing cell sizes is used, the
greater effect of increasing the DPS on the heat release rate be-
comes. When using larger cells, the properties such as the trajec-
tories, evaporation, and heat transfer of droplets in the cells are not
largely affected by the number of droplets in a cell since the gas
phase is roughly calculated with the larger cells. On the other
hands, variation in heat release ratewith increasing the DPS is more
sensitive using smaller cells because the more accurate gas phase
information is used to calculate the properties of droplets in the
smaller cells. Fig. 8 shows the temperature variation at the location
of x ¼ 0 m and y ¼ 1.2 m for application of different droplets per
second at the same test conditions as Fig. 7.

With increasing total number of cells, the maximum level of
temperature distribution curve becomes higher as the heat release
rate curve does. For the superfine mesh with cell size of 0.025 m,

Fig. 9. Suppression time (t*) for different extinguishing coefficients at the different DPS
of 5000 and 50,000 (Test condition: dx ¼ 0.05 m).

Fig. 10. Variation of heat release rate after the water mist application for different extinguishing coefficients at the different DPS conditions of (a) 5000 and (b) 50,000. (Test
condition: dx ¼ 0.05 m).
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the temperature distribution for different DPS conditions varies
with some fluctuation at t ¼ 7e10 s. However, this is not caused by
the application of different DPS conditions because it appears
before water mist application. Rather, the disagreement among the
temperature curves might be caused by the simulation repeat-
ability. Because the large eddy simulationmodel is used to calculate
gas phase turbulent flow, the simulation result such as temperature
at the given location of x ¼ 0 and y ¼ 1.2 m might not be repeated
for the same input conditions. After water mist application, the
variation in temperature reduction rate is insensitive for changing
DPS at the same cell size condition.

4.3. Extinguishing coefficient sensitivity

In this study, the E_COEFFICIENT was not determined by exper-
imental correlation, as per Hamins and McGrattan [18]. Instead, a
new simple calibration method was used to find the appropriate
E_COEFFICIENT of the fire simulation by comparing to the fire sup-
pression time based on the experimental data. Fig. 9 shows the
impact of changing extinguishing coefficients on the suppression
time for DPS conditions of 5000 and 50,000. When the extin-
guishing coefficient was varied between 0 m2/kg$s sand 100 m2/
kg$s, the suppression time decreases with the increase in the
extinguishing coefficient. The suppression time can be expressed as
the power law function of the extinguishing coefficient as follows:

t* ¼ A ½E COEFFICIENT�B þ C (9)

The extinguishing coefficient that numerically yields the same
suppression time as that determined through experiments can be
found as follows:

E COEFFICIENT ¼ 	�
t* � C

�

A
�1=B

(10)

In Fig. 9, the best fit curve using Equation (9) was obtained with
a coefficient of determination of 0.9988. The fitting variables A, B,
and Cwere found to be 13.2,�0.77, and 0.97, respectively. The value
of the E_COEFFICIENT was found to be 16.4 using Equation (10),
which provided a suppression time of 2.5 s, as had also been
measured by experiments. In the Equation (9), when the E_COEF-
FICIENT equal to infinity, then the suppression time is equal to C,
which is equal to 0.97 s according to the curve fitting. This means

Fig. 11. Temperature distribution inside the fire compartment after water mist acti-
vation with different extinguishing coefficients (Test condition: DPS ¼ 50,000 and
dx ¼ 0.05 m): (a) t ¼ 8.8 s (before water mist activation with extinguishing coefficient
of 16.4), (b) t ¼ 12 s (water mist activation with extinguishing coefficient of 1), and (c)
t ¼ 12 s (water mist activation with extinguishing coefficient of 16.4).

Fig. 12. Temperature variation measured numerically at different locations near the
fuel surface after water mist activation with different extinguishing coefficients (Test
condition: DPS ¼ 50,000 and dx ¼ 0.05 m).

Fig. 13. Variation in heat release rate over the time before and after water mist
application: (a) front view of the fire at 7.5 s after the fire; and (b) top view, (c) front
view and (d) side view of the fire at 0.4 s after water mist application (Test condition:
DPS ¼ 50,000, E_COEFFICIENT ¼ 16.4, dx ¼ 0.05 m).
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that the suppression time is always higher than 0.97 s for applying
different E_COEFFICIENT values. This ‘delay time’ depends on the
ceiling height and the water spray properties (e.g., initial mo-
mentum and droplet size), which makes values that were obtained
from the fitting only valid for the specific experimental conditions
of the paper. Fig. 10 shows how the heat release rate curves change
before and after thewater mist applicationwhen applying different
extinguishing coefficients at the same simulation conditions as
Fig. 9. In Fig. 10, the HRR curve with the extinguishing coefficient of
zero does not experience any reduction, regardless of the water
mist application. This is becausewhen the extinguishing coefficient
is zero, the mass loss rates after the water mist application is the
same as that before the water mist application in Equation (7). If
extinguishing coefficient values larger than zero are applied in the
simulation, the heat release rate curve decreases in accordance
with Equation (7). As the value of the extinguishing coefficient is
further increased, the heat release rate curve also falls to zero more
rapidly and eventually the suppression time (t*) decreases more.

For application of the extinguishing coefficient larger than 1,
increasing DPS has not impact on the reduction rate of the heat
release rate. However, when the extinguishing coefficient is 0.5, the
reduction rate of the heat release rate is more affected by increasing
DPS. When the extinguishing coefficient between 0 and 1 is applied
as input parameter, the DPS sensitivity should be enough consid-
ered to obtain appropriate reduction rate of the heat release rate.

Fig. 11 (a) shows the temperature distribution in the fire
compartment when the fire was fully developed to the maximum
heat release rate before the injection of the water mist. It can be
observed that higher temperature regions due to the fire plume,
and ceiling jet, and hot gas layer are in existence before the water
mist activation, but those regions decrease rapidly after the water
mist injection. Fig. 11 (b) and (c) show the temperature distribution
after the water mist is sprayed, with extinguishing coefficient
values of 1 and 16.4, respectively. For the same simulation time of
t ¼ 12 s, the fire with an extinguishing coefficient of 16.4 seems to
be almost suppressed by the water mist, whereas the fire sup-
pressed by water mist with an extinguishing coefficient of 1 seems
to be in progress. This difference in temperature distribution is

Fig. 14. Distribution of (a) oxygen volume fraction, (b) pressure, and (c) temperature at
t ¼ 0.5 s after the water mist application at the front view of the center plane of the
fuel surface (Test condition: DPS ¼ 50,000, E_COEFFICIENT ¼ 16.4, dx ¼ 0.05 m; Five
black points near the pool surface represent the numerical devices at the locations of
x ¼ �0.3 m, �0.15 m, 0.0 m, 0.15 m, 0.3 m for the same y ¼ 0.03 m corresponding from
left to right.

Fig. 15. Variation in the oxygen volume fraction measured numerically at different
horizontal locations for the same vertical location of 0.03 m high from the fuel surface
(Test condition: DPS ¼ 50,000, E_COEFFICIENT ¼ 16.4, dx ¼ 0.05 m).
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ultimately related to the reduction rate of the heat release rate and
the fire suppression time.

Fig. 12 illustrates the change in temperature over time as
measured by the numerical thermocouples located at different
positions above the fuel pool. Before the water mist application,
changes in the extinguishing coefficient do not affect the temper-
ature, regardless of the measurement locations. When the water
mist is injected, the temperature at locations x¼ 0.15 m and 0.45 m
and the same y ¼ 0.03 m decreases with increasing extinguishing
coefficient. That is because increasing the extinguishing coefficient
reduces the suppression time, as shown in Fig. 9. It is observed that
at location x ¼ 0 m and y ¼ 0.2 m there is little difference when the
extinguishing coefficient is increased because the fire flame does
not reach the measuring point, due to the water mist.

4.4. Flame displacement

The ignition, growth, full development, decay, and extinction of

a fire in a fire compartment can be expressed by the HRR curve over
time. Fig. 13 shows the change in the HRR over time. The HRR
initially increases as the t2 fire grows to 2 s after the fire, and is
maintained at 244 kW with the amplitude of ±100 kW up to 10 s
after the fire, before the water mist is applied. However, the HRR
increases instantaneously up to 1356 kW immediately after the
water mist nozzle activation, and then rapidly decreases to the very
small value of 0.01 kW. The instantaneously rapid increase of the
heat flow after the water mist application was also observed at the
experimental results by Xiao et al. [12].

The flame-like 3D plots shown in Fig. 13 (a) to (d) represent the
areas where the HRR is higher than 200 kW. Fig. 13 (a) shows the
developed fire before water mist application; while Fig. 13 (b), (c),
and (d) show in the different view point that the fire spreadswidely
on both sides due to the strong water mist jet flow. The flame
displacement occurs when awater mist jet or steam jet reaches the
fuel surface [11,12]. When a strong steam or liquid jet reaches the
region of the fuel vapor rich core formed on the liquid fuel surface,

Fig. 16. Variation in pressure measured numerically at different horizontal locations
for the same vertical location of 0.03 m high from the fuel surface (Test condition:
DPS ¼ 50,000, E_COEFFICIENT ¼ 16.4, dx ¼ 0.05 m).

Fig. 17. Variation in temperature measured numerically at different horizontal loca-
tions for the same vertical location of 0.03 m high from the fuel surface (Test condition:
DPS ¼ 50,000, E_COEFFICIENT ¼ 16.4, dx ¼ 0.05 m).
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the fuel vapor is pushed out to both sides. The flame displacement
occurs due to the combustion reaction between the pushed-out
fuel vapor and the surrounding oxygen.

Fig. 14 shows oxygen volume fraction, pressure, temperature,
velocity distributions at the front view of the center plane of the
fuel pool surface at t ¼ 0.5 s after the water mist application. Since
the water mist nozzle is located 1.7 m above the left edge of the fuel
pool surface, the flame is pushed to the right from the center of fuel
pool surface by high speed water mist jet. In the region where
flames are pushed to the right of the fuel surface, the oxygen vol-
ume fraction is lowered and the temperature is increased. Because
the high speed water mist jet reaches the left bottom area near the
liquid fuel surface, the pressure increases on the fuel surface and at
the left bottom area near the fuel pool.

Figs. 15e17 show the variation in oxygen volume fraction,
pressure, and temperature over time, at five different locations,
respectively; which are marked with five black points above the
fuel surface in Fig. 14. The change in oxygen volume fraction due to
water mist application is larger on the right side regions of Fig. 15
(d) and (e) than the left regions of Fig. 15 (a) and (b) from the
center of the fuel surface. Since the water mist nozzle is located
1.7 m high above the left edge of the fuel surface and 0.15 m hor-
izontally from the center of the fuel surface, the flame displacement
occurs more strongly in the right region further away from the
center point of the fuel surface. The pressure near the fuel surface is
not affected prior to the water mist application. When the water
mist is sprayed, the variation in pressure becomes greatest in the
location below where the water mist nozzle is located, as shown in

Fig. 16 (b). A Smaller variation in pressure is observed in Fig. 16 (c).
However, there is little pressure fluctuation at locations farther to
the right. This means the water mist does not reach the right
boundary of the fuel front surface. Before the water mist is sprayed,
the temperature distribution at the left edge location of the fuel
surface is higher than that at the right edge location because the
door is located on the right wall in the fire compartment. After the
water mist application, the temperature in Fig. 17 (c) and (d) is
slightly increased, and then decreases gradually. In Fig. 17 (e),
however, the temperature rapidly increases, more than 2 times,
after the water mist application, and then gradually decreases. This
is because the flame displacement occurs in the right region from
the center of the fuel surface.

4.5. Door size change

The aspect ratio and the opening ratio of the door on the right
wall in the fire compartment were varied in order to analyze the
influence of the door opening size on fire suppression time. The
aspect ratio of the door was applied as follows.

Aspect Ratio ¼ w/h (11)

where w is the door width (m), and h is the door height (m). The
aspect ratio was changed to 0.17, 0.35, and 0.46 by making the door
height constant at 1.9 m and decreasing the door length. The
opening ratio is applied as follows:

Fig. 18. The effect of changing door aspect ratio on the heat release rate with keeping the original door height at the different DPS conditions of (a) DPS ¼ 5000 (b) DPS ¼ 50,000,
and (c) DPS ¼ 100,000; Test condition: E_COEFFICIENT ¼ 16.4, and dx ¼ 0.05 m.
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Opening Ratio ¼ A/A0 ¼ wh/w0h0 (12)

where A is the area of the reduced door and A0 is the original area of
the door calculated by multiplying original door width (w0) and
original door height (h0). The opening ratio was changed to 0.3, 0.6,
and 0.8 with a constant aspect ratio of 0.58.

Fig. 18 and Fig. 19 show the effect of changing aspect ratio and
opening ratio of the door on the heat release rate variation after
water mist application at the different DPS conditions of 5,000,
50,000 and 100,000. As shown in Fig. 18, the change of aspect ratio
and opening ratio has impact on the heat release rate variation at
the different DPS conditions. When the aspect ratio of the door
decreases with keeping the original door height, the opening ratio
is also decreased, so that the flow of the gas through the door be-
comes difficult. Since the heat release rate instantaneously in-
creases due to the flame displacement immediately after the water
mist application, the configuration of the door opening has impact
on the maximum value and reduction rate of the heat release rate
curve. The reduction rate of the heat release rate over time is
further increased when the maximumvalue of the heat release rate
increases under the different DPS conditions of 5,000, 50,000 and
100,000. In Fig. 18, the maximum value of the heat release rate
curve at the condition of AR ¼ 0.17 and OR ¼ 0.3 regardless of the
DPS change is lower than those of the other door opening condi-
tions because the oxygen amount near the fuel pool is affected by
the reduced door opening. With increasing DPS, however, the

maximum value and reduction rate of heat release rate varies in
different patterns for the different door opening configurations.
When the DPS increases to 5,000, 50,000, and 100,000 in order, the
maximum value of heat release rate decreases to 950 kW, 850 kW,
and 750 kWat AR¼ 0.17 and OR¼ 0.3, varies 1125 kW, 950 kW, and
1000 kWat AR ¼ 0.35 and OR ¼ 0.6, increases to 1170 kW,1320 kW,
and 1400 kW at AR ¼ 0.46 and OR ¼ 0.8. Sikanen et al. [23].
confirmed that the centerline velocity of the water mist jet in-
creases with increasing the DPS. If there is more sufficient oxygen
near the fuel surface, the maximum value of the heat release rate
should be increased with the increase in water mist jet velocity.
With increasing the DPS at condition of AR ¼ 0.46 and OR ¼ 0.8, the
maximumvalue of heat release rate is increased because the flow of
the air through the door opening is relatively good. On the other
hand, in the case of AR ¼ 0.17 and OR ¼ 0.3, the maximum value of
heat release rate decreases with the increase in the DPS because of
the reduced door opening. In Fig. 19, if the door width and the door
height are reduced at the same timewhile keeping the aspect of the
original door, the heat release rate curve varies in another pattern
compared to Fig. 18. With changing opening ratio with the constant
aspect ratio, the maximum value of the heat release rate ranges
from 1000 kW to 1100 kW; and the reduction rate of the heat
release is similar under all the DPS conditions. However, at the
conditions of AR ¼ 0.58, OR ¼ 0.3, and DPS ¼ 5,000, the maximum
value of heat release rate increases to 1300 kW.

Fig. 19. The effect of changing door opening ratio on the heat release rate with keeping the original door aspect ratio at the different DPS conditions of (a) DPS ¼ 5000 (b)
DPS ¼ 50,000, and (c) DPS ¼ 100,000; Test condition: E_COEFFICIENT ¼ 16.4, and dx ¼ 0.05 m.
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5. Conclusion

In the present study, fire suppression by a water mist nozzle
directly above the fuel surface was investigated numerically using
FDS. The main conclusions are as follows:

1. Experiments were performed to find the values of input pa-
rameters for the FDS simulation, including drop sizes, spray
angles, and extinguishing coefficient. It was visually deter-
mined that the n-Heptane fire was suppressed an average of
2.5 s after application of the water mist; and the experimental
suppression time was used to find the extinguishing coeffi-
cient. The properties of the water mist including spray angle,
droplet sizes, injection pressure, and water flowrate, among
others were measured for the simulation input. The MVD, g,
and s measured were 124.55 mm, 2.22, and 0.52 with the
application of the Rosin-Rammler Lognormal distribution
function in the FDS.

2. A new simple calibration method was applied to find the
appropriate extinguishing coefficient for use in the FDS simu-
lation. The fire suppression time was well expressed as a
function of the extinguishing coefficient. It was possible to
calculate the extinguishing coefficient which provided the
same suppression time as that of found in the experiments by
using the best fit curve equation in the form of the power law
function. The sensitivity analysis was performed for three
input parameters: total number of cubic cells ranging from
6032 to 2,926,400, droplets per second ranging from 1 � 103 to
5 � 105, and extinguishing coefficient between 0 and 100.
Through the sensitivity analysis, the number of cells of 365,800
with cubic cell size of 0.05 m, droplets per second of 50,000,
and extinguishing coefficient of 16.4 were determined as input
values for the fire suppression simulation. The heat release rate
and temperature at the coarse mesh regime were less affected
by changing droplets per second. The more total number of
cells is applied, the greater the effect of different droplets per
second conditions on the heat release rate and temperature
becomes.

3. The flame displacement was characterized with the rapid in-
crease of the heat release rate. When the water mist nozzle was
located directly above the left edge of the fuel surface, the high-
speed water mist jet flow pushed the fuel vapor to the side. This
caused the heat release rate to dramatically increase immedi-
ately after thewatermist application. As the flame displacement
formed, the rapid increase in heat release rate was strongly
observed in the right region relative to the center of the fuel
surface, due to the offset position of the water mist jet. The
flame displacement was also observed by the local distribution
of the oxygen volume fraction, pressure, and temperature near
the liquid fuel pool surface.

4. When the fire was suppressed by a water mist nozzle located
directly above the fuel pool surface, changing the aspect ratio
and opening ratio of the door opening affects the maximum
value and reduction rate of heat release rate due to the flame
displacement effect. For changing door aspect ratio and opening
ratio at the same time, the maximum value of heat release rate
decreases with increase in droplets per second. On the other
hand, for changing door opening ratiowith constant door aspect
ratio, the maximum value and the reduction rate of heat release
rate are similar under all droplets per second conditions except
for AR ¼ 0.58, OR ¼ 0.3, and DPS ¼ 5000.
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