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Abstract: In this article, a collective database from validated numerical simulation has been es-
tablished to study the suppression effects of water-based suppression systems under a single-
compartment fire scenario at various suppression configurations and fire locations. Five fuel locations
along the axis between the centre and corner of the room were configurated to dynamically analyse
how the horizontal distance between the nozzle and fuel pan affects the heat release rate (HRR),
temperature cooling phenomena at different heights and also the velocity profile. Throughout the
fuel pan relocations, the water-mist system has achieved an average suppression time of 25 s for all
the locations, it was found that the water mist system can effectively control the fire under 200 ◦C that
is distanced over 2 m spanwise displacement from the nozzle against the fire, while the sprinkler has
exhibited an excellent fuel surface cooling effect due to large momentum and heat capacity within
the coverage area with an average suppression time of 50 s. The results of this study have further
explored the spray coverage and droplet penetrability of different suppression systems at different
locations corresponding to the fire source, and the quantitative assessment of fuel locations could
also contribute to the future development of performance-based fire safety designs.

Keywords: computational fluid dynamics; fire suppression; large eddy simulations; water mist

1. Introduction

In Australia, tragedies such as the Bankstown and Quakers Hill Nursing Home fire
incidents [1,2] have resulted in fatalities and miserable losses. They have highlighted
the consequences of the absence of fire suppression systems in confined premises. These
devastating fire events were challenging to fight against once flashover had occurred,
which makes it exceptionally difficult to carry out effective fire rescuing operations and
hinders occupants from seeking a safe escape route [3,4]. The past fire incidents and the
statistic matrix have highlighted the importance of automated suppression systems in
various infrastructures [5]. Hence, water-based suppression systems have been developed
over the past two centuries and are utilised worldwide in commercial and residential
buildings [6]. Besides conventional fire sprinklers, water mist systems have become a
popular suppression solution in recent decades, as it requires less water consumption
to achieve rapid suppression in confined spaces [7,8]. Water mist systems are preferable
for libraries, aircraft and local stores, where the water damage can be minimised since
the nozzle flow rate is nearly an order of magnitude less than fire sprinklers [9,10]. The
water mist system is defined as 99% of the droplets being regulated under 1000 µm, while
the droplet size of fire sprinklers lies between 1000 µm–4000 µm [11]. The suppression
mechanisms for conventional fire sprinklers and water mist systems are distinct from each
other as a result of their difference in size of water droplets. Vast numbers of large-scale
fire experiments have been carried out to study the interaction between fire plumes and
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water-based suppression systems [12–14], where fire sprinklers utilise large diameter water
droplets in order to cool down the flame and combustible materials’ surface [15,16], while
water mist applies water droplets with sizes smaller in few orders of magnitudes. With
smaller droplets, water mist systems suppress fire by cooling flame surface and volumetric
displacement of combustive gas [17]. Micro-droplets evaporate rapidly when in contact
or descending towards the flame, forming a steam enclosure to insulate oxygen from the
combustion [18].

Although immense experiments have been carried out to provide insights into the
effectiveness of different water-based suppression systems, a quantitative assessment of
spray configurations (i.e., droplet sizes, flow rate, nozzle type, fuel locations etc.) is required
to deliver an optimal design of water spray system [19]. Therefore, computational fluid
dynamics (CFD) has become a cost-effective approach to study the complex interactive fire
behaviours associated with suppression effects, considering large-scale fire experiments
are often costly and destructive. Pioneer fire suppression modelling studies established by
Alpert [20], Nam [21], Chow et al. [22] and Hua et al. [19] numerically described the inter-
action between water sprays and fire plume (i.e., mass, momentum and energy), created
solid foundations for future Eulerian-Lagrangian based fire suppression modelling. To
date, extensive numerical studies have been performed to study the suppression behaviour
of water-mist systems under different configurations and fire scenarios. Wang et al. [23],
Liu et al. [24] and Mahmud et al. [25] have studied the effects of different droplet sizes
offered on droplets’ penetrability and the evaporating rate at the flame region. Other
spray characteristics such as spray angle [26], nozzle type [27], flow rate and operating
pressure [28] have also been investigated through numerical studies. Moreover, a wide
range of simulation studies suggested that fire compartment characteristics, including the
physical configuration of the fire compartment [29], ventilation conditions [30], the distance
between the water nozzle and ignition source [31] and fire sizes [32] could also heavily
affect the suppression efficiency of the systems. Among the numerical studies, Lee et al. [31]
have firstly explored the effect of the distance between a water spray nozzle and a fire on
heat release rate (HRR). However, the investigation ceased at correlating the relationship
between suppression time and nozzle distance. The actual physical phenomena of the
suppression effect at different fuel locations have yet to be studied, including the impact
of different nozzle configuration and droplet sizes on surface cooling and gas displace-
ment effect. It is essential to further investigate the suppression behaviour of water-based
suppression systems under different fuel location displacement, a quantitative assessment
of fuel locations could contribute to the development of performance-based fire safety
designs [33].

In light of the aforementioned knowledge gap, this study aims to numerically investi-
gate the droplet behavior of water-based suppression systems in terms of droplet impact
and the relationship with the fuel source location in different benchmarking room fire
scenarios. The following are the objectives for this study:

(i) Establish a predictive fire model to simulate sprinkler and water mist fire suppres-
sion system in a room fire scenario, and validate the model via comparison against
referenced experimental data;

(ii) Perform a series of numerical case studies by adjusting the fire location with different
nozzle configurations;

(iii) Compare the spray mechanisms and coverage area of water-mist against convention
fire sprinkler systems;

(iv) In-depth analysis of the fire suppression efficiency in terms of penetration capacity
between the buoyant flaming fluid mixture and water droplets;

2. Computational Methods

Under the Eulerian-Lagrangian framework, computational fluid dynamics coupled
with discrete phase model (CFD-DPM) is a viable approach to predict the complex interac-
tive fire behaviours associated with suppression effects. This approach has been widely
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employed for numerical fire suppression studies [34–38]. In this study, Fire Dynamic Simu-
lator (FDS) version 6.7.4 has been employed to simulate a compartment fire with droplet
suppression effects. FDS, developed by the National Institute of Standards and Technology
(NIST), is one of the most recognisable simulation codes in the fire safety community. It
utilised the Large Eddy Simulation (LES) approach incorporating sub-grid scale (SGS)
turbulence models coupled with combustion, radiation and droplet models to account
for the essential fire phenomena interacting with water droplets. The LES approach is
appropriate for fire modelling since the temporary fluctuation behaviour of the flame can
be coupled to the other sub-modelling components [39–41].

2.1. Governing Equations, Turbulence Model

In the FDS framework, the transport equation of fluid flow in LES approach is de-
scribed by the fundamental conservation equations for Newtonian fluid [42]. While the
low Mach number assumption is made [43], the pressure of low-speed applications such
as fire will be resolved into the background pressure p , internal energy and enthalpy is
integrated in terms of sensible enthalpy hs. Eventually, the transport equation for mass,
momentum and energy is derived to perform the reaction between water droplets and fire,
accounting for the heat release rate per unit volume from the combustion

.
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where ρ is density,
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u is the flow velocity, k is the thermal conductivity and D is the

diffusivity of species “i”.
The composition of turbulent flow possesses large eddies that involve a wide range

of length and time scales, and a filter implementation is required in order to distinguish
eddies by various sizes. The cut-off size of the filter is established by the grid size of
the simulation. Eddies that are larger than the filter scale will be directly resolved, while
the Subgrid-Scale turbulence model approach will predict the remaining eddies. In this
study, the Wall-Adapting Local Eddy-viscosity (WALE) model developed by Nicoud and
Ducros [44] was employed. The WALE model has been extensively utilised in various
fire formation studies and fire case investigations [45–48], which approaches the eddy
viscosity as:
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where ∆ =
(
δxδyδz

) 1
3 is the size of the filter, and the modelling constant Cw = 0.6 is

suggested for decaying isotropic turbulence.

2.2. Combustion Model

Combustion in the FDS is constructed based on the mixture ratio of the species in
the fuel, while assuming the oxidant and fuel are burnt instantly once mixed. The default
chemical kinetics is simplified as a one-step reaction where fuel reacts with ambient air (i.e.,
oxygen, nitrogen, water vapour and carbon monoxide) directly to form the final products
(i.e., nitrogen, carbon monoxide, carbon dioxide, water vapour and soot). The heat released
from combustion has always been an essential parameter that defines the scale and the
magnitude of a combustion model. As combustion in the FDS model is depended on the
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fuel’s lumped species fraction, the heat released per unit volume of the combustion is
defined by multiplying the heat of formation ∆h f ,i and the mass production rate of each
lumped species

.
mm

i .
.

qc
′′′ = −∑

i

.
mm

i ∆h f ,i (5)

2.3. Extinguishment and Evaporation
2.3.1. Extinction Model

The reaction between the fire and water droplets is critical in a suppression effi-
ciency study. In order to replicate the phenomena of fire extinction, an extinct model
(EXTINCTION 1) in FDS has been implemented. In the extinction model, diffusion flame
extinguishment is indicated by the critical flame temperature TOI , limiting oxygen index
YOI and the “free-burn” temperature Tf b. While the cell bulk temperature Tijk is suppressed
below Tf b, the limiting oxygen volume fraction XO2,lim, which is calculated by TOI and YOI ,
will be considered into the extinction model. The local cell mass production rate
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2.3.2. Droplet Evaporation Models

The major differences between fire sprinklers and water mist systems were due to
the varieties in droplet diameters. Especially, the water mist system achieves combustible
gas displacement via rapid droplet evaporation. It is essential to consider the evaporation
effect in terms of latent cooling in the current model. The mass and energy conservation in
the process of evaporation is revealed as [49]:
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Equations (9) and (10) revealed the mass transfer in the process of evaporation; the
Yl and Yg represent the vapour mass fraction in the liquid and local gas-phase, while the
energy transfer is revealed by Tp and Tg, which represents the temperature of the droplet
and local gas. In these equations illustrated above, mp and mg are the mass of the droplet
and local gas, Ap,s is the surface area of the droplet, hm stands for mass transfer coefficient,
h is the heat transfer coefficient between the droplet and local gas, hv is the latent heat of
evaporation and hl is the specific enthalpy of the droplet, cp and cg are the specific heat
capacity for liquid and gas-phase,

.
qr is the rate of radiative heating of the droplet and ρg

represents the density of the local gas phase.
During the interaction between water droplets and fire, except for simple heat transfer

correlations, the pyrolysis rate of the fuel and droplet transport on the fuel surface are
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also considered. The reduction of the fuel ejection rate due to water suppression was
characterised by Yu et al. and Hamins et al. [50,51]:

.
Q =

.
Q0e−k(t−t0) (13)

.
q′′ (t) =

.
q′′0 (t)e

−
∫

k(t) dt (14)

k(t) = ECOEFFICIENT ×m′′w (15)

where
.

Q0 is the total heat release rate at the time of application t0 and k is the fuel-
dependent constant. To further investigate the local fire, the burning rate

.
q0
′′ (t) of the fuel

was observed to be an exponential nature with the water suppression both locally and
globally, where m′′w is the local water mass per unit area. ECOEFFICIENT is suggested to be
16.4 through the calibration of extinguishing coefficient against liquid fuel fire conducted
by Lee [52].

3. Experiment and Numerical Configurations
3.1. Compartment Geometry

This numerical model was constructed according to the water mist enclosure fire
suppression experiment conducted by Kim et al. [14]. The experiment compartment
consists of a 4 m × 4 m × 2.3 m room with an elevated fume hood on the ceiling, and
with methanol fuel pan at the centre of the room. The compartment geometry was first
created in AutoCAD according to the dimensions provided by the original experiment
before being imported into FDS, as illustrated in Figure 1. The mesh boundary is precisely
constructed by the same dimension of the compartment in x and y-direction (4 m× 4 m),
an open boundary was configured for both the door and the fume hood and the z-direction
domain is limited at 2.8 m from the ground in order to enhance the smoke ventilation of
the model and decrease model instability due to great interior pressure of the compartment.
As a result, the total size of the computational domain is 4 m × 4 m × 2.8 m.

Figure 1. Schematic of the testing compartment.

3.2. Fuel Pan/Combustion Configuration and Measurement

A methanol (CH3OH) fuel pan with dimensions of 0.4 m × 0.4 m × 0.05 m is located
at the centre of the compartment with a mass loss rate of 0.0155 kg/m2s, corresponding to
a heat release rate (HRR) of 310 kW/m2. The heat of combustion, radiative fraction, soot
yield, oxygen index and critical flame temperature for methanol fuel were input according
to the SFPE Handbook [53]. In this study, the fuel pan will be located five locations away
from the nozzle to examine the suppression effectiveness. Each location is relocated 0.4 m
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away from both X and Y axis. Six thermocouples and six gas probes are also configurated
at each fuel location from 0.2 m–1.8 m above the ground, as depicted in Figures 1 and 2.

Figure 2. Snapshot of the compartment geometry in FDS.

3.3. Suppression Systems

The sprinkler/mist nozzle is located at the centre of the room at a height of 2 m. The
suppression systems were configurated according to numerical fire suppression studies
on both fire sprinklers and water mist systems established by Liu et al. [24,54,55], where
the sprinkler configuration was verified by Bourque et al. conducting bucket tests [56,57].
The detailed setup for the numerical model, including nozzle configuration, is summarised
in Table 1. Despite the difference in activation mechanism between fire sprinklers and
water mist systems (i.e., temperature glass-bulb, heat detection etc.), both of the systems
were activated when the thermocouple 1.8 m above the fire reached 85 ◦C to compare the
after-activation suppression effect systematically.

3.4. Mesh Independence and Validation

A grid sensitivity study based on DiNenno et al.’s approach [58] was conducted by
simulating one of the cases with three scales of mesh sizes, namely coarse (352,000 cells),
moderate (1,645,077 cells) and fine (2,841,600 cells). The grid sizes were determined consid-
ering characteristic diameter (D*):

D∗ =

( .
Q

ρ∞cpT∞
√

g

) 2
5

(16)

where the heat release rate Q, density ρ∞, specific heat cp and the ambient temperature T∞
of the air are considered.
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Table 1. Simulation setup.

Geometry Compartment dimensions (m) 4× 4× 2.3
Computational domain size (m) 4× 4× 2.8

Grid sensitivity analysis 352,000–2,841,600 cells
Final total number of cells 1,645,077 cells

Boundary conditions Fume hood, Ceiling Open
Combustions Fuel pan size (m) 0.4× 0.4× 0.05

Fuel Type Simple Chemistry: Methanol (CH3OH)
Mass loss Rate (kg/m2s)

HRR per unit area (kW/m2)
Heat of combustion (kJ/kg)

0.0155
310.0

22,659.0
Radiative Fraction 0.36

Soot Yield
Oxygen index (XOI)

Critical Flame Temperature (TOI)

1.0 × 10-4

0.111
1257

Simulations, Measurements Fuel Location (m) L1 (X: 0, Y: 0), L2 (X: 0.4, Y: 0.4), L3 (X: 0.8, Y: 0.8), L4 (X: 1.2,
Y: 1.2), L5 (X: 1.6, Y: 1.6)

Thermocouples, Gas Probe Above each fuel location at 0.2 m, 0.5 m, 0.9 m, 1.2 m, 1.5 m
and 1.8 m

Suppression System Device Sprinkler Water Mist
Operating pressure (bar) 0.48 7
K-Factor (L/min/

√
kPa) 81 4.7

Flow rates (L/min) 55.8 12
Spray Angle (◦) 10, 70 10, 70

Droplet Diameter (µm) 1250 121
Activation control Thermocouple 1.8 m above the fire reaches 85 ◦C

The grid sensitivity tests are illustrated in Figure 3, where temperature profiles ob-
tained during suppression events at the height of 0.5 m were used as the monitoring point.
The trend of the temperature growth was reflected for all three sets of meshes. After
the temperature becomes stabilised during combustion, it can be seen that the variation
between moderate and fine mesh is less than 10%. To minimise computational cost with
satisfying accuracy, the moderate meshing (1,645,077 cells) with a uniform grid size of
0.03 m is applied for further analysis. The numerical model was validated against the exper-
imental data from Kim et al. [14]. Figure 4 shows the temperature comparison between the
numerical predictions and experiments at (a) ceiling location 0.5 m away from the centre
without suppression and (b) at 1.8 m above the ground during suppression. The fire field
model has exhibited acceptable accuracy in predicting field temperature without or during
suppression events.

Figure 3. Comparisons of the temperature profile in location 1 fire for coarse, moderate and fine meshes.
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Figure 4. Validation of the numerical model against experimental results (a) ceiling location 0.5 m
away from the centre without suppression and (b) at 1.8 m above the ground during suppression.

4. Results and Discussion

The current study investigates the suppression effects of fire sprinkler and water
mist systems under a single-compartment fire scenario. Five fuel locations along the axis
between the centre and corner of the room were configurated, and a collective database
was established to dynamically analyse how the horizontal distance between nozzle and
fuel pan affects the heat release rate (HRR), temperature cooling phenomena at different
heights and also the velocity profile. The results of this study can further explore the spray
coverage and droplet penetrability of the suppression systems at different locations.

4.1. Fire Suppression Process Reflected by Heat Release Rate (HRR)

Figure 5 compared the fire development and suppression process with both water mist
and conventional fire sprinkler systems in 400 s via HRR profiles. In all cases, a peak HRR
of approximately 50 kW was achieved before the fire suppression systems were activated.
As depicted in Figure 5a, it can be observed that the fire sprinkles achieved a significant
HRR deduction in 4 out of 5 locations within 200 s, while for water mist systems (Figure 5b),
full deductions of HRR were only achieved in 2 out of 5 locations (locations 1 & 2). A
detailed HRR deduction time for all cases has been summarised in Table 2. Firstly, location
1 is the most common fuel location employed in fire suppression studies, which is vertically
aligned with the nozzle. In this case, the fire sprinkler took a much longer duration than
the water mist to deduct the HRR profile fully and suppress the fire, while water mist
has fully extinguished the fire within 10 s. When the fuel location is being relocated away
from the nozzle horizontally, the water mist begins to lose its capability in HRR reduction.
In location 3, although the water mist successfully suppressed the fire and reduced the
HRR by 68.2%, the suppression procedure took more than 280 s to obtain a stable HRR
profile, which is much longer than the sprinkler in this location. The water mist system
is even unable to deduce HRR profile and suppress the fire at location 4. For location 5,
both systems failed to perform fire suppression in terms of HRR reduction, which indicates
that location 5 is out of the spray range of both systems. In this simulation study, the
HRR reduction relies on the droplet transport on the fuel surface, hence the performance
difference between sprinkler and water mist on various fire locations can be attributed to
their difference in terms of the effective coverage area and surface cooling effect induced by
the droplet. However, solely HRR profiles could not fully exhibit the suppression behaviour
of the suppression systems, other phenomena such as the compartment cooling effect and
droplet impact have yet to be investigated, especially when the fire is out of the spray
coverage; these will be further discussed in the following sections.
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Figure 5. Comparison of HRR Profiles; (a) Fire Sprinkler (b) Water mist.

Table 2. Fire suppression reflected by HRR reduction for both systems.

Location Fire Sprinklers Water Mist

1 HRR Reduction 100% 100%
Suppression Time 170.1 10

2 HRR Reduction 100% 100%
Suppression Time 10.01 18.8

3 HRR Reduction 100% 68.2%
Suppression Time 12.41 286

4 HRR Reduction 100% 0%
Suppression Time 50.2 /

5 HRR Reduction 0% 0%
Suppression Time / /

4.2. Cooling Effect Reflected by Local Temperature

Temperature readings can serve as a good indication of the effectiveness of fire sup-
pression systems in controlling fire since the ability to rapidly reduce and stabilise the local
temperature field is also essential for an effective suppression system. Figure 6 compares
the temperature reading at of 0.2 m, 0.5 m and 1.2 m separately for all the cases; it can be
observed that most of the temperature profiles share similar trending behavior with the
HRR behavior (i.e., reduction time). However, regardless of the fire suppression outcome
(i.e., either fire has been fully suppressed or not), it can be seen that the water mist systems
are able to rapidly cool down temperature near fuel source to a low value in all scenarios.
Except in location 5, all the temperatures over 0.2 m above the fire have been suppressed
below 100 ◦C within 20 s. This has further exhibited the advantages of water mist. Even
though the mist droplets did not effectively reduce the HRR from locations 3–5 due to
insufficient droplet transportation on the fuel surface, which can be attributed to small
spray coverage or early droplet evaporation, the water mist system can still effectively
stabilise the local temperature field at the fuel locations. For location 5, which is considered
out of the spray coverage of both systems, the water mist was also able to reduce the
temperature relatively lower than the fire sprinkler.
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Figure 6. Temperature profile of each fire location at height of 0.2 m (a) fire sprinkler; (b) water mist.;
0.5 m (c) fire sprinkler; (d) water mist and 1.2 m (e) fire sprinkler; (f) water mist.

To analyse the suppression events systematically, the temperature profiles can be
classified into three suppression stages, namely ‘Growth’, ’Reduction’ and ’Stabilisation’.
The stage before the nozzle was activated is referred to as ‘Growth’ stage, which is the time
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windows (tp) that allow the fire develops to reach its peak temperature (Tp). While after the
sprinkler/water mist system is activated, the heat reduction rate of the suppression system
surpasses the heat release rate of the fire until the temperature is decreased to a level where
both heat reduction and release rate become balanced. The stablised temperature at this
point can be defined as Ts; thus, fire suppression is achieved. This period is referred to
as ‘Reduction’ stage and can be denoted as ts. The ‘Stabilisation’ phase comes after the
reduction phase, where the temperature become stable.

Table 3 summarises the key information obtained such as temperature, growth time
and reduction time for all cases. ∆t is defined as the actual suppression time, which is the
time differences between the end of ‘Growth’ and ‘Reduction’ stage (∆t = ts − tp). Similarly,
despite the water mist system resulting in a higher stabilised temperature in locations 3
and 4, it managed to maintain a low range of temperature and similar suppression time
compared to the fire sprinkler. In this study, the suppression times for the water mist
system were approximately 25 s for all locations, while the fire sprinkler was 50 s, excluding
location 5.

Table 3. Summary of key temperature and time for both systems.

Fire Sprinkler Water Mist

THCP Height
(m) 0.2 0.5 1.2 0.2 0.5 1.2

Location t (s) T (◦C) t (s) T (◦C) t (s) T (◦C) t (s) T (◦C) t (s) T (◦C) t (s) T (◦C)

1
Growth 10.0 765.7 3.6 492.8 3.6 195.8 5.6 674.8 3.6 492.8 3.6 195.8

Reduction 159.2 30.2 104.4 43.1 149.6 30.1 24 30.2 22.81 30.0 23.2 29.7
∆t 149.2 100.8 146 18.4 19.2 19.6

2
Growth 5.6 676.8 3.6 443.1 3.6 160.9 5.2 658.6 3.6 443.1 3.6 160.9

Reduction 25.6 30.1 22.8 30.7 20.81 30.12 30.4 30.0 28.4 30.0 22.6 30.7
∆t 20 19.2 27.21 25.2 24.8 19

3
Growth 6.4 696.6 3.6 460.4 6.4 155.9 6.4 697.5 3.6 460.4 6.4 155.9

Reduction 26.8 30.6 28.0 29.6 21.6 30.5 29.2 75.1 29.2 46.6 29.6 39.3
∆t 20.4 24.4 15.2 22.8 25.6 23.2

4
Growth 4.4 695.3 3.6 438.7 4.4 141.7 4.4 695.3 3.6 438.7 4.4 141.7

Reduction 42.6 30.1 38.8 31.5 33.6 30.7 25.2 92.7 36.4 47.4 29.2 42.5
∆t 38.2 35.2 29.2 20.8 32.8 24.8

5
Growth 4.8 647.6 4.0 362.8 4.4 104.1 4.8 647.6 4.0 362.8 4.4 104.1

Reduction / / / / / / 26.4 181.2 29.6 94.9 58.4 105.5
∆t 21.6 25.6 54

Figure 7 compares the temperature reading along the height above fuel locations at
different time instances and stages during the fire suppression for all cases. The temperature
profile along the height of the room is revealed. In the fire growth stage, most of the
temperature profiles for water mist and sprinklers are superimposed before the nozzle is
activated. It is observed that when the fire source is located further from the water nozzle
(i.e., locations 4 & 5), water mist systems have better control compared to sprinklers at lower
heights near the fire source. It is also interesting to note that starting from location 3, the
temperature near the ceiling increased during water mist operation, and the phenomenon
is more pronounced in locations 4 & 5. In location 5, this phenomenon was witnessed in
both sprinkler and water mist systems during operation.
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Figure 7. Temperature distribution along the height of the room for different fire suppression cases.
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4.3. Fire Suppression Performance with Spray Coverage

As mentioned in previous sections, a vital difference observed between sprinklers
and water mist systems that affected the fire suppression performance for fire at different
locations is the spray coverage. Figure 8 illustrates the contours of the mass of water
droplets per unit volume at different time instances on virtual sampling planes at 0.1 m
above the fire for all cases at different fire suppression stages, this provided a good reflection
on the two systems’ spray patterns. With the same spray angle configuration, as droplets
emitted from sprinklers process larger momentum, the droplets are able to maintain the
original trajectory and thus keep a larger coverage area as set by the spray angle from 10◦ to
70◦. However, for water mist systems, the droplets are concentrated at the center, resulting
in a smaller coverage area, albeit they have the same large set spray angle as a sprinkler
system. This can be attributed to the fact that droplets from water mist systems carry much
less momentum with smaller mass, and the droplets lose momentum quickly due to drag
from air and buoyancy induced by fire; thus, they cannot follow the intended trajectory
and travel along horizontal distances.

Figure 8. Density of water droplets sprinkled from sprinkler system and water mist system during
the absent of fire.
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4.4. Velocity

Besides temperature, velocity vectors before and during fire suppression at locations
1, 3 and 5 are also plotted at the plane crossing the fuel pan in Figures 9–11, revealing
the interaction between buoyancy from fire and droplet penetration by fire suppression
systems. During the interaction between fire and water droplets, the flow field at fire region
is more turbulent dominated, contributing to the unstable behavior in HRR and temperature
measured. It can be seen that at location 1, as droplets are not directly penetrating through
the fire region, the buoyancy induced by fire is dominant, while for water mist systems,
a much higher downwards momentum is seen at the fire suppression stage. At location
3, as sprinkler system have a better coverage compared to water mist system, although
the fire suppression performance for both systems is similar, the penetration effect from
water droplets is better for sprinkler systems during fire suppression. Reflected in velocity
vectors, it can be seen that at 50 s, downward velocity is dominant in sprinkler case, while
for water mist systems, upward velocity can still be observed near and above fuel pan. For
location 5, since both systems do not have an excellent reach to the fire source, upward
velocity induced by buoyancy is dominant near and above the fire source for both systems.

Figure 9. Velocity vector for sprinkler and water mist systems at location 1, before and during
fire suppression.
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Figure 10. Velocity vector for sprinkler and water mist systems at location 3, before and during
fire suppression.

Figure 11. Velocity vector for sprinkler and water mist systems at location 5, before and during
fire suppression.
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5. Conclusions

This study performed quantitative numerical simulations to investigate the fire sup-
pression behaviour of both sprinklers and water mist system on compartment fire with
different fire source locations. Five fuel locations along the axis between the centre and
corner of the room were configurated, namely locations 1–5, where the methanol fuel
pan was relocated 0.4 m away from the nozzle in both X- and Y-axis for each location.
The advantages and limitations for both systems were revealed via a comparison of HRR
and temperature reduction, droplet spray pattern and also the velocity field at different
suppression stages and fuel locations. The findings in this study can be summarised in the
following key points:

• The fire sprinklers have exhibited significant fuel surface cooling effect that has sup-
pressed the 50 kW HRR profiles effectively in from location 2–4 within 50 s. This can
be attributed to the larger droplets (>1000 µm) sprayed from sprinklers carry more
momentum and heat capacity, which forms a wide spray pattern that mainly covers
locations 2 to 4 and provides better droplet penetrability toward the fire.

• Within the coverage area, the large droplets also evaporate slower than mist and create
a downward velocity field against the flame plume. Despite the heat reduction from
locations 2–4, the sprinklers are relatively weaker than water mist while the fuel pan
was relocated at location 1 and 5, which is vertically below the nozzle and out of
droplets coverage area.

• Regardless of fire suppression outcome (i.e., either fire has been fully suppressed
or not), it can be seen that the water mist systems are able to rapidly cool down
temperature near fuel source to a low value at all scenarios. Except for location 5,
all the temperatures over 0.2 m above the fire have been suppressed below 100 ◦C
within 20 s. This has exhibited the advantages of water mist, even though the mist
droplets did not effectively reduce the HRR from locations 3–5 due to insufficient
droplet transportation on the fuel surface, which can be attributed to small spray
coverage or early droplet evaporation.

• Mist droplets often lose momentum after leaving the nozzle due to drag from air and
buoyancy induced by fire; thus, the droplets are unable to travel along the intended
trajectory with long horizontal distances. The water mist system can still eject micro-
sized water droplets with rapid evaporation surrounding the flame and effectively
stabilise the local temperature field at the fuel locations.

In this study, the quantitative assessment of fuel locations could also contribute to the future
development of performance-based fire safety designs, for example, household open-kitchen
compartment settings, confirmed car parking spaces and aircraft/train/submarine/ferry cabins,
etc. With a highlighted emphasis on the different fire locations, this numerical approach
can deliver additional insights on the effectiveness of water-mist systems for coverage of
large distance fires.
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