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Abstract

Aqueous suppression systems (i.e. fire sprinkler, water mist) have been extensively utilised for compartmental fire suppres-
sion due to their significant heat extraction ability. Nevertheless, challenges can be foreseen in suppressing water-reactive
chemicals as a violent explosive reaction will be triggered, such as alkali metals (i.e. Na, Li) and alkali metal hydrides (i.e.
LiH, LiAlH,). In this study, expandable graphite (EG) is proposed as a potential suppressant against alkaline metal fire due
to its advantageous thermal properties and chemical stability. In-house user-defined functions (UDFs) are developed to
characterise the particle expansion coupled with the heat and mass transfer process between EG and the fluid mixture. The
model is incorporated in the large eddy simulation (LES) framework to study the temporal fire behaviours and the suppres-
sion effect of EG against the flame plume. The numerical model was validated by comparison of temperature profiles and
expansion rate of EG particles along the suppression event against experimental results. The EG was found to be relatively
effective in fire suppression compared to the same amount of natural graphite. Parametric analysis was conducted on a range
of EG particle size between 400 pm—1000 pm to investigate the suppression mechanisms and the suppression efficiency
of EG particles against metal fires. Within the range of the current study (400 pm—1000 um), the EG particle diameter of
400 pum has achieved the most effective suppression performance and the suppression time of 2 s. It is observed that the

smaller size of EG tends to be effective in fire suppression than the larger sizes.
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u Fluid Phase Velocity (m/s)
u, Particle Velocity (m/s)
u Molecular Viscosity (kg/ms)

M, Turbulent Viscosity (kg/ms)
o Filtered Heat Release Rate (W)
o Rate of Strain

T Subgrid-scale Stress

1 Introduction

Metal-based compounds (i.e. magnesium-based hydrides,
sodium alanates, lithium and potassium alanates, lithium
nitrides, lithium boro- and beryllium hydrides, and interme-
tallic compounds) are generally recognised as hazardous and
are required to be stored in a well-contained, temperature-
controlled environment. This is due to the fact that most of
the metal alloys are combustible metal powders with asso-
ciated fire and explosion hazards before the hydride reac-
tion [1]. According to the NFPA 484 [2], fire and explosion
protection guidelines recommends special precautions asso-
ciated with the handling of pyrophoric and water-reactive
metal dust (i.e. CCPS Guidelines—1995; DOE Primer for
Pyrophoric Materials — 1994) [3, 4]. Nonetheless, aqueous
suppression agents, halogenated agents and carbon diox-
ide are inappropriate to be metal fire suppression agent, as
most of the hydrides are water-reactive and undergo violent
decomposition reaction with halogens and oxides. Therefore,
a series of dry powders have been proposed as Class D fire
suppression agents (i.e. Sodium chloride, graphite, copper
powder, dry sand) [4], which specifically designed for com-
bustible metal fire suppression. However, high agent mass
ratio, environment contamination and lack of reigniting pre-
vention in disturbed pool bed were also observed in sodium
chloride and graphite against sodium fire [5, 6].
Expandable graphite (EG) is an advanced graphite
intercalation compound (GIC), which is prepared by
implementing non-carbonaceous atoms or molecules into
graphite’s carbon layers [7], this process can be accom-
plished through chemical, electrochemical and mechanical
reaction [8]. Afterwards, the inter-layer distance of EG is
increased as the binding force between graphite layers is
diminished [9], EG hence becomes “expandable” since
the van der Waal’s between graphite layers can be broken
by heat energy, while the covalent bond between carbon
atoms will retain the carbon hexagonal ring of each single
layer [10]. In the expansion process, EG particles will be
expanded 100 — 300 times in volume, the expansion rate
can be varied between different expansion temperature and
preparation approaches [11]. The expansion characteris-
tics of EG has led to its extensive application in flame
retardancy [12—15], sealing technology [16], phase change
material (PCM) [17] and adsorption material [18]. EG is
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possessed of several characteristics that are superior in
flame retardancy application: i) high thermal resistance;
i) non-toxicity; iii) non-dripping; iv) low smoke yield and
v) high chemical stability [19]. To study these physical
behaviours, a comprehensive numerical model would be a
viable option to consider the fully coupled and interacting
effect between EG and the fluid mixture.

Computational fluid dynamics (CFD) is an effective tool
for practical fire simulations including bushfires, compart-
ment fires, and more fundamental pyrolysis and combus-
tion problems. Recently, the large eddy simulation (LES)
approach was found to be advantageous for the prediction
of time-dependent flaming behaviours due to its capability
in considering the temporal fluctuating behaviours led by
turbulence/fuel-mixture interaction [20, 21], the LES has
also revealed its potential in multiphase flow problem [22].
On the other hand, the discrete phase model (DPM) was an
effective tool to track/trace particles and couple the effect
against the fluid component in the control element. This
technique was recently utilised in the assessment of fire sup-
pression systems for water-mist and sprinklers. For instance,
Liu et al. [23, 24] studied the effect of various water droplet
sizes in fire sprinkler and water mist system and Li et al. [25]
conducted a series of model scale tunnel fire suppression by
utilizing DPM method to simulate the water spray from fire
sprinklers. Li et al. [26] have optimized parameters such as
particle sphericity and micron sizes for abrasive particles
under turbulent multiphase flow. Yan et al. [27] have dis-
covered that the Eulerian—Lagrangian approach has obvious
advantage in modelling particle—wall interactions. However,
the current DPM models are limited in consideration of inert
particle expansion. Therefore, for the purpose of studying
the EG suppression system, it is necessary to develop a new
model to bridge the missing knowledge.

In this study, EG is proposed as an effective suppres-
sant in alkaline metal fire suppression. The effectiveness of
EG particles against a sodium-based fire has been studied
numerically for the first time, by utilising a coupled in-house
UDF model with the LES framework. The following are the
objectives of this study:

a) Establish an experimentally validated EG suppres-
sion model, where the gas-phase turbulent reacting gas
mixture model coupled with an advanced discrete phase
model (DPM), to simulate the heat and mass transfer
between particles and fire, the time-dependent movement
of expandable particles were also tracked.

b) By compiling multiple User-Defined Functions
(UDFs), the temperature-dependent volume expansion of
EG has been replicated according to conducted experi-
ments. The “barrier effect”, which affecting fuel surface
area has also been simulated and validated with experi-
mental results.
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¢) Conduct parametric studies between natural graph-
ite and various size of EG, the temperature profiles
and expansion rate against time and temperature were
compared and the suppression efficiency of each case is
revealed. The suppression mechanisms of various sizes
of EG against metal fires are also analysed through the
temperature distribution contour.

2 Mathematical models

Computational Fluid Dynamic (CFD) modelling is an effec-
tive approach to replicate the complex heat and mass trans-
fer behaviour between the suppression agents and the fire,
and was proven to be reliable for practice fire suppression
simulation studies [23, 28]. To investigate the feasibility of
expandable particles suppression system for metal fire, Large
Eddy Simulation (LES) approach incorporating sub-grid
scale (SGS) turbulence models coupled with non-premixed
combustion and a set of user-defined functions (UDFs) were
constructed to describe the fire phenomena interacting with
expandable inert particles. The current approach is practical
for fire modelling since the temporary fluctuation behaviour
of the flame can be coupled to the other sub-modelling com-
ponents [29, 30].

2.1 Favre-filtering governing equations

The transport equation of fluid flow in LES approach is
described by the fundamental conservation equations for
Newtonian fluid. Favre-filtering approach is introduced to
describe the conservation of mass, momentum, and energy.
Low Mach number assumption was also suggested for tur-
bulent fire simulations [31, 32].
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where p is density, u; is the velocity vector, P is the pres-
sure,  is the dynamic viscosity, C,, is the specific heat, T is

the temperature, ﬁij and 7; are the rate of strain tensor and

subgrid-scale stress respectively. For the energy equation, Pr
is the molecular Prandtl number, @, represents the filtered
heat release rate and S_; denotes the global radiative heat
exchange.

rad

2.2 Turbulence model

The effectiveness of LES models is contributed by the imple-
mentation of Subgrid-scale (SGS) models, where complex tur-
bulent flows are resolved under limited meshing quality with
considerable accuracy. To resolve the high turbulence fluctua-
tion of the fire, the SGS model was introduced by employing
the Boussinesq hypothesis [33]. Wall-Adapting Local Eddy-
viscosity (WALE) model established by Nicoud and Ducros
[34] was applied to enhance the accuracy of the LES model on
resolving turbulent flame [21, 35, 36]. The turbulent viscosity
is formulated as:

3
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In WALE SGS model, the mixing length for sub-grid scales
L, and rate-of-strain tensor S; are defined as:
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where the WALE model constant C; is suggested to be 0.5
[34], A is the sub-grid length scale where A = (5)66},61) 5K
and d are the von Karmén constant and distance to the clos-

est wall respectively.

2.3 Non-premixed combustion model

To characterize the combustion behaviour, non-premixed
combustion model was adopted to replicate a similar heat
release profile from the original experiment. In the non-pre-
mixed modelling approach, fuel and oxidisers were governed
by the mixture fraction and achieved chemical equilibrium
by applying the Steady Laminar Flamelet model. In the
LES model, the transport equation of the mixture fraction
is defined as:

S07) v (o7) = (37

where the mixture fraction variance f'2 is defined as:
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f2=05xL2|VF|’ ®)

The chemical reaction process would be described by the
beta function probability density function (PDF) approach,
which governs the fluctuation of the mixture fraction and level
of strain rate in a form of probability density [37].

2.4 Discrete phase inert particle model

The modelling of expandable particles has been a complex
problem as various physical phenomena are involved, such
as heat expansion and residuals modelling, which lead to a
more complex heat and mass exchange between particles and
flame plume. The reflection of expandable particles’ suppres-
sion effect in the current study is achieved by implementing
multiple UDFs. Figure 1 illustrates the schematic framework
and logical flow of the UDF code that governs particle expan-
sion, particle sampling and inlet area control.

2.4.1 Particle motions

The trajectory of discrete phase particles is predicted by gov-
erning force conservation in Lagrangian frame, under spheri-
cal drag model [38]. The force balance can be interpreted as:

8i(p, —p)

(u—up)+—+F,-

4p,d> Py

dﬁ _ 3uCpRe
dr ©

where u and u,, is the fluid phase and particle velocity, u is
molecular viscosity, Re is the relative Reynolds number, p,

Fig.1 Schematic Framework e
and Logical Flow of the UDF
Code

and d,, are density and diameter of the particle, force term
F; is the additional force involving Thermophoretic force,
Brownian force, Saffman’s Lift force. Cj, is the drag coef-
ficient for the spherical drag law which can be described as:
G 43

+ —

Cp=a +
D=7 " Re " Re?

(10)
where a,, @,, 5 are the range constants for the corresponding
Reynolds number.

2.4.2 Inert heat transfer

The fundamental heat transfer effect of the particles is gov-
erned by the Inert Heating Law until the particle reaches the
corresponding vaporization temperature [39]. In the current
application, since the vaporisation temperature of graphite is
exceptionally high[40, 41], the inert heating law has domi-
nated the heat transfer effect of the EG:

dTp—hA T. -T Apc(0 —T* 11
"l T p( o~ p)+€p po(Or —=T)) (1)

where, m, is the mass of the particle, ¢, is the heat capacity,
T, is the particle temperature, h is the convective heat trans-
fer coefficient, Ap is the surface area of the particle, T, is the
local temperature of the continuous phase, ¢,A Pa(@fe - T;‘)
is the radiation term of the particle, where ¢, is particle
emissivity, ¢ is Stefan-Boltzmann constant,é)}‘; is radiation
temperature. Subsequently, the heat transfer effect between
expandable particles and the flame plume is established in
both conduction, convection and radiation. To obtain the
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linearized equation, the heat transfer equation can be inte-
grated as follow:

dr, 3 4
myc,—L = Ayl=(h+ 60T} )T, + W + 6,004 (12)
Therefore, the particle temperature at the next time step can
be predicted after the particle trajectory is calculated, where
At is the integration time step:

T,(t+ A1) = a, + [T,(1) — a,]e ™ (13)
hT + ¢,06%
0 P~ "R
a,= —— L& 14
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2.4.3 Particle expansion

The volume expansion of EG in the heat process has been
observed in a series of experiment [43—45]. In order to
replicate the heat expansion phenomenon of EG, a tem-
perature-dependent function to alter particles’ volume
is essential, the expansion ratio of expandable particles
with respect to change of temperature can be determined
by experiments [9, 46, 47]. The experimental results are

linearized into a power relationship through the MATLAB
curve fitting tool. Nonetheless, this numerical approach
possesses limitations similar to kinetics parameters opti-
mization studies [48], where the numerical curve fitting
scheme is semi-empirical and highly dependent on the
adopted data set. The expansion function is biased towards
the experimental conditions and material intrinsic proper-
ties, the experimental error will hence carry towards the
numerical model. Therefore, to optimize the expansion
characterization approach, three sets of experimental data
were also adopted into the function and compared through
the result of the simulation. It can be observed that three
cases shared a similar trend of expansion rate against vari-
ous temperature in Fig. 2. Figure 3 reveals the tempera-
ture profile of the thermocouple 0.05 m above the fuel
surface while a different expansion function is adopted.
Since three cases shared similar suppression performance,
the experimental result from Case I was adopted into the
expansion function due to its wide range of measured
temperature, where the temperature was measured from
370 to 1270 K, while Case II and III measured 570 K to
1270 K only. Subsequentially, the expanded volume of
each expandable particle can be predicted from the heat
conducted to each particle, thus volume expansion would
occur in the suppression event, while the particles are trav-
elling through the flame plume (Table 1).

Expanded Volume (ng_l) = (=8.276 x 10%) x Tp_z'784 +513.2
(16)
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Fig.2 Expanded Volume of against temperature according to conducted experiments
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Fig.3 Comparison of temperature profiles between adopted experimental results

2.4.4 Particle sampling

The extraction of particle information (i.e. particle tempera-
ture, diameter, mass, travel duration etc.) is vital for particle
investigation, the second adopted UDF is used for the discrete
phase sampling for ejected particles. The sampling algorithm
will be executed for each particle arrival on the fuel surface
for further processing. Since each ejected particle is assigned
with a unique particle ID, the UDF is able to sample and
extract all the particle information details, this information
will be printed to an output script in a statistical approach.
The total amount of the particles arrived at the fuel surface
at each timestep can be sampled including all the real-time
parameters, such as instant temperature, volume and velocity
etc. These accumulated particles’ information will govern the
fuel inlet’s condition to replicate graphite’s barrier effect. Fur-
thermore, the detailed particle sampling script also provides a
solid approach to conduct particle analysis in the result section.

2.4.5 Barrier effect

1

3 3[m,xEV]\ * my
A=Ay— Y 32 [m, x EV][ —2—= -
2A=hy=Yyglmx ]< ix o
17
M, =ni, X YA (18)

It is suggested that the EG particles suppress the fire through
heat transfer and suffocation[11, 49, 50]. While the particles
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were sprayed onto the fuel surface, the particles would absorb
the heat from the flame and form a pile of powder after the
expansion, where oxygen insulation occurs. Although the heat
transfer effect can be replicated through the DPM heating law
and swelling effect, the “barrier effect” is challenging to be
replicated as the discrete phase particles will not interfere with
the fluid mixture in terms of volume. Nonetheless, since the
non-premix combustion model is utilised, where the fuel and
oxidisers were governed by the mixture fraction and achieved
chemical equilibrium through a vertically upward mass flow
inlet, the “barrier effect” can be achieved by utilizing an “area
control” to the fuel inlet. In this research, a novel approach has
been made to replicate the “barrier effect” through particle sam-
pling and inlet profile governing. After the expanded volume
was calculated for each particle, the area of each particle will
be accumulated through particle sampling at every timestep, the
area of the fire inlet will be eventually controlled through the
accumulated particle area, as the expanded graphite barrier is
formed onto the fuel surface. Where ' A is the total area of the
fire inlet, A is the initial area, d, is the diameter of the particle,
my is the mass loss coefficient based on conducted thermogravi-
metric analysis [9, 49], p, is the density of the particle.

3 Numerical configuration
3.1 Geometry and configuration
Figure 4 demonstrates the schematic layout and dimension

of the numerical domain. The dimension of the numerical
domain was configurated at 0.5 mx 0.5 mx 0.3 m, where



Heat and Mass Transfer

DPM Injection:10g EG

|

[RXREL

| #0.1m

Fuel Pan

__0.051111

0.15m

0.5m

Fig.4 Schematic Layout of Numerical Domain and DPM Injection

escape boundary conditions were set at the surrounding
walls, ceiling, and floor for DPM parcels. Similar to the
original experiment conducted by Ni et al. [49], a fuel
crucible was configurated at the centre of the domain, with
a dimension of 0.15 mx0.15 m X 0.05 m, where a UDF-
coupled fuel inlet was configurated at the upward surface
of the fuel pan. On the other hand, the DPM injection was
implemented with a diameter of 0.1 m, where 11 g of char-
acterized EG particles was injected within 2 s. The ther-
mophysical properties of EG were characterised through
the coupled-UDF, including heat expansion and pyrolysis.
A thermocouple was also configurated at the centre with

0.05 m above the floor along the y-axis. Table 2 presents
the detailed configuration for both the boundary conditions
of mixture fluid and DPM properties. The parameters for
both fuel inlet and DPM injection were calculated based
on the consumption statistics of the original experiment.
Owing to the modelling limitation, it is challenging to
completely replicate the pyrolysis mechanism and oxi-
dation reaction of the actual metallic sodium fire in the
original experiment. Nonetheless, since EG possesses high
chemical stability, the chemical reaction between sodium
and graphite is not considered in the model. Therefore,
the heat and mass transfer nature of the sodium fire can be

Table 1 References of EG experimental data from previous literature studies

Case I

Case II Case III

Agent Expandable Graphite

Preparation solution KMnO, and NH,NO;, HCIO,

150
Peng et al. [9]

Initiation Temperature ‘o)
Reference

KMnO,, Na,P,0,
and H,SO,

300

Pang et al. [11]

KMnO,, HAc and H,SO,

160
Pang et al. [42]
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Table 2 Summary of Numerical Numerical Domain Configuration

DPM Injection Parameters

Configuration

Domain Dimension (m) 0.5%x0.5%x0.3 Initial particle diameter (um) 700

Fuel Inlet Area (m?) 0.0225 Total agent mass (kg) 0.011

Mass Flow Rate per unit 3.69% 1073 Injection duration (s) 2

area (kg/s m?)

Thermocouple Location 0.05 m above fuel surface Injection plate radius (m) 0.05

Injection Location (m) 0.2 m above fuel surface Initial volume (m3) 1.80 x 10710
Particle density (kg/m?) 2200

replicated by configuring a non-premix methane combus-
tion model, the fire characteristics of sodium fire were also
validated in the validation section.

Table 3 demonstrated the parametric study conducted in
this research, case 3 was configurated as a baseline model
and validated from conducted experiments. To further inves-
tigate, case 2 & 3 would compare the suppression efficiency
between EG and natural graphite flakes under the same
amount of agent applied, where Case 2 is configurated with
11 g of natural graphite flakes. Case 1 would investigate
the required amount of natural graphite to achieve suppres-
sion, the injection will be terminated once the suppression
is achieved. Furthermore, to investigate the size param-
eters effect of EG, Case 3 — 7 conduct parametric studies
on the suppression performance difference between vari-
ous particle sizes of EG, where the diameter range between
400 um—1000 um will be investigated since Focke et al.
demonstrated that this is the typical particle size range of EG
[51]. The particle diameter in case 4 — 7 was configurated
as 400 um, 550 um, 850 um and 1000 um to investigate the
size spectrum.

3.2 Mesh independence

According to the characteristic length analysis suggested by
DiNenno et al.[52], the meshing criteria for the simulation
can be determined in the equation below, where D* is the
characteristic length, considering the heat release rate Q,
density p,, specific heat ¢, and the ambient temperature T,
of the air.

Table 3 Summary of parametric studies

o Y
PosCpTe0/8

In order to demonstrate the verification of the proposed
fire model, the total mass flow rate of the fire inlet along the
suppression event was utilised for comparison between three
mesh systems, which are Coarse (220,222 cells), Medium
(640,144 cells), Fine (878,396 cells). Figure 5 presented an
average converged result where the medium mesh (640,144
cells) achieved convergence to the fine mesh (878,396) with
a lower computational cost. Therefore, the medium mesh
was adopted for further numerical studies, where 640,144
uniform tetrahedral cells were applied for the mesh.

D* = (19)

3.3 Validation

Prior to any particle injection, a “free burning” simula-
tion was calibrated to extract the identical fire character-
istics from the experiment. In the original experiment,
5 g of metallic sodium fuel was ignited and developed a
metal fire where the temperature was maintained between
900 K — 1100 K for approximately 60 s. To achieve an iden-
tical heat release profile in numerical approach, the non-
premixed combustion model was adopted and established
a methane fire with a similar temperature profile for 60 s.
For the sake of computational cost and the stability of the
turbulence structure, instead of modelling the incipient and
decay stage of the fire, the combustion model was calibrated
to achieve the corresponding heat release rate in the 60 s

Methane Fire Case 1 Case 2 Case 3 (Exp) Case 4 Case 5 Case 6 Case 7
Agent Non-Expandable Graphite =~ Expandable Graphite

Injected Agent Mass (kg) 0.275 0.011

Injection Duration (s) 50 2

Initial Particle diameter (um) 700 400 550 850 1000
Initial volume (m?) 1.80x 10710 3.35%x107!! 8.71x107"! 3.22x1071° 5.24x1071°
Number of Particles 720,000 30,000 30,000 130,000 52,000 14,000 9000
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Fig.5 Comparisons of the mass flow rate for coarse, medium and
fine meshes

fully developed fire phase from the experiment, the simula-
tion profile hence differs from the experiment in the time
intervals of O s — 10 s and 70 s — 80 s. Nonetheless, it can
be observed that the temperature predictions were in good
agreement with the experimental result. Except for the “free
burning” validation above, the temperature profiles and
expansion rates of the suppression cases were also compared
to the experimental results in the next section (Fig. 6).

4 Result and discussion

Table 4 summarized the result of the parametric study
between natural graphite and various particle sizes of EG,
under a limited amount of agent supply (11 g), EG in case
3 has successfully conduct suppression on 5 g metallic fuel
fire, while natural graphite in case 2 did not effectively
suppress the fire. Case 1 estimated the required amount of
natural graphite to achieve suppression on the identical fire,
275 g of natural graphite was injected to achieve a steady
low-temperature profile. Moreover, case 3 — 7 conducted

parametric studies on the suppression performance differ-
ence between various particle sizes of EG, where the diam-
eter range between 400 um—1000 um were investigated.
The 400 pm EG in case 4 has demonstrated the most effec-
tive suppression among all the cases, the metal-based fire
was extinguished within 2 s. The results will be analysed in
the following section:

4.1 Validation of the benchmark case
for the temperature profile

Figure 7 depict the temperature profile obtained from
the thermocouple at 0.05 m above the fuel surface, for
the purpose of capturing the various stages of the flame.
Case 3 configuration is based on an experimental setup
of Ni et al. [49]. Based on the validation results, it can be
seen that the numerical predicted temperature profile is in
good agreement with the experimental data. The relative
overall difference is less than 5%. It should be noted that
Case 3 utilised the proposed expansion model for EG, and
it further evidenced that the model is capable of capture
the expansion and suppression behaviours of the droplet
particle against the active flame.

4.2 Influence of the expansion behaviour
towards the temperature profile

Figure 8 reveals the comparison of temperature profile
between case 2 and case 3, where the profile was measured
at 0.05 m above the fuel surface, the results were also com-
pared against experimental result for validation. Both case
2 and case 3 were configurated with identical mass, size and
injection duration of the suppression agent compare to the
experiment, yet case 2 utilized non-expandable graphite as
a suppressant, while case 3 utilized EG. Free burning of 2 s
was allowed to obtain a fully developed and stabilized fire

Fig.6 Validation of the 1200 T
temperature profile at the free
burning case
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Table 4 Summary of conducted

. 7, Methane Fire
parametric studies’ result

Casel Case2 Case3 (Exp) Case4 Case5 Case 6 Case 7

Suppression condition and duration

Y 48s) N Y 45s) Y(2s) Y(25s) N N

before the EG particles were released for all cases. In case
3, a temperature reduction from around 1000 K to around
450 K between t=3.8 and t=4.2 s, which can be attributed
to the arrival of the expanded particles, covering the fuel
surface and replaces the volume of the combustion mixture
instantly. The injection has been terminated after 11 g of EG
have been completely sprayed. On the other hand, the same
amount of non-expandable graphite failed to conduct any
form of suppression, as shown in case 2.

4.3 Effectiveness of expandable particles
against non-expandable

On the other hand, Fig. 9 demonstrates the comparison of
temperature profile between case 1 and case 3. In order to
investigate the suppression performance differences between
EG and natural graphite, case 1 simulated a non-expandable
graphite suppression with unlimited agent mass provided.
Without any volume expansion, 275 g of graphite was
sprayed onto the fuel surface in order to reach the steady-
state temperature profile at about 600 K in 48 s. In com-
parison, case 1 consumed 250 times more suppression agent
than case 3, the poor suppression performance of case 1 and
case 2 is ascribed to the limited fuel surface coverage, the
graphite did not effectively reduce the reaction rate between

Agent Released

fuel and oxygen. While in case 3, EG particles expanded at
the fuel surface, which formed a compact pile of charring
and diminished the contact area between fuel and oxygen.

4.4 Parametric study of various EG particle sizes

The initial diameter of EG is also a key parameter to be
investigated. Figure 10 demonstrates the comparison of
temperature profile obtained from case 3 to case 7. Among
the cases studied, case 4 with 400 um EG particles have
achieved the best suppression performance, with the fire
extinguished by 11 g of EG within 2 s. On the other hand,
larger EG particles (case 6 with 850 um and case 7 with
1000 um) have demonstrated a relatively poor suppression
performance that is similar to the natural non-expandable
graphite flakes. Since the total amount of EG released for all
the cases studied are equal, the ones with smaller initial sizes
(i.e. 400 um, 550 um) naturally possess a larger quantity
of particles. Several studies have outlined the relationship
between particle size, the bulk density and porosity of the
powder piles, although larger particles with lesser specific
surface were suggested to decrease the porosity of tapped
samples in confined space, smaller particles in practical
scenario could increase bulk density and occupy the voids
between the larger particles [53—55]. In case 4 and case 5,
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it is suggested that the smaller initial diameter leads to a
wider size distribution spectrum that allows a more compact
charring formulated above the fuel surface and diminished
the contact area between fuel and oxygen. Oppositely, since
the larger size (i.e. 850 pm, 1000 um) of EG particles are
able to reach its final volume in a magnitude greater than
other cases by adopting the same expansion rate, where the

Agent Released
1800
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Time(s)

12 14 16 18 20

larger particle surface area leads to a greater heat transfer
rate between particle and flame plume, particles with large
diameter also resulted in a greater drag force that extends
the contact time between particles and fire. Nonetheless, it
can be significantly observed that the smaller size of EG has
resulted in a more advantageous suppression performance
than the larger sizes.
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4.5 In-depth particle volume and temperature
analysis over the time spectrum

To accumulate the physical characteristics of each individual
EG particle, the fuel surface is configurated as a sampling
plane and it is used to track the physical parameters of EG
particles across the fuel surface, such as temperature and
volume. The expandable particles have been sampling since
the simulation initiated, the particles were sampled at their
arrivals on the fuel surface, hence the particle’s informa-
tion was mainly extracted within the injection time window.
Figure 11 presents the volume of particle arrived on the
fuel surface versus time and temperature of the suppression
period in case 3, it is noticeable that for a time-dependent
profile, the particle size fluctuated due to the complex fluid
mixture interacting behaviour (i.e. turbulence, combustion).
Nevertheless, it is observed that the expansion function is
well-coupled with the temperature fluctuation throughout the
suppression, the highest expansion ratio has been reached
at the beginning of the particles’ arrival due to the high-
temperature flame at about 1000 K. Afterwards, the volume
of the particles in later arrivals have gradually decreased
since the flame was being suppressed by the prior particles,
where the lower temperature resulted in poorer expansion
effect. To further illustrate this phenomenon, the time his-
tory of average particle volumes arriving on the fuel surface
in both cases 4 and 7 were compared in Fig. 12. Distinct

@ Springer

volume change histories were found for different initial EG
particle sizes. This distinct behaviour can also be ascribed
to the different suppression efficiency of the corresponding
EGs. It can be seen that in case 4, the particle volume stays
unchanged after around 3 s, this can be attributed to the
rapid suppression of the fire. With fire being suppressed, EG
particles cannot absorb more heat from fire to achieve expan-
sion. Oppositely, as the EG particles with a larger diameter
in case 7 failed to suppress the fire effectively, the volume
of EG remains expanded during the suppression. It is also
discovered that the smaller EG particles tend to expand to a
wider size distribution spectrum.

Since the char layer on the fuel surface is able to
exclude oxygen from the fuel, the expansion rate is a key
parameter that governing the suppression performance
of powder agents. Besides char formation, the expanded
volume in the heating process would increase the sur-
face area of the particle, which would raise the rate of
heat transfer. To further verify the expansion mechanism
triggered by heat, Fig. 13 reveals the expanded volume
between simulation and experiments against temperature.
The expanded volume of sampled particles is also scat-
tered to demonstrate the convergence of the expansion
function. Although few variations in the expanded volume
are observed in a certain range of temperature, the expan-
sion trend of the simulation is still in good agreement
with the experiments.
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4.6 Fire suppression stages and eg suppression
mechanisms

Figure 14 and Fig. 15 reveals the temperature contour
over time demonstrating the suppression event in case 3
and case 7, which presented the flame suppression at the

corresponding instant. In case 3, a flame suppression was
observed between t=3.2 s and t=4.2 s, where the tempera-
ture was continuously suppressed under the minimum auto-
ignition temperature at about 900 K [56]. While in case 7, the
1000 um EG did not conduct any efficient suppression, the
fire remains at approximately 1000 K after the application of
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agents, to understand performance differences between case
3 and 7, it is vital to investigate and analyse the suppression
mechanism of EG. The suppression mechanism of the EG
can be analysed in three approaches: Firstly, the expansion
phenomenon of the EG is initiated by the overcoming of Van
der Waals force between graphene layers, thus in the sup-
pression process, the EG conduct an endothermic reaction
that absorbs heat from the flame plume to initiate its volume
expansion. The suppression performance differences under
the same amount of EG and natural graphite between case 2
and case 3 can also be ascribed to EG’s endothermic reac-
tion. Moreover, expansion in volume would also increase
the contact surface area between particles and flame, which
contributes to a greater heat transfer rate. Secondly, the ther-
mal properties of the graphite particle have advantageous its
penetrability against the flame plume, the high vaporisation

temperature and heat capacity allow the particle to travel to
the fuel surface easily compare to water-based or other types
of liquid suppressant. Thirdly, EG will form a carbon-based
layer on the fuel surface after expanded, the char layer mainly
consists of expanded graphite and graphene segments, which
creates a barrier effect that the oxygen will be excluded from
the fuel surface, hence the reaction rate between fuel and oxy-
gen will be decreased as well. According to the comparison
results between the various diameter of EG among case 3 to
case 7, the initial size of EG particle has been determined as
a key parameter that affects suppression performance, as the
smaller size of EG particles would able to form a char layer
possesses with wider spectrum in size distribution, where
smaller particles could increase the bulk density and occupy
the voids between the larger particles, which would further
prevent the reaction between fuel and other oxidizers.
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Fig. 15 Temperature contour over time demonstrating the suppression event in case 7
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5 Conclusions

In this article, a predictive EG suppression model has been
proposed, the model was verified and validated based on con-
ducted experiments. In order to replicate the thermal properties
of the EG, such as volume expansion and residual considera-
tion, multiple user-defined functions were adopted in the simu-
lation. The temperature-dependent expansion rate is compiled
into the DPM model according to conducted material tests, a
fuel surface area reduction method has also been proposed to
estimate the char formation rate. To enhance the wall effect on
the turbulence closure and associate its interaction towards the
fluid mixture and combustion process, the WALE SGS model
was employed and found to be effective for this case study. By
implementing the proposed in-house UDF model, the expan-
sion effect of EG was successfully modelled and the heat and
mass exchange among suppressant/mixture is coupled. This
allows the capability of studying particle-based suppression
system on metal-based fire (i.e. lithium-ion battery system).

Throughout the investigation, both temperature profile and
the expansion rate were found in good agreement with the
conducted experiments’ result. Parametric studies were also
conducted between natural graphite and various particle size
of EG (400 pm—1000 pum), the EG was found to be much
effective in fire suppression compared to the same amount
of natural graphite. To achieve the same suppression perfor-
mance, 275 g of natural graphite were consumed compared
to 11 g of EG, the enormous mass ratio of 25 have indicated
the efficiency gap between natural graphite and EG. Among
the different diameter of EG (400 pm—1000 pm), the smaller
diameter of EGs (i.e. 400 pm, 550 pm) were determined to
be an efficient suppressant against metallic fuel fire, which
can be attributed to the wider range of size distribution that
further prevents the reaction between fuel and other oxidiz-
ers. With limited EG supply at 11 g, the 400 um EG have
demonstrated a rapid extinguishment within 2 s, while the
original size of 700 um took 4 s. On the other hand, the larger
diameter of EGs (i.e. 850 um, 1000 um) failed to conduct
suppression. Based on the results, it has been proven that
the expansion rate is essential for accurate predictions of the
suppression behaviours and time. The expansion character-
istics of EG have contributed to the following suppression
mechanisms: (i) The expansion reaction is endothermic that
continuously absorbs heat from fire with high vaporisation
temperature point; (ii) The surface area of EG particles is
increased while being expanded, which leads to a greater heat
transfer effect; (iii) The expanded EGs form a pile of char
layer on the fuel surface, which exclude oxygen from the fuel
and thus diminish the reaction rate of combustion. Therefore,
EG is considered to be a potential suppression agent in metal
fire scenarios, owing to its heat extraction efficiency, chemi-
cal stability and the ability of oxygen insulation.
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