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ARTICLE INFO ABSTRACT

Keywords: Toluene is employed in a variety of industrial applications worldwide being a largely adopted solvent and an
Consequence analysis active element in many products used in pharmaceutical, cosmetic, construction, paint, ink, and other industries.
Pool fire

More recently, the use of this compound has been also suggested as a hydrogen carrier because of the imple-
mentation of the liquid organic hydrogen carrier (LOHC) strategy within the framework of the energy transition.
In addition, the determination of the physico-chemical behavior of toluene can provide a positive impulse also
for the representation of surrogate mixtures suitable for gasoline and diesel. The direct use of toluene as well as
its consideration as a component of surrogate mixtures for fossil- and bio-derived fuels promotes accurate
evaluations of its safety properties. In this work, an experimental campaign based on a modified procedure
employing a cone calorimeter for the evaluation of mass and thermal properties of liquid toluene exposed to fire
conditions is presented and compared with a numerical study employing a computational fluid dynamic (CFD)
approach. The impacts of the kinetic sub-models were tested by comparing the estimated temporal and spatial
distributions of temperature and exhaust composition assuming a reduced mechanism, a single-step infinitely
fast reaction, and a hybrid approach. An excellent agreement among the implemented approaches was found,
providing a robust database and model for the characterization of accidental scenarios involving toluene. Further
insights on the flame structures and the phenomena ruling the pool fire of toluene were obtained, based on the
utilization of the dedicated kinetic mechanism in CFD analysis. The strategies and assumptions posed to combine
experimental and detailed numerical analyses can be also intended as a possible procedure for the character-
ization of the consequence analysis related to accidental releases of liquid substances.

Cone calorimeter
Computational fluid dynamic
Detailed Kinetic mechanism

[8] database on industrial accidents, a toluene flash fire has been

1. Introduction

Several industrial processes utilize hydrocarbon solvents either to
control the temperature of equipment items or to separate substances
[1]. Among the others, toluene has been intensively adopted in indus-
trial processes [2]. More recently, this compound has also been sug-
gested as a promising liquid organic hydrogen carrier (LOHC) [3]. In
addition, the determination of the physico-chemical behavior of toluene
can provide a positive impulse also for the representation of surrogate
mixtures suitable for gasoline and diesel [4]. Toluene is a toxic and
flammable compound, having a boiling temperature of 110.6 °C and a
flash point of 4 °C. Considering thermodynamic properties and overall
reaction rate of toluene in air, in the case of accidental release, a pool fire
represents the main concern together with flash fire [5]. This observa-
tion is supported by the analysis of past accidents that occurred in the
chemical and process industries as well as during storage and trans-
portation phases involving toluene [6,7]. As a way of example, ac-
cording to the Occupational Safety and Health Administration (OSHA)
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recently reported in Motor and Generator Manufacturing in Massachu-
setts (Accident Summary Nr: 141079.015) and two accidents involving
toluene pool fires have been described in Georgia (Accident Summary
Nr: 200902575) and Tennessee (Accident Summary Nr: 200626067). In
all cases, the source of ignition is unknown or poorly assessed. Never-
theless, most of the available literature covering the characterisation of
mixtures containing toluene is oriented toward the assessment of the
impact of its presence within exhaust gases on the environment or the
normal operation of diesel engines [9] as well as the chemistry of liquid
blends with other hydrocarbons (e.g., heptane, dodecane) in the view of
surrogate mixtures [10,11]. Therefore, an in-depth analysis to evaluate
the behaviour of liquid toluene exposed to an oxidative environment
and fire conditions is highly desirable.

The characterization of pool fire has the quantification of mass
burning rate (MBR) and power production rate as the main target [12].
For the scope of the consequence analysis of pool fires, most of the effort
in the scientific and industrial communities is devoted to the realization
of robust databases and models for the quantification of the
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Nomenclature (* Units of the pre-exponential factor depend on
the reaction kinetic order. All considered reactions have
elementary kinetics and units are in mol, 1, and s.)

Symbol Definiton, Unit

A Pre-exponential factor, *

Spalding mass tranfer number, [-]
Specific heat of the air, [kJ/kgeK]
Characteristic diameter, [m]
Specific internal energy, [J/kg]
Activation energy, [kcal/mol]

Body force per unit mass, [N/kg]
Gravitational acceleration, [m/s]
Mass transfer coefficient, [kg/mzos]
HRR Heat Release Rate, [kW/m?]

HRR* Dimensionless Heat Release Rate, [-]

U_UOW

&

50Q "hom oo

HRRg Heat Release Rate at steady state condition, [kW/m?]
HRR, Total Heat Release Rate, [kW/m?]
I Identity tensor, [-]

MBR Mass Burning Rate, [g/s]

Dimensionless Mass Burning Rate, [-]

Mass Burning Rate at steady state condition, [g/s]
p Pressure, [Pa]

q Heat flux vector, [W/m?]

t Time, [s]

t* Dimensionless time, [-]

Ta Ambient temperature, [K]

ts Time to reach steady state conditions, [s]

\ Velocity vector, [m/s]

) Cell size, [em]

A Second viscosity coefficient, [Pa e s]
p Viscosity, [Pa e s]

p Density, [kg/m3]

Pa Density of the air, [kg/m?3]

ps Density of the liquid film, [kg/m?]

T Viscous stress tensor, [Pa]

Xtol,s Mass fraction of toluene on the liquid surface, [-]
Ytol,g Mass fraction of toluene in the gas phase, [-]

abovementioned parameters at steady-state conditions to determine the
possible occurrence of second cascading events [13]. These parameters
are significantly influenced by the pool size at steady-state conditions,
being determinant for the fluid dynamic regime of diffusive flames [14].
In this sense, it is worth mentioning the empirical correlations reported
within the pioneering work of Hottel [15] for the estimation of the mass
burning rate and the flame height as a function of the pool diameter. The
flame height is typically intended as the upper bound of the heat release,
characterized by the transition from reactive to non-reactive plume
[16]. Quite obviously, it is potentially affected by the unsteady fluctu-
ations and turbulence intrinsically characterizing the diffusion flames.
However, the flame height can be evaluated based on the values at 50 %
intermittency [17]. Several correlations have been developed for the
quantification of this parameter based on the pool size, fuel properties,
and environmental conditions. As a way of example, the pioneering
studies reported by Thomas [18] proposed a correlation accounting for
the mass burning rate, pool diameter, density of air, and gravitational
acceleration to estimate the ratio between flame height and diameter.
More recently, Heskestad (2002) [19] presented an empirical correla-
tion based on a variety of experimental data estimating the ratio be-
tween flame height and diameter as a function of the heat release rate.
Similarly, several correlations have been developed to estimate the
temperature distribution at the centerline based on the flame intensity
and atmospheric conditions. Among the others, the Heskestad [19] and
McCaffrey [20] correlations are worth to be mentioned although it is
also important to note that their accuracy can be limited for distances
below the flame height. Besides, the a priori identification of the con-
ditions resulting in the transition from different flame regimes is still
challenging since it is affected by the physical and chemical properties of
the investigated compound or mixture, promoting dedicated studies. To
this scope, either experimental or numerical approaches can be
employed.

For what concerns the experimental studies, results suffer from the
lack of rigorous and standardized procedures allowing for the compar-
ison of data deriving from different campaigns. As a way of example, the
variability in boundary conditions (e.g., pool thickness, existence of
backup flowrate, atmospheric conditions, wind speed, and velocity),
possibly resulting from the analysis of open-field large-scale scenarios,
has been indicated as a major issue for a successful comparison of
experimental databases [21]. Conversely, pool fires of small and bench
scales of toluene under a controlled atmosphere and set of boundary
conditions have been analyzed in the literature [11,22], with a specific
focus on the temperature distribution in the proximity of the flame and

the soot formation. Recently, the possibility of employing a standardized
system for the bench-scale analysis (i.e., a cone calorimeter) of the flame
behavior and ignitability of liquid compounds has been proposed [23],
allowing for the evaluation of the effects of external heat flux on the
most relevant parameters for the characterization of a pool fire (e.g.,
heat release rate and mass burning rate) as well as to the determination
of the yields for the main products (i.e., CO, CO3, and soot) [24].

The availability of a robust and dedicated experimental database can
have beneficial effects on numerical studies, as well. Indeed, it can serve
as a source of validation for advanced models or input for simplified
approaches. In this sense, it is worth considering the possible strategies
available for the evaluation of the chemistry of reactive systems in
computational fluid dynamics (CFD), as reported in a recent review
[25]. More specifically, CFD software typically offers the possibility to
represent the chemistry of the analyzed system as a single-step reaction,
having empirical correlations and/or yield values to determine the
overall reactivity and the exhaust composition. Alternatively, detailed
kinetic mechanisms (once reduced) can be included in CFD studies,
allowing for the identification of the most relevant intermediates and
the quantification of their production and consumption rates. Recently
Chen et al. (2023) [16] have indicated the realization of models
combining chemistry (including soot formation), fluid dynamics, heat,
and mass transfer as the main challenge in pool fire characterization. In
addition, Lu and Law (2009) [26] suggested the implementation of
realistic fuel chemistry in large-scale calculations devoted to the repre-
sentation of pool fire. In this case, the initial detailed kinetic mecha-
nisms can contain ~100 species and ~1000 reactions, thus they must be
reduced significantly to guarantee a successful implementation [27].
Typically, the target size is ~10 species ~30 reactions [28]. This
approach includes additional equations to be solved, with obvious im-
plications on the computational requirements. However, it represents a
flexible feature for the characterization of the analyzed scenario as well
as it is the only strategy providing information on the exhaust compo-
sition, even in the absence of specific data.

For these reasons, this work presents a combination of experimental
and numerical analysis aiming at the characterization of the main pa-
rameters involving pool fire. To this aim, a detailed kinetic mechanism
was introduced into the numerical analysis. The obtained estimations
were compared with experimental measurements for the sake of vali-
dation. The combination of different approaches provided a powerful
feature for the characterization of reactive systems involving toluene,
paving the way to design optimization and process intensification as
well as toward a robust evaluation of the safety and sustainability of
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industrial processes.
2. Methodology

The current work presents either an experimental campaign or a
numerical investigation devoted to the characterization of fire-related
scenarios associated with a possible release in the atmosphere of
toluene. Considering the different nature of the adopted strategies, the
methodological section was divided into two subsections, accordingly.

2.1. Experimental approach

The experimental tests reported in this work were conducted on a
cone calorimeter to evaluate the bench scale behavior of toluene under a
wide range of conditions representative of possible accidental releases of
liquid substances. The cone calorimeter is conventionally used for the
analysis of solid materials [29], however, in this study, it was employed
to characterize the combustion behavior of liquid samples. The appa-
ratus consists of a truncated conical radiant heater designed to deliver a
precisely controlled and uniform heat flux to the sample surface. The
sample is contained in a stainless-steel sample holder (100 x 100 mm)
and positioned on a high-precision load cell to continuously monitor the
mass of the liquid sample throughout the test. Ignition is achieved using
a high-voltage (10 kV) electrical spark igniter, ensuring reliable and
reproducible ignition conditions. The entire setup is housed under a
well-calibrated exhaust hood, equipped with an air supply system
providing a controlled and almost constant flow rate of 24 L/s to
maintain steady-state combustion conditions and facilitate the collec-
tion of combustion by-products. Guaranteeing a constant flowrate is
essential since the air entrainment in post-flame and plume regions can
potentially affect the mixing rate of combustible gas and air, thermal
phenomena, and fluid-dynamic regimes with potential implications on
the resulting mass burning rate, heat release rate, and exhaust gas
composition (e.g., CO formation), as discussed in detail in dedicated
studies available in the current literature [30]. Although variations in
exhaust composition and temperature can make this process challenging
from a practical perspective, the continuous measurements of stack and

Cone heater —» <>

%Thermocouple 5 r
i Ktype Sample holder
: i =~ L

: Load Cell
. Data logger

Fuel 397 (2025) 135448

smoke temperatures, composition, and differential pressure limited the
variability of the flow rate throughout the experimental campaign
within the range of 24 + 0.5 L/s. This value guarantees a negligible
impact on the measured properties according to previous investigations
on the subject reported by Mun et al. (2021) [31]. The heat release rate
(HRR) is determined through oxygen consumption -calorimetry,
leveraging the principle that 13.1 MJ of energy is released per kilogram
of oxygen consumed during the combustion of hydrocarbons. This is
achieved by continuously analyzing the oxygen depletion in the exhaust
gases using a paramagnetic sensor, while additional gas analyzers
measure CO and CO; concentrations to evaluate combustion efficiency
and toxic emissions. The collected measurements were reported with a
frequency of 1 Hz. A photometric laser beam system is used to monitor
soot and particulate emissions, offering further insight into the com-
bustion characteristics of toluene. Calibration procedures are meticu-
lously carried out before each test to ensure accuracy and repeatability.
The radiant heater output is verified using a heat flux gauge placed at the
sample position to confirm the delivered thermal load. The load cell is
tared and validated using certified reference weights to ensure precise
mass measurements. The exhaust flow rate is calibrated using a refer-
ence orifice plate flowmeter, while the gas analyzers are calibrated using
standard span gases with known compositions, guaranteeing compli-
ance with international fire testing standards (e.g., ISO 5660, ASTM
E1354) and ensuring high fidelity in the obtained experimental data. A
schematic representation of the described system is reported in Fig. 1,
whereas additional information on the geometrical features and mate-
rial properties of the cone calorimeter can be found elsewhere [32,33].

Toluene having a purity of >99 %w was analyzed once exposed to air
and heat fluxes between 7 and 50 kW/m?. Conversely, a sample surface
0f0.01 m?, an initial sample thickness of 0.01 m, and a distance between
the sample and the horizontally oriented cone heater of 0.025 m were
kept constant for all the tests. The ignition source was provided at the
beginning of each test. A detailed description of the experimental pro-
cedure implemented in this work can be found in previous work from the
same authors, addressing the characterization of liquid substances [24].

Gas sampling section

Filtering and drying
@ Gas sample pump
v v
0, CO, CO
Analyzers

\ \ |
\

Fig. 1. Schematic representation of the experimental system adopted in this work.
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2.2. Numerical approach

The open-source software Fire Dynamic Simulator (FDS) [34],
developed by the National Institute of Standards and Technology (NIST),
was adopted for the numerical analysis carried out in this work. Conti-
nuity conservation, momentum conservation, and energy conservation
equations were implemented together with the definition of stress
tensor, according to the classical definition for Navier-Stokes equations
for Newtonian fluids, as reported below:

o

i V-(pv) = 0 @
opv

5 v-Vpv = —Vp + Vo+ pf + V-(pv) = 0 @
dpe

5t +v-Vpe= —V-q+7: Vv + pfv 3)

T 2p
r=p(Vv+ (Vv)') - b Vv @)

where p is the density, v is the velocity vector, p is the pressure, 7 is the
viscous stress tensor, f is the body force per unit mass, e is the specific
internal energy, q is the heat flux vector, p is the viscosity, A is the second
viscosity coefficient, and I is the identity tensor. The evaporation rate
(m”) of the pool was estimated by using Eq. (5), where the mass transfer
coefficient (h), film density (p;), Spalding mass transfer number (B), the
mass fraction of toluene on the liquid surface (xx;;), and the mass
fraction of toluene in the vapor phase on the cell adjacent to the liquid
surface (y,) were employed and defined in agreement with the tech-
nical reference guide of FDS [35].

(xml_ys (B+1)— Ytolg )
B

m’ =hpn(1 +B) (5)
The turbulent mass and thermal diffusivities were calculated
assuming constant Schmidt and Prandtl numbers, respectively, and
using the sub-grid scale kinetic energy included within Deadorff’s
model, following the specifications provided by dedicated literature
[36]. A calm atmosphere, free mass, and heat transfer through lateral
and upper surfaces were considered. A parallelepiped pool of toluene
having the dimensions of 10 cm x 10 cm x 2 cm was defined, in line
with the experimental setup described in the previous section. Based on
the time resolution, the sampling frequency considered for the numer-
ical investigation was ~10 Hz. A domain of 40 cm x 40 cm x 80 cm was
considered to avoid a potential interaction between the observed phe-
nomena and posed boundary conditions on the external faces (Fig. 2).
The defined computational domain was divided into a structured
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cubic-shaped grid, having an average cell size (5) of 0.5 cm, in agree-
ment with the ratio between the cell size and pool diameter suggested by
previous grid sensitivity studies on aromatic containing pool fires
comparing the estimation of the time evolution of heat flux for different
mesh definitions [37]. Besides, the selected value is in line with the
criterion D/3 > 16 for the definition of a fine mesh typically adopted for
numerical studies involving fires in FDS [38], calculating the charac-
teristic diameter D as reported in Eq. (6).

D=

2
HRR; )5 ®)

aCPT“gO's

where HRR, is the total heat release rate of the fire, whereas p,, c,, T, and
g are the density of the air, specific heat of the air, ambient temperature,
and gravitational acceleration, respectively. Two different strategies
were considered for the chemical sub-model: simple chemistry and
detailed kinetic mechanism. The former option implies a single and
infinitely fast chemical reaction limited by mixing phenomena, whereas
the latter is based on the implementation of a detailed kinetic mecha-
nism in a reduced form. Within the framework of simple chemistry,
complete oxidation of toluene to steam and carbon dioxide was
considered at first. Then, the incomplete oxidation (Equation (7) to form
carbon monoxide and the formation of soot were considered, assuming
yields of 0.1 and 0.14, respectively.

C7H8 + Lo, OZ_H/COz COZ + I/HongO + l/coCO + l/sgo[SOOt (7)

The reported values are selected in line with the experimental obser-
vations once an external heat flux of 15 kW/m? was provided to the
surface of the sample. In this sense, it is worth noting that, based on the
simple chemistry definition, the external heat flux and the ignition
source were not necessary to produce a stable flame, thus, they were not
included within the numerical domain at this stage. For what concern
the kinetic mechanism, previous works have been devoted to the
reduction of detailed mechanisms for toluene oxidation under flame-
relevant conditions [37]. To this scope, a combination of rate of pro-
duction analysis, for the selection of the most relevant paths, and
sensitivity analyses, for the identification of the reactions mostly
affecting the abovementioned branches, has been implemented. This
procedure has two main targets to make the adoption of a kinetic
mechanism in CFD analysis feasible: (i) the production of a list of overall
apparent reactions leading to the formation of the main products and
intermediate species and (ii) the identification of the rate-determining
steps corresponding to each overall apparent reactions. For the sake of
completeness, the list of the rate-determining steps and the corre-
sponding kinetic coefficients considered for the numerical analysis is
reported in Table 1. The main products and stable intermediates

Zmax Zmax Yimax
Ziin " Zmin Ymin
T T
Ymin Ymax X min X max X min X max

Fig. 2. Representation of the numerical domain adopted in this work from the x5 (left), ymax (center), and zp.x (right) perspectives.
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Table 1

Reactions and kinetic parameters considered as the rate determining steps for
the numerical investigation performed in this work, as reported by dedicated
studies on the chemistry of toluene-containing mixtures [37].

Reaction Formula A [*] E, [kcal/ b [-]

# mol]

1 C,Hg=CsHs + CH3 1.2¢10'¢ 1.0010% 0

2 CH; +H + (M)=CH; +  6.4010% 0.0; 0.0 —0.4;
(M)** 1.2010"° -1.8

3 CH3 + HCO=CH, + 1.0010™ 0.0 0.0
co

4 Hy + 0.50,=H,0 2.310% 17 0.0

5 20=0, 1.6e10'* 120 0.0

6 CHs + 20,=C0, + 1.310' 1.5 0.0
2H,0

7 2H=H, 2.2010% 96 0.0

8 CHy + 0,=CO + 1.6010'% 1.5 0.0
2H, + O

9 CO + H,0=C0, + H, 2.0010"! 38 0.0

10 C;Hg=C4Hs + C3Hs3 1.0010'2 80 0.0

11 C;H;=CeHy + CH3 1.0010'2 80 0.0

12 CsH4=CoHy + C4H, 1.0010'2 80 0.0

* Units of the pre-exponential factor depend on the reaction kinetic order. All
considered reactions have elementary kinetics and units are in mol, 1, and s.
** Third body reaction

considered in this work were carbon dioxide, carbon monoxide, water,
soot, methane, and hydrogen. It is worth mentioning that species can be
produced by different reaction branches. As a way of example, the for-
mation of soot was assumed instantaneous once soot precursors such as
CoHy and C3Hs were formed. In addition, the production of a given
species or intermediates can be the results of a series of rate-determining
steps included in the list, as in the case of CoHo formation which results
from the H abstraction from toluene followed by C-C break bond rep-
resented by R11 and R12.

In contrast with the simulations implementing the simple chemistry,
two different cases in terms of external heat flux and ignition source
were tested once the kinetic mechanism was considered. More specif-
ically, in one case external flux and ignition source were not considered,
in line with the set of boundary conditions imposed for the simple
chemistry simulations, whereas in another case a given and constant
external flux of 15 kW/m? was assumed on the liquid surface in line with
the experimental condition considered and an impulse ramp reaching
the maximum temperature of 1200 K in 0.1 s was applied to a cubic
element (size 0.005 m x 0.005 m x 0.005 m) in the proximity of the pool
border to simulate the ignition source. For the sake of clarity, Table 2
reports the set of conditions tested.

Regardless of the implemented strategy, the temporal evolution of
the heat release rate, the mass burning rate, and the spatial distribution
of the temperature within the domain were monitored and compared.
Additional elements were collected for the case of the implementation of
the kinetic mechanism related to the exhaust composition and the dis-
tribution of relevant intermediates.

Table 2
Summary of the main differences between the numerical simulations performed
in this work.

Case Chemistry CO & Soot Ignition External heat

# Yields source flux

1 Simple No No No
Chemistry

2 Simple Constant value No No
Chemistry

3 Kinetic Calculated Constant Constant value
Mechanism value

4 Kinetic Calculated No No
Mechanism

Fuel 397 (2025) 135448

3. Results and discussion

Considering the typical evolution of a pool fire without a continuous
backup flow rate, the obtained data were distinguished to focus on the
growth phase (Fig. 3) and pseudo-steady-state (Table 3) regime. The
growth phase is intended as the time interval from the beginning of the
test to the achievement of a stable value of HRR, thus it is different in
each case analyzed in this work. Therefore, to enable a more effective
comparison between experimental and numerical results, dimensionless
quantities were introduced for both the HRR and the MBR. The
dimensionless heat release rate is defined as HRR* = HRR / HRR;, where
HRR represents the steady-state heat release rate. Likewise, the
dimensionless mass burning rate is given by MBR* = MBR / MBR,, with
MBR; denoting the steady-state value of the MBR. Time has also been
normalized as t*=t / t;, where t; is the time required to reach the steady-
state combustion regime. Fig. 3 illustrates the evolution of HRR* (left)
and MBR* (right) as functions of t*, highlighting the transient and
steady-state phases of the combustion process. This normalization al-
lows for a clearer assessment of combustion dynamics, independent of
absolute values, and facilitates the evaluation of numerical model ac-
curacy in predicting both ignition transients and steady-state behavior.

It is worth noting that, only data deriving from the Case 1, Case 2,
and Case 3 were reported in this section for the numerical analysis
together with the experimental data collected in this work. Indeed, once
the kinetic mechanism was implemented in the absence of an ignition
source and external heat flux (i.e., Case 4) no flame was observed and
consequentially toluene evaporation and dispersion were noted without
the formation of a stable flame. In other words, the boundary conditions
and models implemented for Case 4 cannot be considered for the eval-
uation of pool fires, but they offer the possibility to accurately evaluate
alternative scenarios, such as flash fires. Considering that the room
temperature is significantly lower than the autoignition temperature,
the dispersion scenario better represents the real case once no heat flux
and ignition are provided. Conversely, the adoption of simple chemistry
(i.e., Case 1 and Case 2) implies that an effective ignition source is al-
ways available if fuel and oxidant are present in a sufficient amount.
Therefore, it is possible to infer that the implementation of a kinetic
mechanism offers the additional potential advantage of intrinsically
distinguishing the flammable from the non-flammable set of boundary
conditions.

The experimental HRR curve exhibits a characteristic growth phase
starting around t* = 0.4, followed by a rapid increase leading to a peak
at approximately t* ~ 0.8. Although the curve is marked by oscillations
in the fully developed phase, likely due to flame intrinsic instabilities
and turbulent mixing effects of the investigated flames, all the values are
included within the range of +£5 % of the time-averaged value and
similar frequencies can be observed for the numerical models employed
in this work. Similarly, the MBR trend follows a comparable progression,
showing a delayed ignition phase, a steep increase, and a final stabili-
zation. The onset of significant liquid consumption occurs slightly later
than the HRR rise, suggesting a thermal lag between fuel evaporation
and combustion onset. Both curves ultimately reach a steady-state
regime before the burnout phase. Noteworthy, HRR* and MBR* pro-
files are almost perfectly reproduced by Case 3 either in terms of ignition
behavior or flame intensity, providing significant support for the vali-
dation of the adopted models. The numerical HRR and MBR profiles
show similar trends in terms of growth and steady-state values for Case 1
and Case 2. Conversely, a sharper increase can be observed in Case 3 for
both profiles, meaning that the initiation reactions included in the ki-
netic mechanism have faster kinetics than the simple chemistry included
in the FDS database under the investigated conditions. This observation
can be attributed to the production of smaller molecules from the C-C
bond brake of toluene, leading to faster mixing with oxygen and overall
kinetics for exothermic reactions. Once the steady state is reached, HRR
and MBR values obtained in Case 3 slightly differ from the other nu-
merical cases. More specifically, the HRR is between the estimations
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Fig. 3. Time evolution of the dimensionless heat release rate (left) and dimensionless mass burning rate (right) obtained in this work from a bench-scale pool fire of

toluene, as a function of the approaches adopted.

Table 3

Heat release rate, mass burning rate, and soot yield obtained by the numerical
and experimental analyses. Oscillation frequencies were also added for the nu-
merical cases.

Approach HRR; [kW/ MBR; [g/ Ysoot [kg/ Oscillation frequency
m?] s] kgl [Hz]

Case 1 2110 0.54 0.000* 2.28

Case 2 1956 0.54 0.140* 2.05

Case 3 2058 0.57 0.144 2.35

Experiments 2097 0.58 0.140 Not measurable

* = The reported value is included as input.

obtained for Case 1 and Case 2, whereas MBR is the largest among nu-
merical data and the closest to the experimental measurements. The
combination of these trends implies that a less effective combustion
process derives from the utilization of the detailed kinetic mechanism
since the increased availability of toluene in the vapor phase is not
proportional to the estimated HRR. In other words, the overall heat of
the apparent reaction resulting from the ratio between HRR and MBR
can be sorted as Case 1 > Case 2 > Case 3. This consideration is sup-
ported by the conveyed soot yields, showing slightly larger values for
Case 3.

A comparative analysis of the results obtained from Case 1 and Case
2 revealed a high degree of similarity in terms of both calculated HRR
and the MBR values. Quite obviously, slightly lower values for HRR at
steady state and maximum temperature can be observed for Case 2,
although the estimated MBR is consistent between the two approaches.
These discrepancies are associated with the incomplete oxidation of
toluene toward the formation of carbon monoxide and soot. More spe-
cifically, the reduction of HRR can be quantified as ~7 % between the
two simple chemistry approaches. Nevertheless, the variation in pro-
duced heat observed in this study has a negligible effect on the MBR,
which is determined by the evaporation and mixing phenomena. Hence,
while minor discrepancies were observed between these methods, these
were generally within acceptable margins and did not significantly
impact the overall conclusions drawn from the analysis once the thermal
aspects were of concern. Conversely, if the quality of the air is relevant
for a specific investigation (e.g., once fires are expected in a poorly
ventilated or closed environment), data deriving from Case 2 can be
more effectively compared with the ones deriving from Case 3.
Considering the chemical structure assumed for the soot particles (i.e.,

CygH») and the composition estimated at the time and location where
the maximum molar fraction of soot was observed, the maximum soot
yield corresponds to 0.144. This value is in excellent agreement with
homologous data deriving from the experimental campaign reported in
the current literature [24] and also adopted as an input for Case 2,
demonstrating the ability of the kinetic mechanism to predict the
exhaust composition adopting only theoretically derived coefficients.
Overall, the numerical models exhibit good agreement with the exper-
imental data, particularly in capturing the overall evolution of HRR and
MBR. Case 1 closely follows the experimental curve in both the accel-
eration and steady-state phases, successfully reproducing the peak
values and fluctuations observed in HRR. Case 2 slightly underestimates
the initial rise rate, indicating a difference in the predicted ignition
dynamics. Case 3 aligns well with the experimental trend but exhibits
higher fluctuations in the HRR profile. In the MBR plot, the models show
a similar progression to the experimental data, though some deviations
in the early-stage growth rate suggest potential discrepancies in the
evaporation kinetics or thermal feedback mechanisms. Hence, the nu-
merical approaches effectively capture the dominant combustion char-
acteristics, demonstrating their robustness in predicting pool fire
behavior for toluene. In this sense, it is worth noting that the flame
geometry is well captured by the numerical estimations, as well. Indeed,
based on the measured MBR and HRR at the steady-state, the flame
heights respectively resulting from Thomas [18] and Heskestad [19]
correlations are 0.64 m and 0.69 m, which almost perfectly align with
the time-averaged flame height estimated for Case 3 being equal to 0.68
m. The agreement between experimental and numerical data can be
intended as a further demonstration of the validity of the implemented
models.

Additional considerations can be obtained based on the comparison
of the temperature distribution at steady-state conditions obtained by
the different numerical strategies implemented in this work (Fig. 4). To
guarantee a meaningful comparison, the reported temperature distri-
bution data refer to the same instant, selected as 10 s, to guarantee that a
stable steady-state regime was achieved for all the numerical ap-
proaches. Similarly, numerical predictions of the distribution of the
centerline temperature resulting from Case 1, Case 2, and Case 3 were
compared with the estimations from Heskestad and McCaffrey correla-
tions (Table 4).

The comparison of the temperature profiles indicates that Case 3
provides the most accurate representation of the trend established by
well-known correlations. Specifically, the predictions from Case 3 show
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Case 3:
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Fig. 4. Spatial distribution of the estimated temperatures at steady-state conditions, as obtained for Case 1 (left), Case 2(center), and Case 3 (right).

Table 4
Distribution of the centerline temperature as a function of the distance from the
liquid pool obtained from numerical models and empirical correlations.

Distance [m] Centerline temperature [K]

Case 1 Case 2 Case 3 Heskestad McCaffrey
0.4 1425.3 896.5 1117.6 1173.5 869.6
0.5 1070.0 799.9 898.3 901.6 755.3
0.6 824.7 660.1 761.1 743.4 679.1
0.7 762.0 525.0 665.0 642.5 610.6
0.8 713.4 431.0 578.0 573.8 548.3

all deviations within +5 % of those derived from Heskestad’s

Vertical velocity [m/s]
25 FRII

2.0

15

1.0

0.5

0.0

-0.5

-1.0

-1.5

correlation, whereas larger discrepancies are observed for Case 1 and
Case 2, reaching up to +25 % and —25 %, respectively. As expected,
Case 1 tends to overestimate the temperature values, whereas Case 2
underestimates the temperatures, in line with the assumptions of com-
plete combustion (Case 1) and uncomplete (Case 2) combustion.
Although larger discrepancies can be observed between numerical es-
timations obtained in this work and McCaffrey’s correlation, especially
in the intermittent region (i.e., for z/HRR** within 0.08 and 0.2), the
same trend between numerical approaches can be detected. Therefore, it
is possible to conclude that, in contrast with the simple chemistry
approach (i.e., Case 1 and Case 2), the utilization of kinetic mechanism
in CFD analysis allows for in-depth evaluation of the flame structure and
the identification of specific areas within the flame: (i) a toluene-rich

Fig. 5. Numerical simulation of the cone calorimeter test of a toluene pool fire under a heat flux of 15 kW/m? in terms of vertical velocity (left), flame shape (center),
and comparison with the experimental test conducted through cone calorimeter (right).
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vapor layer in the proximity of the liquid pool, with a partial overflow
from the vertical projection of the sample holder, in agreement with the
flame structure depicted experimentally under the same boundary
conditions (Fig. 5), (ii) a pyrolysis dominated area where small species
(e.g., methyl radical and hydrogen atom) and radicals (e.g., phenyl) are
produced from toluene, (iii) a high-temperature reacting area where
carbon monoxide and carbon dioxide formations are ruling the chem-
istry of the system once enough oxygen content is locally available or,
conversely, soot precursors are formed in the case of oxygen limitation,
(iv) an area characterized by soot formation and hot gas diffusion. The
possibility to accurately reproduce the flame geometry (e.g., flame
height and surface) and intensity (e.g., temperature distribution)
demonstrated by the assumptions posed for Case 3 promotes its utili-
zation also for the determination of consequences in releasing conditions
where these parameters are paramount [39,40].

Considering the structure of the adopted kinetic mechanism and the
described flame zones, the combustion processes can be attributed to the
pathways starting from methane and methyl radical, distinguishable
from the pyrolysis pathways. Hence, an additional case assuming the
detailed chemistry for the soot, methane, and methyl radical formation
integrated with simple chemistry for methane was tested. It is worth
noting that in this case, soot formation from methane was neglected, to
avoid a double counting. This strategy is referred to as hybrid from now
on. The results obtained from the implementation of the hybrid strategy
show an almost perfect match between the obtained results. The main
advantage of the hybrid strategy proposed in this work is related to the
availability of a large set of data for the characterization of methane
chemistry, allowing for the utilization of robust yield values [41,42]
regardless of the initial fuel considered. Therefore, this approach lays
the foundation for the inclusion of the rate-determining combustion/
pyrolysis mechanisms leading to the formation of light components for
the characterization of the chemistry of larger species. Hence, this
approach represents a promising alternative to reduce the number of
reactions to be included as well as to facilitate the studies of liquid and
solid species. Indeed, most of the kinetic analysis on the chemistry of
condensed species is focused on the determination of apparent kinetics
for the formation of relevant compounds playing an essential role within
the decomposition process [43]. In this sense, based on the source
considered (e.g., fossil-derived or bio-based), common intermediates
can be identified, such as light alkanes, light alkenes [44], organic acids,
or alcohols [45]. Therefore, the existing databases on apparent reactions
relevant to condensed phases can be integrated with reduced mecha-
nisms mimicking the chemistry of key intermediates in the gaseous
phase, coupling different databases and expertise in a single compre-
hensive numerical approach.

4. Conclusion

This work presents a detailed investigation of the chemistry of
bench-scale pool fire resulting from the ignition of toluene. To this
scope, different strategies for the evaluation of the chemistry of
condensed fuels under an oxidative environment, including simple
chemistry, detailed kinetic mechanism, and an innovative hybrid model,
were compared in a computational fluid dynamic study. The obtained
time evolution and spatial distribution of temperature and exhaust
composition were successfully compared with experimental results
derived from a dedicated experimental study on a cone calorimeter.
Although the validation is performed for bench scale tests only,
considering the nature of the adopted models, their accuracy can be also
considered for industrial-relevant scales. The effects of yields for carbon
monoxide and soot were analyzed for the case of simple chemistry,
showing that soot formation has a limited impact on the overall heat
release rate under the investigated conditions. The reduced kinetic
mechanism implemented in this work was able to accurately predict the
soot yield deriving from experimental results as well as the ignitability
of toluene, as confirmed by the absence of a stable flame once external

Fuel 397 (2025) 135448

ignition sources were not provided within the numerical domain. Quite
obviously, the inclusion of a kinetic mechanism, although in a reduced
form, significantly increases the computational requirements. There-
fore, the identification of the most convenient approach between simple
chemistry and kinetic mechanism remains a specific task depending on
the size of the fire (i.e., the utilization of kinetic mechanism is
discouraged for large fires) and the target of the analysis (e.g., simple
chemistry can be inadequate to predict the composition of pollutants).
An almost perfect match between results obtained by the implementa-
tion of a detailed kinetic mechanism (reduced) and a hybrid model
combining detailed chemistry for the production of soot, methane, and
methyl radical with simple chemistry for methane and methyl radical
combustion was observed. This aspect paves the way for an optimized
implementation of kinetic mechanisms in CFD analysis devoted to the
characterization of reactive systems involving a wide range of compo-
nents. Indeed, this work demonstrates that it is possible to merge the
common approach identifying the key elements in solid and liquid
degradation processes with gas-phase detailed kinetics, debottlenecking
the detailed characterization of industrial systems potentially interested
by a degradative process and fire accidents.
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