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Large eddy simulations of ventilation-controlled compartment fire scenarios conducted with FDS and new
dynamic extinction and re-ignition models are presented. Flame extinction is modelled considering an enthalpy
balance, based on a critical flame temperature, while re-ignition is allowed if the local resolved temperature
exceeds a given re-ignition temperature. The re-ignition temperatures are estimated on the basis of counterflow
simulations with hot oxidizers at different strain rates. The determination of the critical flame temperatures is
made through well-stirred reactor simulations under different residence times and diluent types/concentrations.
The new models are applied in reduced-scale ventilation-limited compartment fire scenarios with variable heat
release rate. Comparison against the original model of FDS, relying on constant critical flame and re-ignition
temperatures, are made. Overall, the predictions with the new dynamic models agree both qualitatively and
quantitatively with the experiments. By considering the local properties of the flow, the new models bring
some improvements, compared to the original models of FDS, in particular for the O, concentrations inside

the compartment in ventilation-controlled conditions.

1. Introduction

Due to their significance in fire safety science and engineering, the
study of compartment fires received a lot of attention in the past,
e.g., [1-3]. With the increasing use of Computational Fluid Dynamics
(CFD) as a tool to study fire dynamics in the built environment, there
is also a plethora of CFD studies on this topic. These works range
from reviewing the challenges and the different modelling approaches
of such scenarios (e.g., [4-6]), performing rigorous CFD model vali-
dation (e.g., [7-10]), applying CFD models for simulating enclosure
fire scenarios under various ventilation conditions (e.g., [11-16]) and
analysing various specific fire dynamics aspects involved in enclosure
fires (e.g. [17,18]).

In general, compartment fires are classified into two distinct
regimes, namely ventilation-controlled (regime I) or fuel-controlled
(regime II) scenarios [3]. In scenarios involving well-ventilated condi-
tions no external flaming is expected since there is sufficient oxygen
inside the compartment for the gaseous fuel to react. That is the
case in scenarios when the fire is relatively small compared to the
compartment (i.e., localized) and the fire is not located close to the

ventilation opening(s). On the contrary, in scenarios involving under-
ventilated conditions (e.g., as the Heat Release Rate (HRR) of the fire
increases), external flaming can be observed as the fire tries to find
sufficient oxygen for combustion.

However, simulations of such ventilation-controlled compartment
fires with the Fire Dynamics Simulator (FDS) [19] still remain chal-
lenging. This may be attributed to possible limitations of the employed
extinction and re-ignition sub-models (e.g., relying on constant crit-
ical flame and re-ignition temperatures, respectively), and the mesh
dependence thereof. Some recent modelling efforts [15,20,21] involv-
ing the application of FDS in compartment scenarios involving flame
extinction, have suggested that improvements in the re-ignition and
extinction sub-models of FDS might be required for improving its ac-
curacy when simulating such scenarios. The present study builds upon
the knowledge gained from previous CFD studies and aims to enhance
the current capabilities of FDS towards predicting flame extinction and
re-ignition in under-ventilated compartment fire scenarios.

The main objective of this work is to apply the newly developed ex-
tinction model, previously presented in [22], to a series of ventilation-
controlled compartment fire scenarios. It is worth noting that the
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development and validation of the model in two well-characterized
open flame scenarios (i.e., UMD line burner and FM burner) was
presented in [22], whereas the present work extends the model val-
idation to compartment scenarios, of more practical significance to
fire safety engineering. As such, the objective is to evaluate its perfor-
mance and predictive capabilities towards accurately predicting flame
extinction/re-ignition as well as the heat release rate inside and out-
side compartments. Emphasis is put on using the default FDS models
and settings, typically used by fire safety engineers when performing
numerical simulations of similar compartment fire scenarios. Com-
parisons are also made with the default extinction model of FDS in
Large Eddy Simulation (LES) mode in order to evaluate whether the
newly developed extinction model brings improvements in the CFD
predictions.

2. Modelling

FDS version 6.9.1 [19] in LES mode has been used for the nu-
merical simulations in the present study. FDS, developed by NIST,
is a low-Mach number, second order accurate, finite difference code
with explicit time integration. The default FDS models for turbulence,
combustion and radiation have been used in the simulations presented
here. This choice is intentional as these are the models that will be
used by fire safety engineers when applying FDS to simulate various
compartment fire scenarios. The novelty of the present work, in terms
of modelling, is presented in Section 2.6 and it involves the dynamic
calculation of the re-ignition and critical flame temperatures used by
FDS when modelling flame re-ignition and extinction, respectively.
This is an extension of the original approach used by FDS which
considers constant values for both quantities for every fuel. More
details regarding the available modelling options of FDS can be found
in [23,24].

2.1. Turbulence modelling

Turbulence is modelled using a modified Deardorff model [25]
calculating the sub-grid scale viscosity, i, as:

Hsgs = ;CUA kxgs @

where C, = 0.1 [26] is a model constant.
The sub-grid scale kinetic energy, k,,, is calculated from an alge-
braic relationship, based on scale similarity, as:

Kygs = %((a—r})z + =V +@-w)?) o)

where  is the LES filtered velocity at length scale 4 and u is a weighted
average of u over the adjacent cells. The terms v, v, w, w are defined
similarly [24].

2.2. Combustion modelling

The combustion model is mixing-controlled and considers a one-
step, irreversible chemical reaction combined with the Eddy Dissipation
Concept (EDC) [27] for modellilg turbulence-chemistry interactions.

As such, the fuel reaction rate, &', is calculated as:

F E
J— min(? ,)N’O /s)
a','F/' = _;4 3)

Tmix

where ;- and )702 are the fuel and oxygen mass fractions, respectively,
and s is the stoichiometric oxygen-to-fuel mass ratio.

The mixing time scale, z,,,, is calculated by comparing the mixing
times for diffusion (i.e., z,), sub-grid scale advection (i.e., 7,), and
buoyant acceleration (i.e., 7,) as [28]:

Typix = MAX(Ty g, MIN(Ty, Ty, Tgs Triame)) (€))
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where Dy is the effective diffusivity of the fuel, and C, = 0.4 [29] is
a model constant calibrated to match Heskestad’s flame height correla-
tion [30]. The mixing time scale, 7,,,, is also bounded between a low

(i.e., Tcpem) and an upper value (i.e., 77/g)-

2.3. Radiation modelling

Radiation is modelled considering that the radiation intensity is a
function of spatial location and angular direction and is obtained by
solving the radiative transfer equation, for a non-scattering medium,
based on the finite volume method.

A gray gas model is employed in which the mixture absorption
coefficient, «, is calculated as the sum of the individual gases’ gray
coefficients, k;, for each specie i as:

K= Zki(f’;,?) (6)

The gases’ absorption coefficients, «,; are calculated by a narrow-
band model, RADCAL [31], considering the minimum of a Planck
mean coefficient (which depends on the local species composition and
temperature) and an effective absorption coefficient (which depends on
the local species composition, temperature and path length L) as:

Kk; = min(k; p, K; ,) )

The default value for the path length in FDS is L = 0.1 m. For
more details regarding radiation modelling in FDS the reader is referred
to [24].

It is worth noting that radiation modelling is challenging in com-
partment fire scenarios, especially in limited ventilation conditions,
since higher soot volume fractions are often met than in open fires.
The fuel used in the experiments here (i.e., CH,) is generally only
weakly sooty and the experimental data in [32] also indicated that
minimal soot concentrations were produced during the tests. As such,
the effect of soot was not explicitly considered when calculating the
absorption coefficients. Nevertheless, its potential influence is implic-
itly accounted for through the prescribed radiative fraction and the
employed correction in the radiative emission.

In regions where reactions occur (i.e., ;(RF > 1 kW/m?), the
radiative emission source term can be under-predicted if coarse grids
are used in the simulations. As such, a correction term, C, is applied
which is expressed as:

o= Zud" +xGV

— (8
Y @dxeTHV

where ¢, is the heat release rate per unit volume, y, is the radiative
fraction of the fuel and V is the cell volume. Note that the correction,
through the use of y,, defines the minimum amount of radiation that
will be released from the fire. Also, the correction term is bounded
between 0.1 and 100 to prevent spurious behaviour at the start of a
simulation. Note that there is currently no Turbulence-Radiation Inter-
action (TRI) model available in FDS. However, the required correction
in the radiative emission on coarse(r) grids is achieved through the
correction term.

Finally, the radiative heat loss term in the energy equation is
estimated as:

V. § = x(46CT* - G) ©)

where G is the total irradiance.
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2.4. Extinction modelling

Flame extinction is modelled using the default approach of FDS
in LES mode which considers an enthalpy balance based on the con-
cept of a critical flame temperature (CFT). The extinction criterion
examines whether a reactant mixture within a computational cell will
have enough energy to raise its temperature above a critical flame
temperature to sustain combustion and it is expressed as [24]:

Z%hp (M) + dZ5h (D) + $Z%hp(T)
< Zphp(Tepr) +1Zp — (1= ) ZIhp(Tepr) (10)

where Z9, 79, Z9 and Zp, Z,, Z, are the mass fractions of lumped
species for fuel, air, and products in the mixed portion of the grid cell
at the beginning and the end of the reaction step, respectively, T is the
(filtered) initial cell temperature (before any reaction occurs), T pr is
the critical flame temperature, while A F(T) and h P(T) are the sensible
enthalpy of fuel and products, respectively. Note that /,(T) accounts
for both the chemical and sensible enthalpy; thus, the left-hand-side
of Eq. (10) includes the heat release due to combustion. The products
include the products of combustion and diluents such as water vapour
from droplet evaporation. A modified form of the equivalence ratio, $,
can be written as:

0 0
~ (1 sZF>= 25 -2z,

5= (1.%%F an
z z

where s is the mass stoichiometric coefficient for air.

Note that the Ty values used by the model have been measured
experimentally (i.e., not derived theoretically considering adiabatic
chemistry). As such, the right-hand-side of Eq. (10) implicitly accounts
for any radiative losses. The same applies to the left-hand side of
Eq. (10) since the resolved flame temperatures used in the model in
each cell have been obtained considering radiative losses.

Based on the formulation of the model, any excess fuel within a
cell acts as a diluent while any excess air and a proportional amount of
products do not. To achieve this, a fraction of the total mass of the grid
cell equal to (1— (E)(Zg +Z ;’,) has been removed from the calculation of
the enthalpy. Note that the right-hand side of Eq. (10) contains no air
because all excess air has been removed from consideration. In other
words, for an infinitely fast reaction it is Z, —(1 —q?)Zg = 0. In addition,
there is no distinction between quenched and unquenched fuel in the
model. If the inequality is true then reaction within a computational
cell is inhibited for the current time step.

For the evaluation of the flame extinction criterion, a critical flame
temperature, Ty, is needed. FDS uses by default a constant T¢pr
value which is dependent on the fuel type and typically ranges between
1500-1800 K [33].

2.5. Re-ignition modelling

The flame extinction criterion discussed above is only evaluated if
re-ignition in a cell can occur (i.e., if the initial temperature in the cell,
T, is above an ignition temperature):

T>T,, a2

where T;,, is set by default to the Auto-Ignition Temperature (AIT) of
the fuel [33]. If Eq. (12) is not fulfilled, the combustion is automatically
suppressed.

Note that the re-ignition sub-model cannot be applied everywhere
in the computational domain without also suppressing the main com-
bustion source. As such, a small exclusion zone surrounding the burner
is typically defined. Ideally, this exclusion region should be as small as
possible without negatively affecting the combustion efficiency of the
fire. It should not be too big, either, so as to allow for the extinction
criterion to be evaluated in a big portion of the flame where combustion
takes place.
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2.6. Dynamic extinction and re-ignition modelling approach

The new dynamic approach (named ‘New model’ from now on)
is essentially an extension of the original flame extinction/re-ignition
sub-models currently available in FDS (i.e., still relies on Egs. (10)
and (12)). However, the re-ignition temperatures, Tigns required for
re-ignition are estimated on the basis of counterflow simulations with
oxidizers for different strain rates. Following [34], diluted fuel-air mix-
tures (i.e., 8% CH, in N,), in the fuel stream, versus hot air at ambient
oxygen concentration, in the oxidizer stream, at a pressure of 1 atm are
considered. The temperatures of both the fuel and oxidizer were set to
be the same. On the other hand, the determination of the critical flame
temperatures, T-p7, is made through well-stirred reactor simulations
under different residence times and diluent types/concentrations. The
simulations for both configurations have been performed with Can-
tera [35] using the FFCM-2 mechanism [36] which considers 96 species
and 1054 reactions. A detailed description of the determination of T},
and T pr used in the new dynamic model has been presented in [22],
hence, only a brief summary of the resulting equations is reported here.

The variation of the re-ignition temperatures, 7;,,, with CH, as fuel,
follows a logarithmic function in the form:

T;

1en = 135.84In(S) +411.52 13)

where S (1/5) is the strain rate and the 7}, values are bounded between
700-1250 K. In the simulations, the resolved strain rate magnitude in
every cell is used for estimating T,

The variation of the critical temperatures, T¢gr, with CH, as fuel,

is fitted using power law lines in the form:

Terr—n,.co, = 1522.17, 00% a4
Terr—myo = 1576.47,00% (15)

with N,,CO, and H,O as diluents, respectively. In the equations above,
7,ix (M) is the mixing time obtained from the default reaction time
scale model [28] available in FDS. The Ty, values are bounded
between 1200-1800 K, a range of values common for most hydrocarbon
fuels [33].

Finally, the critical flame temperature in every cell is calculated
using a mass-weighted average based on the different types of diluents
as:

Terr = Z Y, Tepr—i 1e6)
7

where i is the type of diluent (i.e., N,, CO, or H,0), Yl.' is the normalized
mass fraction of diluent i and Tfr; is the critical flame temperature
for the type of diluent (i.e., Tcrr_n,.co, OF Terr-m,0)-

For completeness, the variation of T;,, and T¢pr is also presented
graphically in Fig. 1. The values of the original approach of FDS
(named ‘Original model’ from now on), using constant values for Tign
(i.e., 813 K for CH, [37]) and Ty (i.e., 1780 K for CH, [37]), are also
reported.

It is worth noting that grid dependency can have some effect in
the predictions of the new model (i.e., resulting combustion efficiency)
if small fire sources (in terms of Q* values) are involved (which is
not the case here). This has been previously demonstrated in [22]
where the model was first developed and validated in open flame
scenarios. It should be stressed that the model is meant for LES, hence
a reasonable grid resolution of the fire plume is needed and required.
The use of an exclusion zone, in combination with the considered grid
size, can, in general, affect the resulting combustion efficiency and
whether a stabilized fire plume above the burner will exist or not [22].
Nevertheless, regardless of how fine the grid resolution is, an exclusion
zone (or prescribed pilot flames) is still needed to avoid suppressing the
primary combustion source in the first couple of cells above the burner
unless e.g., hot fuel would be injected into the domain.
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Fig. 1. Overview of the re-ignition temperatures, T,

3. Experimental setup

The reduced-scale experiments performed by NIST [32], which
involve a series of ventilation-controlled compartment fires, are used
a validation test case for the simulations. The compartment is ap-
proximately 1.42 m long by 0.95 m wide by 0.98 m high and has a
single ventilation opening (i.e., a door, centred on the smaller wall,
with dimensions 0.48 m wide by 0.81 m high). The interior of the
compartment consists of 0.0254 m thick Marinite I (i.e., p = 737 kg/m’,
k =012 W/m/K, ¢, = 1.17 kJ/kg/K) walls while in the exterior a
0.0016 m thick steel (i.e., p = 7800 kg/m®, k = 45 W/m/K, ¢, = 0.77
kJ/kg/K) frame is used. The scenarios involve a 0.13 m x 0.13 m
(square) gravel-filled burner, positioned in the centre of the enclosure,
which is 7 em deep and its top surface is at 15 cm above the floor. The
scenarios considered involve natural gas (CH,) as fuel with a varying
levels of HRR during the tests. Two experiments from the experimental
campaign with varying total HRR between 75-410 kW are considered:
test #1 with Qy,,er= 75, 190, 75 kW and test #3 with Qy,,,..,= 265, 410,
180, 115, 75 kW.

Thermocouple temperatures and species concentrations near the
ceiling in the front and in the back of the compartment, as well as
velocities at the ventilation opening (i.e., door), were reported among
others. For a detailed discussion on the uncertainties involved in the
different experimental data the reader is referred to [32]. An overview
of the compartment geometry involved in the NIST reduced-scale ex-
periments is presented in Fig. 2. For completeness, and to make the
comparison between simulations and experiments easier, the location
of the experimental probes that are considered in this work is reported
in Table 1.

4. Numerical setup

An overview of the numerical setup used in the CFD simulations
(e.g., domain, grid size and total number of cells, among others) is
presented in Table 2. The required finest grid size is chosen a priori
based on the D* criterion by considering values of D*/4 > 15, which
have proven accurate enough for simulations of various fire scenarios
with FDS in the past [29]. A sensitivity study considering grid sizes
of 4 cm, 2 cm and 1 cm was also performed (i.e., only a selection of
results are presented in Fig. 3 for brevity) and revealed a relatively
grid-insensitive solution was reached with both models for a 2 cm grid

(b)

ign» and critical flame temperatures, T¢ 7, used with both extinction models with CH, as fuel.

size. The reader is referred to [22] for a more detailed evaluation of
the performance of each extinction model with respect to grid size. The
computational cost associated with the new model in the 2 cm grid size
simulations was approximately 44 h and 63 h of wall clock time, for
test #1 and test #3, respectively, using 24 cores.

The material and thickness of the compartment walls are the same
as in the experiments (see Section 3). The numerical simulations ac-
count for conjugate heat transfer, by coupling the gas and solid phases,
while 1D heat transfer is considered through the compartment walls.
The ambient temperature and pressure are set to 20 °C and 101325 Pa,
respectively. A value of 0.24 is assigned for the radiative fraction,
% of CHy based on the experimental data reported in [38]. The
default number of solid angles in FDS (i.e., 100) is employed in the
simulations. For comparison to experimental data, a thermocouple (TC)
model with the corresponding bead diameter (i.e., 1 mm), as used
in the experiments, and the properties of Nickel (i.e., ey = 0.85,
prc = 8908 kg/m? and ¢, Tc =044 kJ/(kg K)) [23] are considered. The
thermocouple model considers the heating of a sphere, of known bead
diameter, due to radiation (i.e., using the integrated radiative intensity)
and convection (i.e., due to hot gasses). As such, the radiative term
includes radiative contributions from both the fire itself but also from
the (hot) walls.

An exclusion zone (i.e., a region inside which combustion is not
suppressed) having dimensions of 0.16 m x 0.16 m x 0.06 m is consid-
ered in the study. The defined exclusion zone essentially considers one
cell surrounding the burner in the transverse direction, a cell below the
burner surface, and extends two cells above it in the vertical direction.

5. Results

A first qualitative overview of the numerical predictions with ‘New
model’ and ‘Original model’ is depicted in Figs. 4 and 5 which present
the instantaneous Heat Release Per Unit Volume (HRRPUV) (200
kW/m?) at different times during the simulation for test #1 and test #3,
respectively. The HRR of the burner at the same instances in time is also
reported in the figures’ captions. Combustion occurs mainly inside the
compartment for test #1, apart from some minor burning just outside
the ventilation opening at the time of the maximum HRR (i.e., 190 kW),
indicating that mainly well-ventilated conditions are present during this
scenario. On the other hand, combustion occurs clearly both inside and
outside the enclosure in test #3 when the HRR of the burner is between
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Fig. 2. Overview of the experimental geometry for the NIST reduced-scale enclosure scenario [32]. The approximate location of the measurement probes (see

Table 1) used in the experiments is shown as red symbols.

Table 1
Location of measurement probes in the NIST reduced-scale experiments [32].
Probe description Variable Exp. data label x (cm) y (cm) z (cm)
Aspirated thermocouple Temperature TRSampA 29 113 88
Aspirated thermocouple Temperature TFSampA 29 10 88
Aspirated thermocouple Temperature TR80A 75 122 80
Aspirated thermocouple Temperature TF80A 75 20 80
Gas sample rear 0, O2Rear 29 113 88
Gas sample front 0, O2Front 29 10 88
Gas sample rear CO, CO2Rear 29 113 88
Gas sample front CoO, CO2Front 29 10 88
Bi-directional velocity probe Velocity VD60C 48 -5 60
Bi-directional velocity probe Velocity VD40C 48 -5 40
Bi-directional velocity probe Velocity VD20C 48 -5 20
1500 1500 1500
| TFSampA| | 80A| | TR8OA|
1200 1200 1200
o 5 5 L
< < -
o 900y o 900 o 900
-] -] -]
© © ©
g g g
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0" N 1 L 1 n 1 n ol 1 L 1 n 1 n 0" L 1 L 1 L 1 n
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Time (s) Time (s) Time (s)
Fig. 3. Predicted thermocouple temperatures as a function of grid size at selected locations with ‘New model’ and ‘Original model’ in test #3.

265-410 kW, suggesting the presence of under-ventilated conditions
inside the compartment during these times. As the HRR of the burner
decreases (e.g., 180 kW), there is a transition to more well-ventilated
conditions and combustion then occurs only inside the compartment
with both models. Overall, no significant differences in the (overall)
combustion region are observed between the results obtained with both
models, for both tests.

To complement the qualitative analysis, an overview of the instanta-
neous temperatures with ‘New model’ and ‘Original model’ is presented
in Figs. 6 and 7 at different times during the simulation for test #1 and

test #3, respectively. Some observable differences between the models
are evident, namely that higher temperatures are predicted with ‘New
model’ inside the compartment most of the time. This aspect would
suggest higher mixture reactivity inside the enclosure with ‘New model’
compared to ‘Original model’ as a result of different T},, and T¢pr
values used by each model. A more detailed analysis of this aspect is
presented later in the paper.

An overview of the predicted total HRR, as well as of the HRR
released outside of the enclosure, with the two models is presented
in Fig. 8. The simulation results, in most cases, follow closely the
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Fig. 4. Predicted HRRPUV (200 kW/m?) with ‘New model’ (top row) and ‘Original model’ (bottom row) at 1000 s (Qj,..r = 75 kW), 2700 s (Qjner = 190 kW)

and 3700 s (Qme, = 75 kW) in test #1.

L]

-
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Fig. 5. Predicted HRRPUV (200 kW/m?) with ‘New model’ (top row) and ‘Original model’ (bottom row) at 600 s (Q,,..r = 265 kW), 1700 s (Q,er = 410 kW),

2900 $ (Qymer = 180 KW) and 4600 s (O, = 75 kW) in test #3.

experimental data, which is not surprising given the fact that the HRR
issued from the burner was prescribed in the simulations. A slight
under-prediction of the predicted HRR in the simulations is observed
when Q... = 410 kW for both models, suggesting that small quantities
of fuel (i.e., CH,) might escape the computational domain unburned.
This could be solved by making the domain outside the compartment
even bigger but, to limit the required computing time, this was not
deemed essential. Overall, the predictions with both ‘New model’ and
‘Original model’ are, both qualitatively and quantitatively, comparable.
However, the results do indicate that slightly more fuel is burning
outside the compartment with ‘Original model’ during both tests #1 and
#3 when under-ventilated conditions start to develop (see the HRR ‘Out’
lines with both models in Fig. 8). This is in line with the higher Ty
values used with this model (also previously reported in [22]).

Considering that hydrostatic pressure differences govern the gas
flow at a compartment opening, and by considering Bernoulli’s equa-
tion, the maximum heat release rate inside a compartment in under-
ventilated fire scenarios, Ql'.',’l“’( (kW), is often estimated as [39]:

O)™ =Yy, AH o, CAVH ~1500AVH a7
’ ——

Mair,in
where YOZ,air is the oxygen mass fraction in ambient air (i.e., 0.23),
AH o, the heat of combustion per mass of oxygen consumed
(i.e., 13.1 MJ/kg), C is a flow coefficient (i.e., 0.5 kg/(s m/2) [40])
and A\/E (m3/?) is the ventilation factor (where A and H is the
surface area and height of the ventilation opening, respectively). Es-
sentially 71, ;, (kg/s) is the mass flow rate of incoming air inside the
compartment from the ventilation opening and 1500 kJ/(s m*/2) is a
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2900 s (Qer = 180 kW) and 4600 s (O, = 75 kW) in test #3.

constant representing the thermal energy potential of the air entering
the compartment.

Note that there are three approximations in Eq. (17): r%  is
approximated as 0.5 A\/E ; there are uniform conditions (i.e., tempera-
ture, mixing) inside the compartment (which is often not the case unless
the enclosure is small in size) and it is assumed that all of the oxygen
entering the enclosure would be consumed during the combustion
which is unlikely (e.g., it will strongly depend on the mixing between

fuel and oxidizer, which is in turn dependent on the opening, the type
of fuel, size and location of burner among other factors).

As such, much lower values of this constant (i.e., compared to
the theoretical maximum value of 1500) have been reported in the
literature for various compartment fire scenarios in the past (e.g.,
850 kJ/(s m>/2) [15], 900 kJ/(s m%/2) [16], 1040-1290 kJ/(s m>/2)
[41] and 1131 kJ/(s m5/2) [42] among others). In the current work
(i.e., when Q,,,,., = 410 KW during test #3 with A\/H ~ 0.343 m%/2),
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Table 2

Overview of the setup used in the numerical simulations.
Fuel CH,
Burner 0.12 m x 0.12 m*

HRR (Qprner)

Domain (compartment)
Domain (outside)

75-190 kW (test #1), 75-410 kW (test #3)

1.42 m x 0.96 m x 0.98 m
09mx12mx1.8m

Grid size (4) 2 cm
D*P 0.34-0.67 m
Resolution index® 17-34

Number of cells (gas phase) 0.41 million

2 Adjusted from the actual size of 0.13 m x 0.13 m to fit the chosen grid size, 4, in
the simulations.

oo Cplo

) 2/5
b Characteristic fire diameter [24]: D* = (0»73) where Q,,,,,, (KW) is the heat

release rate issued from the burner, p., (kg/m?), ¢ (kJ/(kg K)), T,, (K) are the density,
specific heat and temperature of the ambient air, respectively, while g (m/s?) is the
gravitational acceleration.

¢ Resolution index (RI) defined as D*/A [24]. The reported range involves the same
grid size and a variable HRR.

it is 1y, = 0.305AV/H and Q,, = 686A\/H for ‘New model’, while
Mapin = 0.312AvH and Q,, = 606AV/H for ‘Original model’. Note
that, despite the higher mass flow rate of incoming air, r, ;,, the
HRR inside the enclosure, Q,,, is lower for the ‘Original model’. The
difference (i.e., 606/0.312 versus 686/0.305) is about 16%. Note that
for the calculations above, the door dimensions (i.e., H = 0.8 m and
A =0.48 m x 0.8 m) used in the simulations have been considered.
Based on the available experimental results, it can be verified
that the combustion efficiency was close to 1 for both tests #1 and
#3. Using Eq. (17), a theoretical maximum HRR of approximately
515 kW is obtained. On the other hand, the use of a reduced constant
(i.e., 850-1290 kJ/(s m3/2)), as discussed above, results in a range of
HRR values between approximately 292-443 kW. As such, the initial
variation of the HRR during test #3 (i.e., 265-410 kW) is close to
this range of HRR values, suggesting the potential presence of under-
ventilated conditions during this test. On the other hand, the HRR

values involved during test #1 are significantly lower. This is also in
line with the burning occurring outside of the compartment previously
as seen qualitatively in Fig. 5 and quantitatively in Fig. 8.

One way to quantify the ventilation conditions in the compartment
scenarios at hand, is the use of the global equivalence ratio [39,43]:
p=—2L (18)

m02
where s is the stoichiometric fuel to oxygen ratio (i.e., s ~ 4 for CHy),
t is the fuel mass flow rate at the burner, and s, is the oxygen mass
flow rate entering the compartment from the ventilation opening. Based
on this definition, the distinction is often made between over-ventilated
compartment fires (if ¢ < 1) and under-ventilated compartment fires (if
é > 1) [39,43].

Based on Fig. 9, values of ¢ > 1 are only obtained when Q,,, .., =
410 kW during test #3, indicating the presence of under-ventilated
conditions during that period of time, while for all other scenarios it
is ¢ < 1. The fact that ¢ < 1 when Q,,,,., = 265 kW during test #3
(when external burning is predicted with both models) does suggest
that part of the incoming air does not participate in the combustion.
In other words, the concept of the global equivalence ratio using a
critical value for ¢ of 1 does not accurately distinguish when under-
and over-ventilated conditions develop inside a compartment (i.e., the
critical value of ¢ becomes significantly less than 1 as reported in,
e.g., [44,45]). While the use of ¢ is representative of the bulk conditions
present inside a compartment, the local conditions near the fire source
are particularly important with respect to potential flame extinction
and external burning occurring in a compartment fire scenario.

The predicted T;,, and T¢pr values at two different locations above
the burner (i.e., in the flame/intermittent region (z = 0.3 m) and below
the ceiling (z = 0.9 m)) are presented in Fig. 10 for both tests. In
general, mostly higher 7., but lower T¢pr values are obtained with
‘New model’ compared to ‘Original model’. In other words, re-ignition
is more difficult with ‘New model’ to occur as opposed to ‘Original
model’. However, once re-ignited then extinction is easier for ‘Original
model’ to occur as opposed to ‘New model’. The reported range of
Tien and Tepp values at these two specific locations is approximately
750-1050 K and 1300-1400 K, respectively.
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Fig. 9. Predicted global equivalence ratio, ¢, with ‘New model’ and ‘Original model’ in (a) test #1 and (b) test #3.

A comparison of the predicted thermocouple temperatures and
species concentrations with ‘Original model’ and ‘New model’ at se-
lected locations (see Table 1) for test #1 and test #3 is presented in
Figs. 11-12. Overall, both models exhibit similar trends which are,
in most cases, in line with what was recorded experimentally. Some
differences between the two models are mainly observed for the highest
range of HRRs involved in both tests (i.e., when Q,,,,., = 190 kW
for test #1 and when Q,,,,,, = 265 — 410 kW for test #3). It is not
straightforward to definitively say which of the two models performs
best by only looking at the temperature results. Nevertheless, when
examined in combination with the chemical species results (i.e., partic-
ularly the predicted O, and CO, concentrations) an interesting pattern
emerges. During the highest HRRs for both test #1 and test #3, the O,
concentrations with ‘New model’ tend to zero (which is not the case
with ‘Original model’), in line with the experimental measurements,
and more CO, is produced. Similar findings with respect to the O,
concentrations with ‘Original model’ have also been reported for the
same test case in [29]. This is in line with the fact that relatively more
burning occurs inside the compartment and higher temperatures are
obtained with ‘New model’ compared to ‘Original model’. This is not
the case with ‘Original model’, where some O, remains at the examined
locations, lower temperatures and less CO,, compared to ‘New model’,
is produced. Similar findings were also reported in [22] related to the
application of both models in benchmark burner scenarios involving
flame extinction (i.e., UMD line burner and FM burner cases).

There is naturally a combined effect from both the re-ignition
and critical flame temperatures in the overall mixture reactivity with
the new model inside the compartment. For example, higher flame
temperatures suggest that the lower critical flame temperatures must
have an important contribution. On the other hand, the higher O, con-
centrations predicted with the new model imply less mixture reactivity
due to higher re-ignition temperatures. The relative contribution of
each of these two aspects is also dependent on the location of interest
inside the compartment and whether unburned fuel is present or not.

It is worth noting that no sensitivity study using the original FDS
model with adjusted but constant T¢pr and T, values was conducted
as it was not part of the main objectives of this work. It is probable
that fine-tuning these constants could improve the original model pre-
dictions in these compartment fire scenarios, but this is not considered
of significant added scientific value to the present study.

Finally, it should be noted that the predicted CO, concentrations in
the simulations will inevitably also be dependent on any sub-models
for CO production. Accurate prediction of CO in ventilation-controlled
compartment fire scenarios is challenging and still an active field of
research in the fire community. Given the fact that relatively small
amounts of CO were produced during the experiments considered and
that CO is not directly involved in the newly developed model, it was
decided to avoid the added modelling uncertainties associated with
trying to predict CO as well during the simulations. The effect of CO
production will be considered in future modelling of compartment
scenarios, though.

The predicted velocities at the level of the ventilation opening
(i.e., door), presented in Fig. 13, are comparable for both models and
are, in most cases, comparable to the experimental data. This implies
that the extinction model, even though it might locally affect the
predicted flame temperatures, does not have any major influence on
the resulting flow field. With comparable amounts of fresh air coming
inside the compartment, it is then the differences in the extinction
(through T¢pr) and re-ignition (through T;,,) modelling that give rise
to differences in the flame temperatures and species compositions
between the two models.

6. Conclusions

Large eddy simulations of ventilation-limited compartment fire sce-
narios with natural gas (CH,) as fuel were performed with FDS (version
6.9.1) in LES mode using a new dynamic flame extinction and re-
ignition model. The re-ignition temperatures, used to determine poten-
tial re-ignition of the fuel, were estimated from counterflow simulations
with hot oxidizers at different strain rates. The estimation of the critical
flame temperatures, used to determine potential flame extinction, was
made through well-stirred reactor simulations under different residence
times and diluent types/concentrations. Both configurations were sim-
ulated using Cantera. A comparison against experimental data and
with the original extinction and re-ignition models of FDS, employing
constant re-ignition and flame extinction temperatures for the same
fuel, was also performed.

In general, more burning occurs inside the compartment with the
new model, compared to the original model of FDS, and there is a
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Fig. 11. Predicted thermocouple temperatures at the various locations with ‘New model’ and ‘Original model’ in (a) test #1 and (b) test #3.
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Fig. 12. Predicted O, vol. fraction and CO, vol. fraction at the various
locations with ‘New model’ and ‘Original model’ in (a) test #1 and (b) test
#3.

better prediction of the flame temperatures and the O, concentra-
tions at the locations examined. The predicted re-ignition temperatures
with the model were often higher than the default values used by
FDS (i.e., 750-1050 K versus 813 K for CH,) while the predicted
critical flame temperatures were significantly lower than the default
values used by FDS (i.e., 1300-1400 K versus 1780 K for CH,). In
addition, the predicted HRR inside the compartment was significantly
lower (i.e., 686A\/E ) than the often cited theoretical maximum value
(i.e., 15004 \/E ) because not all of the incoming air in the compartment
participated in the combustion.

Overall, the application of the new dynamic extinction and re-
ignition models illustrated that improvements can be made in the
FDS predictions of ventilation-limited compartment fire scenarios by
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Fig. 13. Predicted velocities at different locations at the door with ‘New
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considering the local properties of the flow. Further model validation
considering additional compartment scenarios and fuels will be made
in the future.
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