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Abstract:

This article proposes a computationally affordable radiative heat transfer model to predict
accurately the feedback toward the fuel surface. It combines the multi-scale full-spectrum k
(MSFSK) approach to model accurately the radiative interaction between CO,/H,0 and the fuel
and the rank correlated (RCFSK) scheme. The model achieves the narrow band correlated-k
model accuracy with only five quadrature points for each of the two scales. The predictions are
also weakly dependent on the Planck temperature which allows to store efficiently the
MSRCFSK parameters in a flamelet library. The model is implemented in a well-validated
numerical model to provide large eddy simulations of 30 cm and 1 m diameter methanol pool
fires. The heat feedback predictions are improved when methanol radiation is considered. The
overall radiative contribution of methanol results from two competitive mechanisms: an increase
in emission in the hot part of the fuel dome and an increase in absorption close to the pool
surface. For both pool fires, the enhancement in emission overall dominates, leading to higher
radiative loss and heat feedback. The contribution of absorption increases with the pool size and,
as a result, the effects of methanol radiation are more pronounced for the 30 cm pool than for the
1 m one.

Keywords: radiative heat transfer; modeling; fuel dome; methanol pool fires; multi-scale rank-
correlated full-spectrum k

1. Introduction

The pyrolysis and the burning rate of solid and liquid fuels in fire scenarios are mainly controlled
by the complex radiative feedback from the flame to the condensed fuel surface [1]. This
feedback results from the transport of the radiation through the fuel rich core of the flames that
contains a significant amount of fuel or hydrocarbon vapors [2,3]. A prerequisite to its modelling
is then a detailed characterization of the radiative properties of the gaseous species of interest,
including combustion products and hydrocarbon fuels, at high spectral resolution and
temperatures relevant for fire applications. Such data are available for water vapor, carbon
dioxide, carbon monoxide and methane in the spectroscopic database HITEMP 2010 [4]. The
line parameters for some other typical hydrocarbon fuels encountered in fire applications are also
available in the HITRAN spectroscopic database [5]. However, some important bands are
missing for these fuels and this spectroscopic database cannot be used with confidence above
600 K [6]. On the other hand, the National Institute of Standards and Technology (NIST)
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reported FTIR transmission measurements for nine gaseous fuels, including paraffins (methane,
ethane, propane, and n-heptane) and other fuels (methanol, ethylene, propylene, toluene, and
methyl-methacrylate), at a spectral resolution of 1 cm™ and over a temperature range from 300 K
to 1000 K [2,7]. These data were used to derive databases of statistical narrow band (SNB)
model parameters [6,8].

The development LES-based fire simulators raised naturally the issue of the engineering gas
radiative modelling for fire applications. However, very few studies have tried to extend state-of-
the-art engineering radiative property models to account for fuel radiation. Sadeghi et al. [9]
derived weighted-sum-of-grey-gases (WSGG) parameters for the nine fuels of the NIST
database, carbon monoxide and soot and applied the superposition scheme to generate the
WSGG parameters for mixtures of CO,, H,O, CO, hydrocarbon fuel and soot. The model was
validated in decoupled radiative calculations by comparison with line-by-line (LBL) simulations.
However, the use of the superposition scheme, that results in Ngpp = N X (Ng + 1) radiative
transfer equation (RTE) to solve where Ns is the number of species and N,~4 is the number of
grey gases for a given species, makes this approach time consuming and probably unaffordable
for LES applications. On the other hand, global non-grey models based on the k-distribution
concept, such as the Full-Spectrum Correlated-k (FSCK) or the Spectral Line based Weighted-
Sum-of-Grey-Gases (SLW) [10], combine accuracy and computational efficiency and are good
candidate to be applied in LES of fire scenarios (see Refs. [11-13] for example). These models
lie on the assumption of correlated spectrum to deal with non-homogeneous non-isothermal
medium. However, this assumption no longer holds in the radiative feedback scenario where the
radiation emitted by a gas/particle mixture is absorbed by another gas [14,15]. Modest and co-
workers introduced the multi-scale FSCK approach to model accurately the radiative heat
transfer in such configurations [14, 15]. The approach consists in separating the contributions of
the M different radiatively participating species, called scales, to the absorption coefficient.
Consalvi and Liu applied the MSFSCK to decoupled radiation calculations in methane fire
plumes of different heat release rates by considering two scales, one for the CO,/H,0/soot
mixture and the other one for methane [16]. This results in Ngrgp = 2 X N, RTE to be solved
where N, is the number of quadrature points. The MSFSCK was found to provide a good
agreement with LBL solutions. However, no attempt was made to implement this model for LES
of fire scenarios.

The objective of this article is twofold: (i) to optimize the MSFCSK to be implemented in LES-
based fire simulators, (ii) to investigate the role of methanol radiation in the well-documented 30
cm and 1 m methanol pool fires investigated experimentally in Refs. [17-19] and [20,21].

2. Methanol pool fires

The target pool fires considered in the present study are the well-documented 30 cm and 1 m
diameter methanol pool fires investigated experimentally in Refs. [17-19] and [20,21],
respectively. These pool fires are also target flames in the MacFP workshop [22]. We performed
LES of these flames in previous studies with the numerical model described in Section 3 by
disregarding methanol radiation [11,12]. These simulations were performed with Code_Saturne
developed at EDF [23]. Our numerical results were found to reproduce with fidelity the
experimental data in terms of puffing frequency, flame structure and radiative outputs, although



the radiative feedback was underestimated in both cases. Table 1 summarizes the pool fire
characteristics, including the pool diameter, D, and the Heat Release Rate (HRR), Q.

Table 1. Target methanol flames and computational grids. z represents the vertical direction.

Diameter, D (m) | HRR (Q, kW) Mesh
Computational domain: 3x3 x3 m®
0.30 22.45 Ay=A4,=A,=2.5mm for 0.4x0.4x0.2 m

and A, =5 mm for 0.2m <z < 0.6m

Computational domain: 9x9 x7 m?
A, =8.15mm; A, =8.15mm; A, =5 mm for
1.00 269 0.6%0.6%0.01 m
A, stretched from z=0.01 mto z=0.326 m
A,=158cmfromz=0.326mtoz=18m

3. Description of the numerical model and computational details

A detailed description of the model was reported in the previous articles [11,12]. The numerical
model solves the filtered transport equations of mass, momentum, enthalpy, mixture fraction and
second moment of mixture fraction. The subgrid-scale momentum stress and scalar flux are
computed using a dynamic Smagorinsky model and a dynamic eddy diffusivity model,
respectively. A non-adiabatic steady laminar flamelet is considered to provide state relationships
for thermophysical properties as a function of the mixture fraction, Z, scalar dissipation rate, y,
and enthalpy defect, X. The flamelet library is generated by solving the governing equations of
counterflow diffusion flames in the physical space with the oxidation mechanism of Li et al.
[24]. The Favre-filtered thermochemical quantities are then obtained from the state relationships
by convolution with a presumed Filtered Density Function (FDF). Z, y and Xy are assumed to be
statistically independent and the marginal FDFs are modelled by a g-distribution for Z and &-
distributions for y and Xx:

¢ = [ " Z,x.X)B(Z; Z,V,)6(x — )6 (Xg — XR) 1)

Where the superscript fl refers to the flamelet library and V; is the subgrid scale (SGS) mixture

fraction variance. The variance is calculated from its definition, V, = Z2 — Z?2, by using a

transport equation for the second moment of the mixture fraction. The filtered scalar dissipation

rate, ¥, is computed by the model proposed by Jiménez et al. [25], ¥ = IZJ’AD; V,, with C,
1

computed by a dynamic approach. The Favre-filtered thermochemical quantities are then stored

in a library as function of Z,V,, ¥ and X and are interpolated during the simulations based on the

local values of these parameters.

The computational domains and grids for both the 30 cm and 1 m methanol pools are the same as
in Refs. [11,12] and are summarized in Table 1. For all the simulations, the computational
domain is bounded by open boundaries at the top and sides and typical convective and
outflow/inflow conditions are applied, respectively. At the inlet, a spatially uniform and steady
velocity is imposed to provide the mean HRR specified experimentally during the steady burning
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and both convective and diffusive mass and energy fluxes are considered. The inlet temperature
is set to the boiling point of methanol, i.e. T, =338 K. A great attention was put to mimic the
experimental burner boundary conditions as it was demonstrated that they significantly affect the
flame dynamics [11]. In the rest of the domain, the classical wall boundary condition is imposed.

4. Radiative property modelling
4.1 High resolution absorption spectra

Absorption spectra are required to generate the corresponding databases or model coefficients.
For CO; and H,0, the detailed spectral absorption cross-section database, generated by Pearson
et al. [26] from HITEMP 2010 [4], is considered. This database covers the entire thermal
spectrum (n € [0 — 25,000 cm~1] where 7 is the wavenumber) with a resolution of 0.005 cm™
for temperatures ranging from 300 to 3000 K. For methanol, the spectral absorption coefficients
were obtained from the FTIR measurements performed at NIST by Wakatsuki et al. [7] between
700 and 4000 cm™ with a resolution of 1 cm™ at seven temperatures ranging from 295 K to 1000
K, with 1000 K being close to the temperature (1100 K) at which the fast pyrolysis of most
hydrocarbons occurs.

4.2 Narrow band calculations

Narrow band calculations, based on the narrow-band correlated k (NBCK) model, will be used as
reference solution in decoupled calculations.

The first step to perform the simulations is to generate a database of narrow band (NB) k-g
distributions. This NB database will also serve as starting points to generate the Full-spectrum k-
g distributions (see Section 4.3). For each radiating gaseous species, a database of NB k-g
distributions, denoted g2 hereafter, was generated for 128 values of g corresponding to a 128-
point Gauss quadrature scheme, 9 mole fractions, x, ranging between 0 and 1 (0, 0.05, 0.1, 0.2,
0.3, 0.4, 0.6, 0.8, 1), 28 temperatures, T, ranging from 300 to 3000 K (by a uniform step of 100
K), and nyp = 998 narrow bands with a resolution of An = 25 cm™. For CO, and H,0, the NB
k-g distributions were directly generated from the LBL spectral absorption cross-section
database of Pearson [26]. For CH3OH, the parameters of the Malkmus Statistical Narrow Band
(SNB) model k and B were first derived for each NB and temperature from the high-resolution
FTIR measurements by using the methodology proposed in Ref. [27]. These parameters were
found in close agreement with those derived in Ref. [6] by using a different method. These
narrow band model parameters were used to obtain the NB k-g distributions through the
inversion of the cumulative density function [28]:

g"P (k) = 2[1 - erf (<= — bVE)| +2[1 - exf (< + bVE)| @)

where a = \/xpBk/2n and b =+/B/2nxpk with p the total pressure. This inversion is

performed through a Newton-Raphson iteration method.

Decoupled NB calculations are then performed by using the procedure proposed by Modest and
Riazzi [29]: i) at each computational grid node, single species NB k-g distributions at the local
thermodynamic states are obtained from the database for each NB and each of the 128 Gauss-
point by linear interpolations on both x and T. ii) These single species NB k-g distributions are
mixed by using the mixing scheme of Modest and Riazzi [29]. iii) Finally, for each NB, the



absorption coefficients at the 10 Gauss points used to solve the NB RTE are obtained from the
mixed 128 Gauss-point NB k-g distributions by using a linear interpolation.

4.3 Full-spectrum Kk-distribution models
4.3.1 Rank-correlated full-spectrum k distribution model

Full-spectrum k-distribution (FSK) models introduce a Planck-weighted cumulative k-g
distribution, defined as [9]:

gFS(k, o, T, ) _ H|ke—1c ()] 11 (Tp)dn 3)

1p(Tp)

where T,, H, k, ky, I, and ¢ = {T, xco2, Xu20, xr} are the Planck temperature, the Heaviside

function, a given value of the absorption coefficient, the spectral absorption coefficient at 7, the
blackbody intensity and an array of variables affecting the absorption coefficient. x represents
the fuel vapor mole fraction. The FS RTE is expressed as [9]:

cug0

—— =k*(go)algo),(T) — k*(go)lgo (4)

where g, corresponds in the present study to a quadrature-point of a Gauss-Legendre quadrature
scheme and Iy, is the radiative intensity at this quadrature point [9]. In the present study, the
RCFSK scheme is considered to determine the absorption coefficient, k*, and the stretching
function, a(g,) [30]:

gFS(k*' ¢, Tp) =90 (5)
_ agFS(k*9.1)
a(ge) = =0 (6)

The procedure proposed by Modest and Riazzi [29] is used to obtain the FS k-g distributions
required to solve Egs. 5 and 6. The two first steps (i and ii) are the same as for the NB
calculations (see Section 4.2). The third step consists in assembling the 128-Gauss point mixed
FS k-g distributions from the 128-Gauss point mixed NB k-g distributions:

9" (ke b.Ty) = Zawws 258 gV k) Y

4.3.2 Multi-scale rank-correlated full-spectrum k distribution model

The presence of the fuel vapor induces strong inhomogeneities in the composition of species
mixtures and, as a result, the assumption of rank-correlated absorption coefficient, on which the
RCFSK model lies, is no longer valid. This can produce inaccurate predictions of radiative heat
transfer. In order to correct this deficiency, Modest and co-workers proposed the multi-scale
FSK (MSFSK) [14,15]. This model is described briefly here and, in the present formulation, is
coupled to the RCFSK scheme proposed in Ref. [30], leading to a model weakly sensitive to the
choice of the Planck temperature. This model will be referred to as the MSRCFSK hereafter. The
MSFSK consists of separating the contributions of the M different radiatively participating
species, called scales, to the absorption coefficient. Two scales are considered in the present
study consistently with the problem under consideration [16]. The first, referred to as mix
hereafter, combines CO, and H,O whereas methanol, denoted by a subscript F hereafter, is
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treated as a second scale. The spectral RTE is then transformed into two component RTEs, one
for each scale and the reordering of the absorption coefficient is applied to each scale leading to
two FS RTEs:

dlmix,
ds 2 mlx (go)amlx (go)lb (T) Amlx (go)lmlx ,90 (88-)
dal «
;go = kz(9g0)ar(go)lp(T) — Ar(go)lFg, (8b)

k* and a for both the mixture and methanol scales are determined from Eqgs. 5 and 6. Following
Modest and co-workers [14,15], the overlap parameters, A, are evaluated in an approximate way,
such that the emitted intensity emanating from a homogeneous slab bounded by black wall is
predicted exactly [14,15]. They demonstrated that a generic expression can be obtained for the
determination of the overlap parameter A,, of the m" scale based on the NB k-distributions of
individual species [14,15]:

nNB

I (k)
z I f Km,idgm,i =
b
M
I
Z blj f kmlH< m _an,i> dgl,i "'dgM,i form = 1’---’M
= i=1

NB_O

9)

where I,; = fAn Iy,dn. The number of RTEs to solve in the MSRCFSK method is equal to

Ny, X M (= 2), where N, is the order of the Gaussian quadrature scheme. It should be pointed
out that the MSRCSFK reduces to the RCFSK method when no fuel is present.

4.4 Evaluation and optimization in decoupled calculations
4.4.1 Temperature and radiating species mole fraction profiles

The MSRCFSK will be assessed and optimized through decoupled radiation calculations along
line of sight corresponding to the fire plume axis. The RTE is solved along this line of sight from
a far location in the inert plume toward the pool surface. The corresponding input temperature
and species mole fractions are obtained from the LES calculations performed without
considering fuel radiation [11,12]. A zoom of these profiles in the fuel rich core is displayed in
Fig. 1. They were found in quantitative agreement with the experimental ones (see section S1 of
the supplementary materials). The axial distance is normalized by Q2/° to collapse roughly the
temperature and species mole fraction profiles. Temperature and CO, and H,O mole fractions are
roughly constant in the fuel rich core, except close to the fuel surface (z/02/5 <0.01 kW/m?®)
where they increase sharply with z/Q?%/5. As expected, the fuel mole fraction decreases sharply
with z/Q?/> because of the fuel pyrolysis. The fuel dome can then be decomposed into a hot
region with mean temperature higher than 1000 K (z/Q2/5 >0.01 kW/m?®) and a cooler region
containing mainly fuel vapor at the vicinity of the fuel surface (z/Q%/® <0.01 kW/m?®).

4.4.2 Narrow-band calculations



The left frames of Fig. 2 compare the axial distributions of spectrally-integrated radiative
intensity computed with the NB model with and without considering the methanol radiation (NB:
No Fuel vs. NB: CH3OH). For both pool fires, the peak of radiative intensity is enhanced when
methanol radiation is considered owing to an increase in radiative emission in the hot dome
region located beyond the peak. Below the peak, i.e. in the cold fuel rich region, fuel absorption
becomes dominant which explains why the radiative intensities decrease in a non-negligible
manner while decreasing z in the “NB: CH3;OH” calculations. The rate of decrease is higher for
the 1 m pool. These results suggest that the methanol radiation affects radiative heat transfer
through competitive mechanisms: an enhancement in radiative emission in the hot part of the
fuel dome and an enhancement of radiative absorption at vicinity of the fuel surface. For both the
30 cm and 1 m pool fire, the enhancement in emission overall prevails, leading to a higher
radiative intensity at the fuel surface when methanol radiation is considered. However, the
enhancement in radiative absorption close to the fuel surface is much more pronounced in the 1
m diameter pool fire owing to a longer cold zone length.

zmm»(a) q1 0.3»(b)

\ Hos
1500

T(K)

1000
0.1fF

500

0 0.02 0.04 0.06 0 0.02 0.04 0.06
z/Qm (m/ka) z/Qm (m/ka)

Fig. 1 Axial profiles of (a) temperature and fuel mole fraction and (b) CO, and H,0 mole
fractions in the fuel rich core of the flame as a function of z/Q?/5 for the 30 cm pool (continuous
lines) and the 1 m pool (symbols).

The right frames of Fig. 2 report the incident NB spectral radiative intensity at the pool surface
as a function of the wavelength for the two pool fires. Methanol participates radiatively through
four spectral bands: (i) The OH stretching band between about 2.6 and 2.8 um that interacts with
the CO,/H,0 spectrum, (ii) the CH stretching band between about 3.1 and 3.7 um that interacts
weakly with the CO,/H,0 spectrum, (iii) the CH bending band between about 6.2 and 9.1 um
that interacts with the CO,/H,O spectrum, and (iv) CO stretching band that weakly interacts
with the CO,/H,0 spectrum. For the 30 cm pool, the enhancement in radiative emission due to
methanol is strongly dominating. A consequence is that the radiative intensity at the pool surface
is higher at all the wavelengths when methanol radiation is considered (see Fig. 2a,). For the 1 m
pool fire, the effects of the strong methanol absorption manifests clearly on the bands where
methanol and CO,/H,0 interact, with the spectral intensity becoming lower in the case with
methanol radiation (see Fig. 2by).

4.4.3 Full-spectrum k distribution models

Although the illustration, Predictions obtained with the RCFSK are also reported in the left
frames of Fig. 2 for T,, =1500 K and a Gauss-Legendre quadrature scheme with N, = 32 points.
The RCFSK scheme preserves emission and is weakly dependent on the Planck temperature T,
in the range 1000-2000 K [31]. As a consequence, T, was set to 1500 K. When fuel radiation is
disregarded (simulations labelled No Fuel), the RCFSK scheme predicts axial profiles of
radiative intensity in a remarkable agreement with the NB solutions. When fuel radiation is
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considered (simulations labelled CH3OH), the RCFSK provides accurate solutions in the
emission-dominated region but overestimates the absorption in the cold fuel rich part of the fuel
dome. These discrepancies are enhanced while increasing the pool diameter due to an
enhancement in fuel absorption. They can be attributed the underlying assumption of "rank-
correlated spectra” in the RCFSK that is no longer valid in configurations where radiation
emitted from CO,/H,O mixtures is absorbed by methanol. Figure 2 shows the predictions the
MSRCFSK also obtained with T,, =1500 K and N, = 32. The MSRCFSK has a similar accuracy
as the NBCK for spectrally-integrated intensity and appears to be a good candidate to be
implemented in LES simulations of pool fires. Nevertheless, the model has to be optimized in
order to make these simulations affordable.

1,08,) D =30cm B CHaon 0scd,) D =30cm

NB: No Fuel

1F L] RCFSK: No Fuel
------ RCFSK:CH30H
MSRCFSK: CH30H

7
4
04!—"_.-‘-\

L L
0 0.02 0.04 0.06

21Q 215 (m kW (2/51)

I (W /em */str)
2
I (W/cm /um/str)

15 b)) D =1m 0srD,) D =1m
0.6 [

0.9 04l

1 (W /em *Istr)
2
I (W/cm /um/str)

0.6 0.2

0.3 " " L " " L " " y o LA
0 0.02 0.04 0.06

21" (mkw %) % (um)

Fig. 2 NB and FS simulations of radiative heat transfer along the axis of (a) 30 cm and (b) 1 m
methanol pool fires. The left (index 1) and right (index 2) panels represent the integrated
intensity along the line of sight and the NB spectral intensity at the pool surface and,
respectively.

4.4.4 Optimization and implementation of the MSRCFSK for LES

The left panels of Fig. 3 investigate the effects of the number of quadrature points on the
predictions of the MSRCFSK. It can be observed that the predicted radiative intensity profiles
are almost indistinguishable as the number of quadrature points is reduced from 32 to 8. The
results obtained with N, =5 also exhibit an excellent accuracy, with a maximum relative error of
2.48% as compared to the case of N, =32, observed for the 30 cm pool fire. The solutions with
N, =4 remain acceptable, being within 5% of those obtained with N, =32. For LES N, is
selected equal to 5 to provide the best compromise between accuracy and computational
efficiency. This results in 5 RTES to solve for each scale, i.e. a total of 10 RTESs. The right panels
of Fig. 3 show that the MSRSCFK solutions are almost insensitive to the Planck temperature in
the range 1000-2000K and only small discrepancies are observed for T;, = 500 K. These results
confirm the conclusions drawn for the RCFSK method [31], i.e. the Planck temperature can be
fixed to a constant temperature in the range 1000-2000K. This conclusion has two important
implications. The first one is that it avoids the uncertainty related to the definition of a relevant
reference temperature, especially in the case of turbulent flames. The second one is that k*, a,
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and A depend only on local scalars, namely xo,, Xy20, XF and T. Consequently, these quantities
can be efficiently stored in a look-up table as they can be expressed only in terms of Z, y and Xj.
In the present study, T,, is set equal to 1500 K consistently with our previous studies [11,12].

The MSRCSK was further tested by considering radiative heat transfer through a line of sight
corresponding to a snapshot of axial distributions of concentration and temperature for the 1 m
methanol pool fire. The conclusion drawn in the present section, i.e. that a good accuracy can be
achieved by setting N, =5 and T,, =1500 K, was found to remain valid. This is illustrated in the

section S2 of the supplementary materials.

12-8,) D =30cm 12-8,) D =30cm
N, =32 T, =2000 K
e N, =10 L T,=1500 K
D N =8 ~
5 ) ° = T, =1000 K
2 osl =5 2 osf
£ =4 £
< K
g 0.6 ; 0.6
0.4 0.4
02 . . . . . ) 0.2 . . . . . )
0 0.02 0.04 0.06 0 0.02 0.04 0.06
21Q ™" (mrkw % 21Q*" (m/kw %)
15»b1),D =1m 150 0,) D =1m
1.2
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s &
€ E oo
2 &
- T o6
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Fig. 3 Optimization of the MSRCSFK. The left (index 1) and right (index 2) panels quantify the
effects of the number of quadrature points and Planck temperature on the radiative intensity
along the flames’ axis, respectively.

In the LES framework, the filtered FS RTE for both the mixing and methanol scales are derived
from Eqgs. 8a and 8b, leading to:

dW * I) —
T do — kmlx(go)amlx(go)lb( ) Amlx(go)lmlx,go ( )
al * T) —

:;go = kr(go)ar(go)l,(T) AF(QO)IF,QO .

The filtered absorption terms, A, golm go, IS closed by neglecting the SGS absorption
Turbulence Radiation Interaction (TRI), leading to Ay golmgo = Amgo Imgo- TS
approximation was found to be valid in LES of non-luminous and luminous lab- and large-scale
diffusion flames in which about 80% of the turbulent fluctuations are resolved [32,33] as those
performed in the present study. On the other hand, previous studies demonstrated the importance
of SGS emission TRI for similar resolutions [13,34]. The emission terms and the overlap
parameters depend only on temperature and mole fractions of CO,, H,O and CH3OH. Therefore,
the filtering operation for these terms can be performed accurately by using the FDF approach
(see Eq. 1):




B(z;Z,V,)dz (11a)

fl._ -~ o
kr o@maolp =7 J. 1 (ki,go@m.golp)” (Z.X.XR)
m,go@m,golb =P J, pfU(Z,7.XR)

[P
1 _ _fl (ﬂm,go)f (Z,x.XRr)
mg0 = Plo oz xm)

B(z;Z,V,)dz (11b)

Kkm,go@m,goly and A, 4o are stored a priori in a library for each scale m and each quadrature

point g, as function of Z, V,, ¥ and X and are interpolated during the LES based on the local
values of these parameters. The filtered RTE is solved at each time step by using the Finite
Volume Method with a 16x24 angular mesh and the computed filtered intensity is used to
determine the radiative outputs such as the radiative source term in the energy equation, the
radiative fluxes, and the radiant fraction. It should be pointed out that the reflection at the fuel
surface was neglected as it represents 5-8% of the incident flux at the pool surface [1].

5. LES calculations
5.1 Radiant fraction and heat feedback to the surface

Consistently with the experiments performed by Kim et al. [19] and Sung et al. [20] on the 30 cm
and 1 m methanol pool fires, the radiant fraction, y,.,4, IS decomposed into two contributions: the
part of the idealized HRR radiated to the surroundings, xz, and the part of the idealized HRR
radiated toward the burner, yg:

Xrad = XrR T Xsr = QQ—~R + % (12)
with

Or = 21 [}°, , ARz (r, 0)rdr + 2R, [ 4 (Ro, 2)dz (13)
Qo = 2 [, G, (r, O)rdr (14)

where R, and z, delimit a cylindrical control surface surrounding the pool fire and ¢ ,(r, 0) and
drr(Ro, z) represent the radial distribution of the radiative heat flux in the downward direction
and the vertical distribution of radiative flux at a distance R, from the pool axis, respectively.
The values of R, and z, were chosen in the simulations to match the experimental ones, i.e.
Ry, = 0.6 mand z, = 1.5 m for the 30 cm pool fire [19] and R, = 2.07 m and z, = 1.8 m for the
1 m pool fire [20]. In addition, the heat feedback fraction, y, that represents the fraction of the
idealized HRR retroceded to the fuel surface, can be decomposed into a radiative contribution
and a convective contribution, xcony,s:

Xs = Xsr + Xs,conv (15)
with
Zn'fR q8conyrdr
s,conv
Xs,conv = OT (16)

In the present study the convective contribution is obtained from stagnant layer theory [35]:
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)] m' cp/h

conv,s O (Tb - T exp(m/'cp/h)—1

[1 g ] (17)
where h is the convective coefficient taken equal to 8.5 W/m? in accordance with Kim et al. [19]
and c,, s, Ah, and "' represent the heat capacity of air, the stoichiometric fuel to air mass ratio,
the heat of combustion and the burning rate per unit area. The use of the stagnant layer theory is
based on the conclusions drawn by Maragkos et al. [35] that it is only slightly grid sensitive and
provides satisfactory predictions for the different fuels tested.

n
= [(1 = x;)sAh
D

5.2 The 30 cm diameter pool fire

Let us analyze first the results obtained for 30 cm pool fire. Table 2 shows that that yz and y,qq
predicted with and without considering fuel radiation are within the experimental uncertainties.
When methanol radiation is considered, these two quantities are increased by about 13.5%. This
increase in radiative loss due to methanol radiation is further analyzed in Fig. 4 that shows the
divergence of the radiative flux, V- g , along the flame axis. As expected, it can be observed
that methanol radiation contributes to enhance V - g, expect close to the pool surface where
V- qg is slightly lower but still positive when methanol is considered. These trends are
consistent with those described in Section 4.4.2 in the case of decoupled radiative calculations
along the flame axis. Table 2 also shows that the radiative component of the fractional heat
feedback to the fuel surface, y.g, is significantly lower than that estimated experimentally when
fuel radiation is disregarded. A better agreement is observed when fuel radiation is considered,
although ygz remains underestimated. A consequence is that considering fuel radiation improves
the predictions of the fractional heat feedback to the fuel surface, y,. This is further illustrated in
Fig. 5 that shows the total heat flux (radiation + convection) retroceded by the flame to the fuel
surface.

Table 2. Radiant fraction and heat feedback metrics for the 30 cm methanol pool fire.

Xrad XR XsR Xs
No Fuel 0.235 0.197 0.0387 0.0653
CH;0OH 0.267 0.224 0.0425 0.0686
Exp. [19] 0.24 + 25% 0.19 + 26% 0.055 + 21% 0.082 + 24%
T
3
=

No Fuel

. .
0 0.05 0.1
21Q”"° (m/kw

1 )
0.15 0.2

%)

Fig. 4 Axial profiles of the divergence of the radiative flux for the 30 cm diameter pool fire.
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Fig. 5 Total heat feedback to the fuel surface for the 30 cm diameter pool fire. The
experimental data are taken from Ref. [19].

Figure 6 shows the radial profiles of mean temperature at different heights above the pool
surface predicted with and without considering methanol radiation. In both cases, the
experimental profiles are well reproduced by the model. A noticeable dip is observed in the
simulation and not in the experiments in the lower part of the flame. It can be reasonably
attributed to the fact that the profile of the fuel injection velocity over the pan is imposed
uniform in the simulation and may not match perfectly the experimental one. On the other hand,
it can be observed that considering methanol radiation affects noticeably the temperature
predictions. The induced increase in radiative loss leads to lower temperature, especially along
the wings of the profiles for the heights higher than 10 cm which results in an overall better
agreement with the experimental data.
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Fig. 6 Radial profiles of mean temperature at different heights for the 30 cm pool fire. The
experimental data are taken from Ref. [17], except the radial profile at z=0.6 m that is taken from
Ref. [18].

5.3 The 1 m diameter pool fire

Table 3 shows that the radiant fractions predicted with and without considering methanol
radiation in the 1 m diameter methanol pool fire agree well with the experimental data. The
contribution of methanol increases the total radiative loss by about 4.2%, which is significantly
lower than for the 30 cm diameter pool. This behavior is consistent with the observations made
in Section 4.4.2 in decoupled radiative calculations along the flame axis and can be further
emphasized by comparing Figs. 4 and 7. These figures confirm that methanol radiation affects
the divergence of the radiative flux through competitive effects: an enhancement of radiative
emission in the hot part of the fuel dome and an enhancement of radiative absorption in the cold
fuel rich region of the fuel dome located close to the fuel surface.

For the 30 cm pool fire, the enhancement of emission is highly dominating (see Fig. 4). For the 1
m diameter pool, a strong absorption by methanol is observed at the vicinity of the fuel surface
(see Fig. 7), with V- qg becoming highly negative in this region when methanol radiation is
considered. A consequence is that the radiative component of the fraction of heat feedback,
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Xrs » 1S not significantly affected by methanol radiation (see Table 3). Nevertheless, Fig. 8 shows
that the incident radiative flux at the fuel surface is in better agreement with the experimental
data when methanol radiation is considered. Figure 9 shows the radial profiles of temperature at
different heights. The model reproduces well the experiments whether fuel radiation is

considered or not. Methanol radiation enhances the overall radiative loss which tends to reduce
slightly the temperature, especially along the flame wings.

Table 3. Radiant fraction and radiative component of the fractional heat feedback for the 1 m
methanol pool fire.

Xrad Xrs
No Fuel 0.237 0.0651
CH;30H 0.247 0.0659
Exp. [19] 0.22 + 16% 0.065 + 31%

Vg, (kW/m?

CH3O0H

No Fuel
L

1 1 )
0 0.05 0.1 0.15 0.2

21Q 2/5 (m kW 215)

Fig. 7 Axial profiles of the divergence of the radiative flux for the 1 m diameter pool fire.

L] Exp.
CH3O0OH
No Fuel

e (KW /m?)

C

r(m)

Fig. 8 Radiative heat feedback to the fuel surface for the 1 m diameter pool fire. The
experimental data are taken from Ref. [21].
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Fig. 9 Radial profiles of mean temperature at different heights for the 1 m pool fire. The
experimental data are taken from Ref. [20].

5.4 Effects of the puffing motion on the radiative heat feedback

Figure 10 shows the distribution of the mean incident radiative flux at the fuel surface for the
two pool fires. The bars represent the level of the fluctuations of the incident radiative flux at the
different locations.

(a) D =30cm (b)D=1m

30

40

ﬂﬂ‘mhmm TIHHHHHH[.
Gt I Pl H[I
' ' ° li L,
oo r(Om) o 071 e o o r(Om) o v

Fig. 10 Radiative heat feedback to the fuel surface for the (a) 30 cm pool fire and (b) 1 m
diameter pool fire. The bars represent the rms of the radiative feedback fluctuations. The
simulations account for the fuel contribution to radiative heat transfer.
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These fluctuations represent approximately 20 % of the mean value at the pool center for both
pool fires and this percentage decreases slightly toward the edge to reach about 14-15%. A
careful analysis of the time series of the incident radiative flux shows that it fluctuates at a
frequency similar to the puffing frequency of 2.8 Hz and 1.25 Hz for the 30 cm [11] and 1 m [12]
pool fires, respectively. These fluctuations should affect in turn the mass burning rate through the
energy balance at the fuel surface.

6. Conclusions

This article proposes an optimized MSRCFSK to model accurately the radiative heat transfer in
the fuel rich core located above vaporizing liquid or solid fuels and the resulting radiative heat
feedback to the fuel surface. This model has been implemented in a well-validated numerical
model to perform LES of 30 cm and 1 m diameter methanol pool fires. The following
conclusions can be drawn:

e The MSRCFSK provides a similar accuracy as the NBCK model for spectrally-integrated
radiative properties.

e The MSRCFSK is weakly sensitive to the number of quadrature points and accurate
predictions can be achieved with 5 quadrature points for each scale, resulting in a total of 10
RTEs to be solved.

e The MSRCFSK is weakly sensitive to the Planck temperature that can be fixed to a constant
value in the range 1000-2000 K. A consequence is that the MSRCFSK radiative parameters
depend then only on local scalars and can be efficiently stored in a library as function of the
flamelet parameters.

e The contribution of methanol to radiative heat transfer results from competitive mechanisms:
an increase in radiative emission in the hot part of the fuel dome and an increase in radiative
absorption in the cold part close to the pool surface. For both pool fires, the enhancement in
emission dominates leading to higher overall radiative loss and heat feedback to the fuel
surface and to slightly lower mean temperature. However, the contribution of absorption in
the cold region of the pool increases with the pool size, and the effects of methanol radiation
are much more pronounced for the 30 cm pool than for the 1 m one. These results suggest
that the fuel blockage will increase with the pool size. In addition, the experiments conducted
by Suo-Antilla et al. [3] suggest that the fuel radiation blockage may be more significant for
sooting fuels.

e Considering the contribution of methanol to radiative heat transfer improves the predictions
of the heat feedback to the fuel surface.

It should be pointed out that three kind of measurements would be useful to improve the
modelling of the fuel radiative blockage: i) reproduce the narrow band measurements for the fuel
made by Wakatsuki [7] for higher optical thicknesses in order to refine the statistical narrow
band parameters, ii) to measure systematically the radiative heat feedback in pool fire
experiments, and iii) to measure flame spectral radiative intensity along a line-of-sight as
reported by Suo-Antilla et al. [3].
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Figure captions

Fig. 1 Axial profiles of (a) temperature and fuel mole fraction and (b) CO;, and H,O mole
fractions in the fuel rich core of the flame as a function of z/Q?/° for the 30 cm pool (continuous
lines) and the 1 m pool (symbols).

Fig. 2 NB and FS simulations of radiative heat transfer along the axis of (a) 30 cm and (b) 1 m
methanol pool fires. The left (index 1) and right (index 2) panels represent the integrated
intensity along the line of sight and the NB spectral intensity at the pool surface and,
respectively.

Fig. 3 Optimization of the MSRCSFK. The left (index 1) and right (index 2) panels quantify the
effects of the number of quadrature points and Planck temperature on the radiative intensity
along the flames’ axis, respectively.

Fig. 4 Axial profiles of the divergence of the radiative flux for the 30 cm diameter pool fire.

Fig. 5 Total heat feedback to the fuel surface for the 30 cm diameter pool fire. The experimental
data are taken from Ref. [19].

Fig. 6 Radial profiles of mean temperature at different heights for the 30 cm pool fire. The
experimental data are taken from Ref. [17], except the radial profile at z=0.6 m that is taken from
Ref. [18].

Fig. 7 Axial profiles of the divergence of the radiative flux for the 1 m diameter pool fire.

Fig. 8 Radiative heat feedback to the fuel surface for the 1 m diameter pool fire. The
experimental data are taken from Ref. [21].

Fig. 9 Radial profiles of mean temperature at different heights for the 30 cm pool fire. The
experimental data are taken from Ref. [20].

Fig. 10 Radiative heat feedback to the fuel surface for the (a) 30 cm pool fire and (b) 1 m
diameter pool fire. The bars represent the rms of the radiative feedback fluctuations. The
simulations account for the fuel contribution to radiative heat transfer.
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