EVALUATING PERFORMANCE OF APPROXIMATE RADIATION MODELS
AGAINST PHOTON MONTE CARLO LINE-BY-LINE BENCHMARK FOR
FIRE SIMULATION

Chandan Paul'>3*, Somesh P. Royz*, Johannes Sailer* Fabian Briannstréom®*, Mohamed Mohsen
Ahmed’, Arnaud Trouvé’, Hadi Bordbar®, Simo Hostikka’, Randall McDermott!

'National Institute of Standards and Technology, Gaithersburg, USA
>The George Washington University, Washington DC, USA
3Marquette University, Milwaukee, USA
“University of Wuppertal, Wuppertal, Germany
SUniversity of Maryland, College Park, USA
6Energy Recovery Inc., San Leandro, CA, USA
7 Aalto University, Espoo, Finland

ABSTRACT. The Measurement and Computation of Fire Phenomena (MaCFP) radiation working
group previously provided benchmark radiation data for two fire configurations using the Photon
Monte Carlo Line-by-Line (PMC-LBL) radiation model. This study evaluates the performance of
approximate radiation models, specifically lower-order spherical harmonics method (P;) and Finite
Angle Method (FAM) radiation transfer equation (RTE) solvers combined with Gray, Step-Wise Gray
(SWG), and Full Spectral k-Distribution (FSK) spectral models, against the PMC-LBL benchmark.
Among these, in terms of accuracy and computational cost, the SWG with ten bands and FSK with 16
quadrature points coupled with FAM RTE solver emerge as good candidates for approximate radiation
models in engineering applications.

1. INTRODUCTION

Radiation is a dominant mode of heat transfer in combustion applications, particularly in fires. How-
ever, due to the complexities involved in solving the radiative transfer equation (RTE) and mod-
eling the spectral properties of participating media, approximate radiation models are often em-
ployed.

Among RTE solvers, variants of the discrete ordinate method (DOM), especially the finite angle method
(FAM), and lower-order spherical harmonics methods (Py) are some of the most commonly used in
combustion and fire simulations. These methods are favored for their straightforward formulation
and relatively low computational cost. In contrast, the photon Monte Carlo (PMC) RTE solver is
highly accurate as it does not assume an intrinsic directional distribution of radiative intensity, but it
is usually computationally expensive [1, 2]. Due to this high computational cost, PMC is rarely used
in combustion or fire simulations for evaluating radiative heat transfer [1].

For modeling spectral properties, simplified spectral models such as gray models, wide-band models,
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narrow-band models, weighted sum of gray gases (WSGG) models, spectral-line WSGG (SLW)
models, step-wise gray (SWG) models, and full-spectrum k-distribution (FSK) models have been
developed and are widely used in combustion simulations [1]. On the other hand, the line-by-line
(LBL) method provides the most accurate representation of spectral properties but requires solving the
RTE numerous times in typical combustion scenarios, resulting in significant computational demands.

The accuracy and computational cost of these approximate RTE solvers and spectral models can
vary significantly depending on their application and specific implementation. Previous literature
comparing some of these models can be found in [1, 3-9].

Detailed predictive modeling of fires at various scales is computationally intensive due to factors such
as fire size, fuel variability, and the presence of soot, with the complexity of radiation modeling further
add to this challenge. To address these issues, the Measurement and Computation of Fire Phenomena
(MaCFP) working group was established in 2014 under the International Association for Fire Safety
Science (IAFSS) [10].

MaCFP identified specific fire configurations relevant to modeling and created a digital archive
containing experimental and simulated data for these configurations [11]. These configurations include
buoyant plumes, pool fires, and enclosure fires involving both liquid and gaseous fuels. Recently, a
subgroup within MaCFP was formed to focus on radiative heat transfer phenomena, aiming to promote
the development of efficient and accurate RTE solvers and spectral models for fire applications [12].
As an initial step, this group has produced a radiation benchmark dataset using the PMC-LBL radiation
model, which serves as a reference for validating and verifying approximate radiation models [13].

In the present work, we present a comparison of different approximate models as part of the next phase
of the MaCFP Radiation Subgroup. This study focuses on evaluating the performance of first-order
spherical harmonics method (P;) and FAM RTE solvers in combination with FSK, SWG, and gray
spectral models against the PMC-LBL benchmark data. Future work will include a comprehensive
study reporting the performance of additional models.

2. APPROXIMATE RADIATION MODELS

In this study, we focus on the P; and FAM RTE solvers in conjunction with the gray, SWG, and FSK
spectral models. Table 1 presents the combinations of approximate RTE solvers and spectral models
that are used in this work to compare with the benchmark model.

The P; RTE solver simplifies the complex integro-differential RTE into a partial differential equation by
approximating the radiation intensity using only the first term in the expansion of spherical harmonics.
This approach reduces the problem to solving a diffusion-like equation, which is computationally
efficient but less accurate. The FAM RTE solver discretizes the RTE into a set of discrete solid angles
and solves the RTE independently for each direction. This method captures the angular variation
of radiation with high fidelity. Although increasing the number of angular discretizations improves
accuracy, it also increases computational cost. Furthermore, the FAM model is prone to ray effect and
false scattering errors. For this study, we used 256 angular discretizations (each spherical quadrant is
divided into 8 azimuthal angles and 8 polar angles), which are sufficient to mitigate ray effects at the
pool surface (or burner inlet). However, some ray effects may persist at the side and top boundaries.
The impact of varying angular discretizations will be addressed in a future study. Additional details
on the P; and FAM model can be found in [1].

The current gray spectral model simplifies the complex wavelength-dependent absorption coefficients



of gases by using the Planck-mean absorption coeflicient over the entire spectrum. This approximation
assumes a constant absorption coefficient across all wavenumbers, although it can vary with tempera-
ture and pressure. The SWG spectral model employs Planck-mean averaging over specific wavenumber
bands where emissions and absorption by CO, and H,O dominate. In this study, we used both a 5-band
model (with band boundaries at (200, 2075] cm™!, (2075, 2400] cm™', (2400, 3150] cm™!, (3150,
4050] cm™!, and (4050, 30,000] cm™!) and a 10-band model (with band boundaries at (200, 700] cm™",
(700, 1300] cm™!, (1300, 1900] cm™", (1900, 2200] cm™!, (2200, 2250] cm™', (2250, 2300] cm™",
(2300, 2400] cm™!, (2400, 3400] cm™!, (3400, 4050] cm™', and (4050, 30,000] cm™') [9]. The
FSK spectral model groups absorption coefficients into bins of wavenumbers with similar absorption
coeflicient. This study uses the correlated k approximation, i.e., the FSCK model, which organizes
absorption coefficients into a cumulative density function that is assumed to remain correlated across
the spectral bands. For the FSCK model, the spectral integration was performed using 8- and 16-point
Gaussian quadrature methods [1].

Table 1: List of benchmark and approximate radiation models. For FAM cases, the “No. of RTE
solved” column shows number of bands or quadratures multiplied by number of solid angles discretized.

Acronym RTE solver | Spectral model | No. of RTE solved Type

PMC-LBL PMC LBL millions Benchmark
P1-Gray P1 Gray 1 Approximate
P1-SWG-Band5 P1 SWG (five-band) 5 Approximate
P1-SWG-Band10 P1 SWG (ten-band) 10 Approximate
P1-FSK-Quad$8 P1 FSK (8 Quads) 8 Approximate
P1-FSK-Quad16 P1 FSK (16 Quads) 16 Approximate
FAM-Gray FAM Gray 1 x 256 Approximate
FAM-SWG-Band5 FAM SWG (five-band) 5% 256 Approximate
FAM-SWG-Band10 FAM SWG (ten-band) 10 x 256 Approximate
FAM-FSK-Quad8 FAM FSK (8 Quads) 8 x 256 Approximate
FAM-FSK-Quad16 FAM FSK (16 Quad) 16 x 256 Approximate

3. TARGET FIRE CONFIGURATIONS

The two target configurations shown in Fig. 1, previously used in the radiation benchmarking study [13],
are used in this work. The first case considered in this work is a methanol pool fire with a 30.5 cm
diameter pan based on the experimental work of Hamins and coworkers [14, 15]. The measured heat
release rate, the fuel evaporation rate, and global radiant fraction are 19.2 kW, 0.963 g/s, and 0.22
[16], respectively. The computational domain is 150 cm in diameter in 173 cm in height. The burner
rim is 1 cm thick solid ring with 1 cm lip height, and it is modeled as an adiabatic wall. All the other
boundaries are open. The pool surface is positioned 30 cm above the burner base. The computational
domain was meshed using 1.5 million cells with the smallest grid size of 2 mm near the pool surface.
This is a non-sooting flame, and only CO,, H,O, and the rim wall participate in radiation calculation.
For simplicity, we assume the emissivity of both the rim wall and the pool surface to be 1.0, implying
that they are considered black surfaces for radiation calculation.

The second target case is a 15 kW enclosed ethylene flame above a 15.2 cm diameter circular water-
cooled burner with a fuel mass flow rate of 0.318 g/s [17]. The researchers measured the global
and local temperature, soot concentrations, and spectrally resolved thermal radiation. The original
experimental investigation looked into the effect of oxygen depletion by controlling the O, level from
15% to 21%. In this work, we use the case with 21% O, volume fraction with a global radiant fraction
of 0.34. The simulation domain is a cube of 120 cm, which was discretized in 2.2 million cells with a
minimum grid size of 5 mm. The four sides are modeled as enclosure walls with a fixed temperature
of 293 K. The burner side is also modeled as a wall with a fixed temperature of 293 K. The top
and base surface is open. The burner inlet is positioned 25 cm above the burner base, and no lip is
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Figure 1: Geometric configurations of two fire cases: a) methanol pool fire b) FM burner. The results,
presented in Sec. 4, correspond to the black lines shown here. For the methanol pool fire, the black
line ‘A’ is positioned 25 cm above the pool surface. For the FM burner, the smaller black line ‘C’ is
at the burner inlet, and the larger one (‘B’) is 15 cm above the burner inlet.

present in this configuration. This is a sooting flame; hence CO,, H,O, CO, soot, and enclosure walls
participate in radiation calculation. Similar to the previous case, the enclosure walls and burner inlet
are considered black. This case is referred to as “FM burner” in this study.

The snapshots used in this work are taken from the available benchmark snapshots in the MaCFP
repository [18]. The snapshots include 20 snapshots between 37 s and 39.28 s at 0.12 s intervals for
the methanol pool fire (referred to as “NIST_Pool_Fires” in the repository) and 40 snapshots between
5 s and 200 s at 5 s intervals from FM burner. Radiation calculations for the approximate models
were performed on these snapshots, assuming frozen flow and composition fields, following the same

strategy used in the benchmark study [13]. The reader is referred to [13] for details on the PMC-LBL
simulations.

4. RESULTS AND DISCUSSION

4.1 Comparison of radiative quantities

The comparison of radiative quantities are summarized in Tables 2 and 3, which present the domain-
integrated radiative quantities for various radiation models applied to a methanol pool fire and an FM
burner, respectively. The key observations are: (1) The P; RTE solver consistently and significantly
underpredicts absorption compared to the FAM solver. This discrepancy results in higher radiative
heat flux at the boundary surfaces from Py, as seen in the last column of the tables. (2) The Gray and
SWG spectral models closely matches radiative emission when compared to the benchmark PMC-LBL
model. However, the FSK models do not exactly match radiative emission (comparing 8- and 16-
quadrature) due to potential factors such as the correlated k£ assumption, interpolation of the stretching
factor, and quadrature errors [19, 20]. (3) When the FAM solver is coupled with the SWG model,
the FAM-SWG-Band10 model outperforms — expectedly — the FAM-SWG-Band5 model. For global
absorption, the FAM-SWG-Band10 model shows errors of 11.5% and 0.26% for the methanol pool
fire and FM burner, respectively, compared to errors of 27.3% and 9.5% for the FAM-SWG-Band5
model. (4) Among FSK models, the 16-point quadrature integration method achieves better agreement



with radiative emission, absorption, and source term predictions compared to the 8-point quadrature
method.

Table 2: Domain-integrated snapshot-averaged radiative quantities using benchmark and approximate
radiation models for methanol pool fire. The numbers with the brackets are error percentage with
respect to PMC-LBL benchmark radiation model.

Gas radiative | Wall radiative | Gas radiative | Radiation reaching

Model emission emission absorption domain boundaries
(kW) (kW) (kW) (kW)

PMC-LBL [13] 8.23 1.09 4.81 4.51
P1-Gray 8.21 (-0.24%) 1.09 0.3 (-93.74%) 9 (99.37%)
P1-SWG-Band5 8.22 (-0.13%) 1.09 1.33 (-72.28%) 7.98 (76.74%)
P1-SWG-Band10 8.22 (-0.13%) 1.09 2.37 (-50.73%) 6.94 (53.81%)
P1-FSK-Quad8 7.06 (-14.19%) 1.09 2.06 (-57.23%) 6.09 (35.09%)
P1-FSK-Quadl6 8.29 (0.72%) 1.09 3.21 (-33.26%) 6.17 (36.75%)
FAM-Gray 8.21 (-0.24%) 1.09 1.33 (-72.41%) 7.97 (76.66%)
FAM-SWG-Band5 8.22 (-0.13%) 1.09 3.49 (-27.3%) 5.82 (28.88%)
FAM-SWG-Band10 | 8.22 (-0.13%) 1.09 4.25 (-11.52%) 5.06 (12.08%)
FAM-FSK-Quad8 7.06 (-14.19%) 1.09 3.84 (-20.13%) 4.31 (-4.39%)
FAM-FSK-Quadl6 | 8.29 (0.72%) 1.09 5.01 (4.26%) 4.37 (-3.18%)
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Figure 2: Comparison of radiation models for the methanol pool fire: a) Radiative emission along
line ‘A’ of Fig. 1a (please note that the lines for PMC-LBL and FAM-SWG-Band10 coincide almost
exactly with one another). b) Radiative absorption along the same line. c) Radiative source term
along the same line. d) Measured and predicted radiative heat flux at 13 mm above the pool surface
(location where experimental measurements are available in the literature).

Since it is evident from the statistics presented in Table 2 and 3 that FAM performs better than P
in these two configuration, we present comparison of results only between FAM and the benchmark
solution along two lines in two flames. Figures 2 and 3 compare radiative emission, absorption,
source term, and heat flux for the methanol pool fire and FM burner cases, using the PMC-LBL,



Table 3: Domain-integrated snapshot-averaged radiative quantities using benchmark and approximate
radiation models for FM burner. The numbers with the brackets are error percentage with respect to

PMC-LBL benchmark radiation model.

Gas and soot Wall radiative Gas and soot Radiation reaching
Model radiative emission emission radiative absorption | domain boundaries
(kW) (kW) (kW) (kW)
PMC-LBL [13] 8.19 2.51 3.6 7.1
P1-Gray 8.21 (0.3%) 2.51 2.36 (-34.51%) 8.36 (17.86%)
P1-SWG-Band5 8.24 (0.59%) 2.51 1.95 (-45.91%) 8.8 (23.99%)
P1-SWG-Band10 8.23 (0.54%) 2.51 2.58 (-28.46%) 8.16 (15.07%)
P1-FSK-Quad8 6.77 (-17.35%) 2.51 1.83 (-49.11%) 7.45 (4.91%)
P1-FSK-Quadl6 8.31 (1.46%) 2.51 3.07 (-14.81%) 7.75 (9.2%)
FAM-Gray 8.21 (0.3%) 2.51 3.42 (-5%) 7.3 (2.88%)
FAM-SWG-Band5 8.24 (0.59%) 2.51 3.26 (-9.44%) 7.49 (5.48%)
FAM-SWG-Band10 8.23 (0.54%0) 2.51 3.61 (0.26%) 7.13 (0.49%0)
FAM-FSK-Quad8 6.77 (-17.35%) 2.51 2.66 (-26.1%) 6.62 (-6.77%)
FAM-FSK-Quad16 8.31 (1.46%0) 2.51 3.95 (9.61%) 6.87 (-3.19%)
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Figure 3: Comparison of radiation models for the FM burner: a) Radiative emission along line ‘B’
of Fig. 1b (please note that the lines for PMC-LBL and FAM-SWG-Band10 coincide almost exactly
with one another). b) Radiative absorption along the same line (please note that the lines for FAM-
SWG-Band10 and FAM-FSK-Quad8 coincide almost exactly with one another). c¢) Radiative source
term along the same line. d) Radiative heat flux on the burner inlet along line ‘C’ of Fig. 1b.

FAM-SWG-Band10, FAM-FSK-Quad8, and FAM-FSK-Quad16 models. These figures highlight the
following observations: (1) The SWG models exactly match radiative emission with respect to PMC-
LBL, while the FSK models show slight deviations depending on the quadrature method. Specifically,
the FAM-FSK-Quad8 model underpredicts radiative emission, whereas the FAM-FSK-Quad16 model
overpredicts it (see Figs. 2a and 3a). (2) The FAM-SWG-Band10 model underpredicts radiative
absorption with respect to PMC-LBL. For the FSK models, the FAM-FSK-Quad8 model underpredicts



radiative absorption, while the FAM-FSK-Quad16 model overpredicts it (see Figs. 2b and 3b). (3)
The radiative source term, critical for the energy equation, is well predicted by the SWG-Band10 and
FSK 16-point quadrature models (see Figs. 2c and 3c). (4) Figures 2d and 3d show that these three
models perform reasonably well in predicting radiative heat flux with respect to PMC-LBL at the
specific locations near the pool surface for methanol pool fire or at the burner inlet for the FM burner.
Note that the measured values of heat flux shown in Fig. 2d are only included as a reference to provide
an assessment of the accuracy of only the flow and composition field in the snapshot data used in this
work and the reader is referred to [13] for further discussion on this.

4.2 Comparison of computational cost

The numerical computations were performed on the FRONTERA supercomputer at the Texas Ad-
vanced Computing Center (TACC) of The University of Texas at Austin [21]. The relative compu-
tational cost, with respect to PMC-LBL, for various spectral models coupled with the FAM solver
is presented in Table 4. The results show that the computational cost of the FSK and SWG models
increases nearly linearly with the number of quadrature points and bands, respectively. Considering
the trade-off between accuracy and computational cost, FAM-FSK-Quad16 and FAM-SWG-Bands10
emerge as promising candidates for engineering applications. However, in the current implementation,
the k-distribution database for the FSK model is approximately 3 GB in size, compared to only around
1.2 MB for the SWG database. From an engineering code portability and maintainability perspective,
the significantly smaller SWG database may be easier to transfer and manage.

Table 4: Relative computational time (relative to PMC-LBL) of all snapshots for various radiation
models applied to the methanol pool fire and FM burner cases. Each case was decomposed into 120
parallel processes.

Model Methanol Pool Fire | FM burner
PMC-LBL 1 (75 min) 1 (250 min)
FAM-Gray 0.01 0.08
FAM-SWG-Band5 0.11 0.25
FAM-SWG-Band10 0.16 0.49
FAM-FSK-Quad8 0.11 0.32
FAM-FSK-Quad16 0.19 0.62

5. CONCLUSION

This study evaluated the performance of P; and FAM RTE solvers coupled with Gray, SWG, and
FSK spectral models, benchmarking them against the PMC-LBL radiation model for two fire cases.
The Py RTE solver consistently underpredicted radiative absorption, leading to higher radiative flux
at the boundaries. In contrast, the FAM solver, when paired with SWG-Bands10 or FSK-Quad16,
demonstrated reasonable accuracy in predicting the radiative source term and boundary heat flux to
the pool surface (or burner inlet). Overall, considering both accuracy and computational efficiency,
FAM-SWG-Bands10 and FAM-FSK-Quadl6 emerge as good candidates for approximate radiation
models in engineering applications.
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