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ABSTRACT

Accident analysis and ensuring power plant safety are pivotal in the nuclear energy sector.
Significant strides have been achieved over the past few decades regarding fire protection and
safety, primarily centered on design and regulatory compliance. Yet, after the Fukushima
accident a decade ago, the imperative to enhance measures against fire, internal flooding, and
power loss has intensified. Hence, a comprehensive, multilayered protection strategy against
severe accidents is needed. Consequently, gaining a deeper insight into pool fires and their
behavior through extensive validated data can greatly aid in improving these measures using
advanced validation techniques. A model validation study was performed at Sandia National
Laboratories (SNL) in which a 30-cm diameter methanol pool fire was modeled using the
SIERRA/Fuego turbulent reacting flow code. This validation study used a standard validation
experiment to compare model results against, and conclusions have been published. The fire was
modeled with a Large Eddy Simulation (LES) turbulence model with subgrid turbulent kinetic
energy closure. Combustion was modeled using a strained laminar flamelet library approach.
Radiative heat transfer was accounted for with a model utilizing the gray-gas approximation. In
the present study, additional validation analysis is performed using the area validation metric
(AVM). These activities are done on multiple datasets involving different variables and
temporal/spatial ranges and intervals. The results provide insight into the use of the area
validation metric on such temporally-varying datasets and the importance of physics-aware use

of the metric for proper analysis.
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NOMENCLATURE

D pan diameter, m

d difference in area between experimental and simulation distribution functions with the
same unit as the quantity of interest

d* positive area difference of the quantity of interest

d- negative area difference of the quantity of interest

F; factor of safety, non-dimensional

H, lower heat of combustion of the fuel, kJ/kg

I radiative intensity, W/sr

L mean flame height, m

m,  fuel mass burning rate, kg/s

Q total heat release rate, kW; (i H,)

S mean simulation value, with the same unit as the quantity of interest
T temperature, °C

Greek Letters

U, absorption coefficient, 1/m

o Stefan-Boltzman constant, (W/m?-K*)

A grid filter length, m

Acronyms and abbreviations

AVM Area Validation Metric
B.C. Boundary Condition
CDF Cumulative Distribution Function
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DOE Department of Energy (USA)

EDF Empirical Distribution Function

HLW  High-Level Waste

IAEA International Atomic Energy Agency

IAFSS International Association for Fire Safety Science
ILW Intermediate-Level Waste

LES Large Eddy Simulation

LLW Low-Level Waste

MaCFP Measurement and Computation of Fire Phenomena
MPMD  Multiple-Program-Multiple-Data

NASA  National Aeronautics and Space Administration (USA)
NIST National Institute of Standards and Technology
NRC Nuclear Regulatory Commission

PMR Participating Media Radiation

QOl Quantity of Interest

SLFM  Strained Laminar Flamelet Model

SNL Sandia National Laboratories

WIPP  Waste Isolation Pilot Plant

1. INTRODUCTION
The International Atomic Energy Agency (IAEA) and the U.S. Nuclear Regulatory
Commission (NRC) play a pivotal role in safeguarding nuclear power plants by establishing

stringent fire protection and safety codes and standards. These meticulously crafted guidelines
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provide a comprehensive framework for addressing every aspect of fire prevention, detection,
suppression, and mitigation within these critical facilities. Adherence to these rigorous standards
is paramount to ensuring the effectiveness of fire protection measures, thereby bolstering the
safety and security of nuclear power plants and minimizing potential environmental and public
health risks. Adhering to IAEA codes and standards, nuclear reactor facilities must be designed
to ensure their safety against fire [1]. Fire protection and safety are critical elements of nuclear
reactor operations. Fires within these facilities could result in severe consequences, including the
potential release of radioactive materials, posing a significant hazard to public health and the
environment. To prevent fires and minimize their potential impact, nuclear power plants
implement a comprehensive fire protection program, encompassing various preventive measures.

Scientific modeling and simulation serve as pivotal tools in the realm of fire protection and
safety within nuclear power plants. They offer invaluable insights into fire behavior, potential
fire scenarios, and the effectiveness of fire protection measures. These computational tools
empower engineers and safety analysts to evaluate fire risks, optimize fire protection systems,
and formulate robust fire safety strategies. Nonetheless, the accuracy and reliability of
computational tools used in fire modeling are crucial. These tools assist nuclear engineers and
researchers in measuring the reliability and fidelity of their computational models, ensuring a
higher level of confidence in their safety assessments and decision-making processes [1, 2]. The
question of the accuracy of computational models is fundamental in computational science and
engineering and should be asked whenever computational models are produced and used. Fuego
is an in-house computational model developed by Sandia National Laboratories (SNL) which is
the primary element of the ASC fire environment simulation project [3, 4]. This component of

the Sierra computational framework [5] is a variable density, low Mach, turbulent reacting flow
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code, built on the Trilinos numerical algorithms [6]. A simulation of a medium-scale methanol
pool fire was conducted as part of a validation study for the model.

The physical scenario chosen for this validation study was a standard validation case outlined
by the International Association for Fire Safety Science (IAFSS) Working Group on
Measurement and Computation of Fire Phenomena (MaCFP). Specifically, the 30-cm methanol
pool fire falls under Case 3 of the validation cases outlined by the group [7]. This case has
several attractive features which make it a candidate for rigorous validation analysis. Methanol
as a hydrocarbon fuel is non-sooting, which simplifies modeling and simulation as compared to
other hydrocarbon fuels such as heptane. The scale of the fire is such that both radiative and
convective mechanisms contribute significantly to heat feedback to the pool surface. The fire is
also neither fully laminar nor fully turbulent, which challenges models [8].

This validation case has been well characterized experimentally, with the first major study of
the configuration being that of Weckman and Strong in 1996 [9]. In this study, a detailed
description of the experimental setup was given, with several parameters such as pan elevation
and pan lip height being given. The dataset from this study contained mean and RMS values of
temperature and axial and radial velocity. \elocity-temperature correlations were also reported,
as well as length scales, turbulence intensity, and other quantities. The National Institute of
Standards and Technology (NIST) performed several experiments on this case as well and
provided temperature, velocity, mass and heat flux, radiant fraction, soot mass and volume
fractions, and other data [10-12]. From several experiments, the expected radiant fraction (the
fraction of the heat of combustion lost due to radiation) was found to be 0.22+0.02. Radiant
fraction is an important characteristic of pool fires which is related to the fuel type and pool size

and characterizes the relative importance of radiative heat loss in the fire. Falkenstein-Smith et
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al. published gas species measurements that characterized the chemical structure of a moderate-
scale methanol pool fire and described factors that contribute to the radiative heat feedback to the
pool [13]. In [12], Klassen and Gore reported measurements of radiative heat loss fraction, fuel
mass burning rate, radiative heat flux, and flame height. Kim et al. [14] measured radiative and
total heat flux and computed convective heat flux from these measurements. In this study, it was
shown that heat feedback to the pool surface was dominated by radiative heat transfer (67% -
88% of total heat feedback). Because the combustion reaction in such a fire is sustained by heat
feedback to the pool, it was thus determined that the continued combustion of the liquid fuel was
heavily dependent on radiative heat feedback. The fire’s total energy was also found to be
dominated by convected enthalpy (68% - 75%). Besides being the subject of many experimental
studies, the 30-cm methanol pool fire has been studied by multiple computational researchers.
Ahmed and Trove used FireFOAM in 2021 to simulate the fire using two different radiation
models [15]. The first used a prescribed global radiant fraction, while the second was based on
the Weighted-Sum-of-Gray-Gases approach. This team also conducted a mesh sensitivity
analysis, which was used to produce a computational mesh consistent with grid-converged
solutions in both the near-pool and bulk regions of the fire. Such an analysis is highly useful to
other researchers interested in the same validation case using similar computational models,
including Hubbard et al. [16], as it provides a basis for using a given mesh refinement
immediately. Also reported in [15] were mean and RMS temperature and velocity, mean radiative
and convective heat fluxes near the pool surface, and observations of the general behavior of the
fire. Ma et al. used an in-house code in 2020 to perform Large Eddy Simulation (LES) study of
the case [17]. LES of pool fires is common, as time-dependent phenomena are important in such

flows, and statistical results are typically desired. This study included analysis of multiple pan
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configurations and the effect on air entrainment into the plume and flow behavior. A default
configuration with an elevated pan and a 1 cm lip above the fuel surface was studied, as well as a
floor-flush pan with no lip and an elevated pan with no lip. Effects on entrainment were
consistent with a 1982 study by Orloff and De Ris [18]. Additional results include mean and
RMS temperature and velocity, puffing frequency, radiative loss, radiative and total heat
feedback to the fuel surface, and mean molar fractions.

Using the extensive experimental and computational background of this validation case as a
starting point, Hubbard et al. performed a series of simulations using SIERRA/Fuego [16]. The
radiation model was first calibrated using the radiant fraction as an indicator, and the model was
then used to predict the flow instantaneous flow field of the fire over a period of time containing
more than 10 seconds of data. This analysis was done on multiple meshes, and typical results
were compared with those of related studies, with an emphasis on comparison to experimental
data. As a computationally expensive, rich, and temporally-varying dataset, the results of this
study are further analyzed in the present study in terms of the area validation metric (AVM).
Different aspects of the data are examined, and conclusions are drawn. In this study, the AVM is
used first on the spatial distribution of data for axial velocity and temperature along the domain
centerline. It is then applied to a distribution of simulation predictions for flame height based on
varied inputs to the flame height model. Next, time series of axial velocity, temperature, and
radiative heat flux magnitude are analyzed using the metric. Time series including 10 seconds of
data, enough to obtain a time average of these quantities, are analyzed. Following this, three
different 1s time ranges are considered for each quantity, and the effect upon the predicted

uncertainty is shown. Through this process of model accuracy assessment, the study shows the
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agreement of the model with experimental results and the importance of the correct application
of the AVM with such datasets.
2. THEORY
2.1 Pool Fire Modeling and Nuclear Reactor Safety
Pool fire modeling is a crucial aspect of fire safety and protection in nuclear reactors. It

helps to predict the behavior of pool fires, which are a common type of fire in nuclear power
plants. Pool fires can occur when flammable liquids, such as oil or hydraulic fluid, are spilled or
released. These fires can be very dangerous, as they can generate large amounts of heat and
smoke. Pool fire modeling can be used to assess the risks associated with pool fires and to
develop fire protection systems that can prevent or mitigate these fires. Pool fires are an
interesting type of turbulent, reacting flow, with practical applications often involving accident
analysis. These fires typically occur when a hydrocarbon fuel is spilled or leaks and forms a
pool, which is ignited and undergoes combustion. An example of a setting in which this could
occur is processing facilities within the paint industry. In such a facility, n-heptane is used as a
solvent, and if the solvent leaks or is spilled, pool fires could occur [19, 20]. Pool fires in these
facilities could damage nearby structures or hydrocarbon containers, primarily through radiant
heat, and this hazard is compounded due to the tight layout that can be employed. Thus, the fluid
dynamic and heat transfer phenomena are highly useful in the determination of safe layouts,
response times, and other parameters. Transportation is another potential application, in which
vehicle fuel could be spilled and ignited.

In the nuclear energy field, pool fires also play an important role in accident analysis and
plant safety. The Fukushima accident demonstrated that fire can play a critical role in nuclear

power plant failure, as hydrogen gas and spent fuel caused highly destructive fires [21]. Fires in
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the context of a nuclear power plant can not only contribute to the disintegration of nuclear fuel
and plant structures but can also aid in the dispersion of radioactive material through the upward,
buoyant flow that they produce. An evaluation of fire models for nuclear power plant application
was conducted by NIST to determine their adequacy. Model evaluation was done using
benchmark cases based on data from full-scale fire experiments done in 2003 [22]. This effort
was named the International Collaborative Fire Model Project, and one of the benchmark cases
involved a fuel pool fire in an enclosure [23]. Nuclear power plant fire safety research has also
been conducted by SNL and other organizations [24, 25]. Furthermore, nuclear power plants
generate radioactive waste, which is categorized into different types based on its level of
radioactivity and longevity of hazard. There are mainly three types of nuclear waste generated by
nuclear power plants:

Low-Level Waste (LLW): This type of waste includes items such as clothing, tools, filters,
and other materials that have been contaminated with radioactive substances during routine plant
operations. LLW typically has lower levels of radioactivity and decays over a shorter period. It is
usually disposed of in special landfills designed to contain and isolate the waste.

Intermediate-Level Waste (ILW): ILW comprises more radioactive materials, such as resins,
reactor components, and reactor core materials that have been replaced during maintenance or
decommissioning processes. This waste requires greater shielding and isolation due to its higher
radioactivity levels and longer decay times. Disposal methods for ILW include encapsulation in
concrete and/or other durable materials, with eventual storage in underground facilities.

High-Level Waste (HLW): HLW is the most hazardous type of nuclear waste and primarily
consists of used nuclear fuel from reactors. It contains highly radioactive materials with long-

lived isotopes that remain hazardous for thousands of years. Proper disposal and long-term
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isolation play a key role in HLW. The most common approach for HLW disposal involves
placing it in specially designed containers, such as vitrification, where the waste is turned into
glass and stored in geologic repositories deep underground [26, 27].

The management and disposal of nuclear waste, especially HLW, present significant challenges
due to its long-lasting radioactivity and potential risks to the environment and public health.
Various countries are researching and implementing strategies for the safe handling, storage, and
disposal of nuclear waste, often considering deep geological repositories as a solution for the
long-term isolation of the most hazardous waste materials. These repositories are constructed in
stable geological formations deep underground to contain and isolate waste from the
environment for thousands of years. However, developing and implementing safe and effective
methods for the management of nuclear waste remains an ongoing concern and area of active
research within the nuclear industry and regulatory bodies worldwide. Regulatory oversight
regarding fire protection in nuclear waste repositories is rigorous and established to ensure the
highest standards of safety and security. Some key aspects of fire protection regulations for these
facilities include regulatory bodies, regulatory standards, safety analysis, design and construction
standards, and fire protection systems. Compliance with these stringent regulations is critical for
nuclear waste repositories and nuclear power plants to operate safely and to mitigate potential
risks associated with fire hazards in these high-consequence environments. Thermal coatings are
an important part of fire protection in nuclear power plants and nuclear waste casks. They are
applied to a variety of surfaces, including cables, pipes, and structural components, to help
prevent the spread of fire and protect safety-related equipment. SNL in collaboration with Waste
Isolation Pilot Plant (WIPP) under the Department of Energy (DOE) has performed several

safety analyses on these components [29-30].
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Physically, pool fires are complex flows, with buoyancy, chemical reactions, turbulent flow,
and radiative and convective heat transfer being important. A pool fire can be defined as a
diffusion flame burning above a vaporizing liquid hydrocarbon pool, in which the controlling
transport mechanism is buoyancy [31]. The combustion reaction is sustained by heat feedback to
the pool surface, which maintains the necessary fuel temperature. Pool fires vary in size from
small (Wu et al. studied a 7.1-cm heptane fire in [32]) to large (multiple meters in diameter), with
medium-scale pool fires typically having a diameter of approximately 0.5 m.

In his 1998 survey, Joulain noted three types of turbulent buoyant diffusion flames,
differentiated based on the Froude number [31]. The Froude number is defined as the ratio of
inertial forces to the external field, which for gravity, corresponds to the Archimedes force [33].
Based on this classification, the pool fire studied in the present work is an intermediate-scale
pool fire in which buoyancy has a significant effect.

A general form of the chemical reaction that takes place in a pool fire is given in Equation 1,
where the fuel is the hydrocarbon, s is the stoichiometric ratio, and the primary oxidizer is air.
The actual chemical reactions occurring in the fire are much more complex than this
representation indicates, but it is useful as an overall picture of the fundamental reaction. Indeed,
the characteristics of the flame are traceable to one or more terms of this equation. Energy
release and the production of soot are dependent upon the fuel. Air entrainment and residual
mass fraction are linked to the oxidizer, and oxidation and soot production are linked to the
products. Finally, the energy in the flame is related to the mass burning rate of the fuel, the
radiation, heat transport by conduction and convection, and the plume structure.

fuel + s X oxidizer — products + heat release (energy) (D
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The structure of a pool fire may be broken up into three regions [34, 35]. The persistent
flame zone, the intermittent zone, and the plume zone (Fig. 1). At the base of the flame, near the
pool surface, a luminous annular flame that surrounds a core of high fuel vapor concentration is
defined as the persistent flame zone. In the intermittent zone, chemical reactions still take place,
but unsteady phenomena are much more apparent than in the persistent flame zone, and the
entrainment rate is high. The highest zone is the plume zone. In this region of the flame,
chemical reactions do not occur, the flame is highly turbulent, and velocity and temperature
decrease with height. In buoyant diffusion flames, gases from the pool surface typically rise with
increasing velocity to the plume zone, where they slow.

Convection occurs primarily due to buoyancy in these fires. Upon ignition of the fuel, a
combustion reaction begins, which produces energy. The heat from this reaction increases the
temperature of the gases above the pool. As their temperature increases, the density of these
gases decreases, causing them to rise. As a result of this upward motion, large-scale eddies form,
circling from the top to the bottom of the rising gas and entraining more external air into the
plume. In this way, more oxidizer is supplied to the chemical reaction. The rising gas eventually
necks and is pinched off. This cycle repeats, with a frequency known as the puffing frequency, a
characteristic of pool fires related to the pan diameter. The onset of this periodic behavior
appears to arise from the Rayleigh-Taylor instability due to the density stratification in the region
where sharp necking of the flame occurs [31].

2.2 Radiative Heat Flux

Radiative heat flux is not only one of the most important phenomena which sustains pool

fires, by providing heat feedback to the fuel, it is also a major output of the fire. Engulfed and

nearby objects are at risk of structural compromise, including melting, due to radiative heat flux.
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In the simulation performed by Hubbard et al. [16], the radiative source term, u,oT*/m, and
absorption coefficient, u, were used with other terms to compute the radiative intensity in the
Boltzman radiative transport equation (Equation 2). In these expressions, ¢ is the Stefan-
Boltzman constant, I is the radiative intensity, T is the temperature (here T is in °K), and s;
represents the it" direction as defined in [3]. The radiative intensity is integrated in space to

obtain the radiative heat flux, which is used in the governing equation for enthalpy transport.

s a
laxi

15) + gl (s) = 122 )

Radiative heat flux has a strong temperature dependence, and is also affected by the optical
density of the flame. Depending on chemical composition, the radiative source term and
absorption coefficient are modified, and the radiative heat flux produced by the flame is affected.
2.3 Flame Height

Apart from the diameter of the pan, flame height is one of the most distinct visual geometric
features of a pool fire [12]. Several engineering correlations relating flame height to pan
diameter can be found in the literature [36]. The SFPE Handbook of Fire Protection Engineering
gives one such relation which is particularly applicable to the pool fire studied in this work [37].
This relation is given as Equation 3 below, where L is the mean flame height in meters, D is the
pan diameter in meters, Q = msH, is the total heat release rate in kW, i is the fuel mass
burning rate in kg/s, and H,. is the lower heat of combustion of the fuel in kJ/kg.

L =—1.02D + 0.235Q?/> (3)

Due to the unsteady, fluctuating nature of the flow in the plume, flame height is typically

reported as a mean quantity. From experiments, a series of observations of the flame tip location

is usually reported over time, and the mean flame height is defined as the height at which the

intermittency is 50%. Thus, 50% of the time, the flame tip passes the spatial location [37]. From
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a time series of simulation data, this corresponds to the median value. The flame tip may be
defined visually or in terms of another variable, such as temperature or mixture fraction. These
variables are used in the present study.
2.4 Validation

As noted in [38], in a 1986 National Aeronautics and Space Administration (NASA) survey
regarding the maturity and potential impact of computational fluid dynamics, five stages of
predictive capability maturity were identified and used [39]. However, the fifth stage in this
survey, in which the predictive capability of computational models is so mature that most
analyses are done without supporting experimental comparisons, has not been achieved. Broadly
speaking, the accuracy of computational models is assessed through a series of analyses
involving code and solution verification, uncertainty quantification, and validation. Code
verification seeks to ensure that a computer program is a faithful representation of the original
mathematical model [38]. Solution verification depends on code verification and is done to
ensure that a given application of a computational model is sufficiently accurate for the intended
use [38]. Validation is the process of determining the degree to which a model is an accurate
representation of the real world from the perspective of the intended uses of the model [40]. In
this definition, validation involves the comparison of computational results with experimental
results, in order to obtain a measure of agreement with the “real world”. Uncertainty
quantification helps to establish bounds on experimental and computational results for realistic
comparisons. It is also used to distinguish between model results that suffer primarily from
inaccuracy versus those that have a high influence from unknowns. Validation, specifically, is a
very important part of credibility analysis in computational science and engineering. When

properly performed, it yields a statement of the agreement of model results with the best standard
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of accuracy available — experimental results. Though all credibility activities contribute to a
conclusion regarding model accuracy, validation answers the question of whether the model,
implemented in code and used for a certain application, agrees with measurements of the
physical scenario that was simulated.

Validation analysis involves the comparison of computational results to experimental data,
but these comparisons can be done using different methods. In Figure 12.1 of [38], a range of
comparison types is presented in terms of increasing precision of the comparison. Qualitative
comparison of viewgraph norms is the least precise method mentioned and is unsatisfactory for
proper validation analysis. The most rigorous comparison types involve multiple simulations
with varying inputs in order to obtain distributions on output results. This type of validation
analysis is unrealistic for the present case, due to the computational expense of LES simulations
of turbulent reacting flow. The best type of validation metric for such a model is then a metric
that provides an objective and quantitative result regarding the agreement of the model with
experiments and includes estimates of uncertainty. In [16], a comparison of deterministic
simulation results including experimental uncertainty is done for several variables. In the present
study, a different metric, the AVM, is used. This metric was described by Ferson et al. in 2008
[41] and was further popularized by Roy et al. [42]. When results from experiments and
computational simulations are in the form of distributions, the metric provides a useful means of
comparing computational results to experimental data. Defined as the area between the
cumulative distribution function (CDF) of simulation results and the empirical distribution
function (EDF) of experimental data, the metric offers an assessment of model accuracy based on
the difference between areas under each distribution function. Figure 2 shows EDF

representation in green lines and CDF in a black profile.
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In the case that the number of simulation samples is limited, an EDF of simulation results
may be used. If the areas between the experimental and simulation distribution functions are
zero, there is no evidence that the simulation disagrees with the experiment. The difference in
area between experimental and simulation distribution functions is denoted by d, with d*
representing the positive difference and d~ representing the negative difference. These
differences are used in an estimate of the model form uncertainty. If the mean simulation value is
S, then the model form uncertainty can be represented as [S — F;d~, S + F,d*], where F, = 1.25

is the factor of safety [38, 42-44].

SIMULATION DETAILS

Simulations performed by Hubbard et al. [16] were informed by existing literature from
previous experimental and computational works. Pan dimensions and boundary conditions were
largely drawn from experimental studies, while domain size and simulation-specific parameters
were more informed by previous computational studies. The domain was chosen such that the 30
cm diameter pan was elevated from the floor and had a 1 cm lip height above the fuel surface
(Fig. 3). Constant temperature (25°C) wall boundary conditions (B.C.s) were used on the bottom
of the domain and the pan walls. Outflow B.C.s were specified for the cylindrical boundary and
the top, which corresponded to zero gage pressure and velocity, zero mixture fraction, and a
temperature of 25°C. On the pool surface, the steady state fuel mass flux boundary condition was
specified as 0.0151 kg/m?s, and the temperature was set to 60°C, corresponding to the boiling
point of methanol. Please note that the fuel mass flux boundary condition is either specified or
predicted close to the experimentally reported value. The main goal of this study is to perform

AVM on this set of data and not to study the sensitivity of the results with respect to the B.C.-
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like fuel mass flux. However, at lower mass fluxes, the correlation under-predicts the flame
height considerably which is not the focus of the current article.

In addition, the mixture fraction on the pool surface was set to 1.0 and the scalar variance was
specified as 0.0. The Prandtl and Schmidt numbers were both set to a constant value of 0.9. The
change of Prandtl and Schmidt numbers within the temperature change interval of this analysis
was fully negligible. Therefore, both numbers were considered constants. This corroborated with
other work done within the same or higher temperature change intervals. Hubbard et al. [16]
includes further details.

This domain was discretized with two refinement levels, a coarse mesh containing ~3x 10°
nodes and ~2.4 x 10° cells, and a fine mesh with ~6.2 x 10° nodes and ~4.8 x 10° cells. While
it is recognized that the use of three refinement levels is highly preferable for the study of mesh
sensitivity, the computational expense of these simulations combined with the fact that multiple
simulations had to be run for calibration purposes ahead of the final simulations made it
unfeasible. Because other researchers had simulated the same case, published results were
available regarding mesh sensitivity and final mesh parameters for accurate solutions. While
each computational tool has unique sensitivities to meshes, the models were similar enough in
the studies of Ma et al. [17] and Ahmed and Trove [15] to provide enhanced confidence in the
final mesh parameters chosen.

Fuego, the primary computational tool used in the simulations, represents the majority of the
physics model used in pool fire simulations within the Sierra code suite. It models turbulent,
buoyantly-driven incompressible flow, heat and mass transfer, and combustion. Multiple-
Program-Multiple-Data (MPMD) coupling was used to couple Fuego to Nalu for radiative heat

transfer modeling. Nalu utilized a Participating Media Radiation (PMR) model for this task,
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receiving the radiative source term, absorption coefficient, and other quantities from Fuego, and
returning radiative heat flux, scalar flux, and incident flux.

The turbulence model used within Fuego was LES with one-equation subgrid-scale turbulent
kinetic energy closure. LES models resolve the physics in the large eddies explicitly and model
the small eddies [45, 46]. The length scale distinguishing large and small eddies is the grid filter
length, A, which is related to the dissipation of turbulent kinetic energy in the closure model. An
LES model is appropriate for such simulations because the fire behavior is highly unsteady with
random and cyclical patterns. Thus, the instantaneous flow field is necessary for rigorous
comparison to experimental data, including statistics of the flow.

Combustion modeling was done using a Strained Laminar Flamelet Model (SLFM), in
which turbulent flames are handled as an ensemble of laminar diffusion flames. In this model,
nonequilibrium chemistry is accounted for using localized fluid strain. Computational efficiency
is enhanced by resolving chemical scales in the phase space of the mixture fraction rather than on
the 3D computational grid [3]. Chemistry is assumed to occur only in a thin layer around
stoichiometry and to be quasi-steady on the scale of the flow. During the simulation, a table
containing the chemical structure in mixture fraction space is queried.

3. RESULTS AND DISCUSSION
4.1 Mean Results

Simulation durations were typically upwards of 20 seconds, a sufficient time to capture
average results, puffing frequency, and flow statistics, even after removing the start-up period
(~5 s) from the analysis. Time-averaged results for temperature, axial velocity, and radiative heat
flux magnitude on the fine mesh are shown below. The average was taken over 10 seconds of

data. In Fig. 4, a contour plot of the mean temperature is shown. The flame tip apparent in this
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plot extends approximately to the computed flame height of 0.5 m. Above the pool surface
(60°C), there is a conical high-temperature core region that shows anchoring of the flame to the
pan edges. Outside of this core, the temperature decreases with height and radius. Figure 5 shows
the near-pool trend of mean temperature along the domain centerline for both mesh results and
Weckman & Strong’s experimental data [9]. All results show a monotonic increase in
temperature in this region, though the simulation results are as much as 50% lower than the
experimental results.

Contours of mean axial velocity are shown in Fig. 6. Axial velocity is relatively low near the
pool surface and increases to approximately the mean flame height in the intermittent zone. From
there, it decreases with height. Radially, axial velocity is highest in the center of the plume and
decreases with increased radius. Axial velocity is driven by buoyancy, and the spatial extents of
significant axial velocity contours are larger than those of mean temperature, as air is entrained
from outside the plume and carried upwards. Axial velocity is significant in the plume zone and
the radius of the core region increases with height. The near-pool trend of mean axial velocity is
shown in Fig. 7 from both meshes and Weckman & Strong’s experimental study [9]. All trends
are monotonically increasing in this region starting from zero at the pool surface. Results from
both meshes agree reasonably well with each other, but the relative error between simulation and
experimental results exceeds 50% in some locations, indicating that further improvements to the
model are necessary. Hubbard et al. note that this behavior is typical of simulation results from
other researchers who have modeled this case [16].

As noted above, the dataset resulting from these simulations is rich, containing many
variables in a large spatial domain that vary with time and have complex interactions. Moreover,

several quantities are vector quantities. Axial velocity is a component of the velocity vector,
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chosen for its significance, and to simplify the present analysis to a realistic length. Radiative
heat flux is also a vector quantity, and in this study, the magnitude is examined. In Fig. 8, the
contours of the radiative heat flux magnitude are shown from the fine mesh results, and several
features are apparent. Just above the pool surface, the radiative heat flux magnitude is a
maximum and the vector is directed downward. Near the pan radius, there is a cylindrical region
of relatively high radiative heat flux magnitude enclosing a low-valued core region. Outside of
the cylindrical region, radiative heat flux magnitude decreases with radius and height, though
moderately high values can be found at significant distances from the pan. Figure 9 shows a
radial trend of mean radiative heat flux magnitude from both computational meshes along with
experimental data from Hamins et al. [47]. All trends show a general decrease with radius,
though simulation trends predict an increase followed by a decrease, and the experimental trend
crosses the simulation trends. The relative difference between simulation and experimental

results is reasonable to ~7.5 cm but shows significant disagreement at a larger radius.

4.2 AVM for Spatial Distributions of Temperature and Axial Velocity

The first use of the AVM is in the comparison of experimental and numerical results at five
heights along the domain centerline. Temperature and axial velocity were averaged over time at
these locations, and the comparisons of the resulting spatial distributions are shown in Figs. 10
and 11. In Fig. 10, the experimental values of Weckman & Strong [9] are higher than the
numerical values at all heights, resulting in an AVM predicted uncertainty that is purely positive.
The value of d* is higher for the fine mesh results than for the coarse mesh results, indicating a
larger discrepancy between numerical and experimental values for the fine mesh. This translates

to an indication that the simulations may not have been mesh-converged with these refinement
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levels. A monotonic decrease in disagreement between numerical and experimental values is
expected with increasing mesh refinement when the computational mesh is in the asymptotic
convergence region. This result warrants further investigation, but additional mesh refinement
analysis was not conducted in the study of Hubbard et al. due to the computational expense of
the simulations [16].

Figure 11 shows AVM plots for mean axial velocity at the same spatial locations as those
used for temperature in Fig. 10. The discrepancy between computational and experimental values
is once again only positive, meaning that experimental values are higher than numerical values at
all heights considered. However, the discrepancy is higher for the coarse mesh, unlike the AVM
result for temperature. This result, taken together with the fact that CFD results are lower than
experimental values at all spatial locations considered indicates that further model development
would be beneficial. Numerical values which underpredict experimental values at all locations
for multiple quantities point to a need for improvement of boundary conditions, initial
conditions, gas properties, or the model itself. Please note the AVM method is used to evaluate
the mismatch of the computational results and the experimental result as a part of the validation
step from the V&YV assessment. Any CFD model is based on chosen mathematical models.

4.3 AVM for Flame Height

As noted in Section 2.3, flame height is defined using intermittency. Specifically, it is defined
as the height at which the intermittency is 50%, or at which the flame tip is above half of the
time and below half of the time [37]. The height of the simulated flame was computed from
simulation data by using a set of points along the centerline and analyzing a time series of data at
each point. At each spatial location, the median temperature of the time series was compared to a

threshold temperature defined based on the average temperature at the experimental flame
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height. When the threshold temperature and median temperature at a given point were within
10% of each other, the spatial location was taken to be the flame height. In this study, the median
of the time series was used as opposed to the mean, because the median corresponds to 50%
intermittency and predictions based on the mean were biased higher than predictions based on
the median. This bias was due to large fluctuations in temperature occurring more frequently
above the mean than below. Through a temporal range sensitivity study, it was determined that 5
seconds of data in the time series were needed to predict a flame height which agreed with
average physics (the prediction converged to a value for 5 or more seconds of data).

A second threshold variable was also used to compute flame height in this study, besides
temperature. The mixture fraction was also used, and the effect of the threshold variable on the
flame height prediction was analyzed. This analysis gave an indication of the relative sensitivity
of the prediction based on each threshold variable to variation in the threshold variable. For both
threshold variables, the threshold value was varied by 15% above and below the value which
produced the experimentally-expected flame height. Finally, the AVM was applied to the results,
and Fig. 12 shows the metric for each threshold variable. The flame height prediction was found
to be less sensitive to variations in mixture fraction than temperature, and the predictions with
varied mixture fraction values were more symmetric about the experimentally expected value. A
larger range of threshold variable values was also analyzed and yielded similar results, indicating
that mixture fraction is likely a better choice of threshold variable for flame height prediction in
this context.

4.4 AVM Uncertainty Estimates
As noted in [42], the AVM seeks to quantify model form uncertainty from a comparison of

simulation predictions and experimental data. Uncertainty ranges and the corresponding ranges
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of quantities of interest are given in Table 1 below for temperature, axial velocity, and flame
height. In this table, temperature is in °C, velocity is in m/s, and flame height is in m. The
uncertainty predicted by the AVM is 38 — 47% for the temperature and axial velocity of Figs. 10
and 11. Compared with observations made by Hubbard et al. [16], who noted simple error levels
(simulation minus experiment), these values agree reasonably well. For axial velocity, for
example, it was noted that agreement with experimental values was within 20 — 30% in general.
The factor of safety included in the AVM estimates makes the predicted uncertainty more
conservative than Hubbard et al.’s observations. Although these uncertainties are relatively large,
Hubbard et al. also noted that the magnitude of discrepancy between experimental and
simulation results was consistent in general with the results of other computational studies of the
same validation case [16]. It can be noted that the uncertainties for flame height predictions are
relatively low, especially when the mixture fraction is used as the threshold variable. This is
encouraging and indicates that predictive accuracy of the flame height from simulation results
would be relatively good even if the value of the threshold variable taken as the value
corresponding to the flame height was different from the actual value by a significant amount. In
the absence of optimally robust prior experimental knowledge of the flame height, a discrepancy

of 15% or more is realistic.

4.4 AVM for Temporal Distributions of Temperature and Axial Velocity

The next use of the AVM examined in this study is on temporal distributions of temperature
and axial velocity data at a fixed spatial location. This point was chosen to be (x,y,z) =
(0,0,0.04) m. Figures 13 — 15 show the AVM plots for three 1-s time ranges. These time ranges
were taken from the simulation results after the flow had fully developed, and were spaced three
seconds apart from each other, at 17-18 s, 20-21 s, and 23-24 s. In contrast, Fig. 16 shows the
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AVM plot for data from 15-25s. An immediately clear observation is that the distribution is
smoother for the 10-s series than for the 1-s series. In addition, it is more symmetric about the
experimental value. This illustrates the fact that using distributions that do not adequately capture
the physics of the fire can result in misleading conclusions from the validation metric. For
example, the negative discrepancy (d~) in Fig. 14 is nonexistent, while it is clear that there is a
significant negative discrepancy in a distribution that represents the actual range of temperatures
seen at this location (Fig. 16). Though Fig. 15 qualitatively appears to agree with Fig. 16, the
length of time interval used is still insufficient. To determine the necessary length of time for an
accurate representation of the fire’s physics, a study should be performed examining the
convergence of a given quantity of interest (QOI) with increased time interval sizes. Such a study
was done in this case and yielded the result that for most QOls, 5 s was a sufficiently long
interval, while 10 s consistently produced an accurate representation of the distributions.

Table 2 summarizes the difference areas computed from the AVM in Figs. 13 — 16 and
quantitatively illustrates the fact that the 1-s time intervals produced significantly different model
form uncertainty predictions than the 10-s time interval.

Axial velocity was examined in the same manner as temperature, with data from the same
four-time intervals analyzed at the same spatial location. The results are shown in Figs. 17 — 20,
and once again indicate that an insufficiently descriptive distribution size can result in bias and
features that are not representative of average physics. It can be noted that the 23-24 s
distribution represents the average physics significantly better than the other two short-interval
distributions, reflecting the fact that the fire is unsteady and varies significantly over time. Table

3 gives the difference areas arising from the AVM.

4.5 AVM for Radiative Heat Flux Magnitude
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The final datasets analyzed using the AVM metric were time series of radiative heat flux
magnitude at (x,y,z) = (0,0,0.007) m. This location was chosen since Hamins et al. [47]
provided a radial distribution of radiative heat flux magnitude near the pool surface. Near-surface
radiative heat flux magnitude is an important factor in a pool fire’s ability to sustain the
combustion reaction, and radial distributions offer insight into where the radiative feedback is
most significant, for example. Figs. 21 — 24 show the AVM plots for distributions of the QOI
corresponding to the same time intervals as analyzed for temperature and axial velocity. Once
again, the 1-s intervals do not accurately capture the range of the QOI at this point. Figure 22

shows that for the 20-21 s time interval, d~ is predicted as 0, while d* is significantly
overpredicted. Table 4 summarizes the difference areas from these applications of the AVM, and
the conclusion is similar to that from the analysis of temperature and axial velocity.

The AVM plots shown in Figs. 13 — 24 provide an intuitive description of the comparison of
simulation results to experimental results and contain information related to the physics of the
flow. Simultaneously, the AVM produces model form uncertainties which can be used as the
quantitative output of a validation analysis. Because the ASME V&V 20-2009 validation metric
explicitly contains numerical, input, and experimental uncertainty, the AVM is possibly best
used as a complement to this metric rather than a substitute. Still, its value is clear.

4. CONCLUSION

The validation of modeling and simulation techniques is crucial in ensuring the efficacy and
reliability of fire protection safety measures within nuclear power plants. This process involves
confirming that these computational tools accurately represent real-world fire scenarios and

behaviors within the plant's environment. Validating these models requires comparing their

predictions to empirical data or experimental results, ensuring that the simulations faithfully
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mirror the actual responses and outcomes in fire-related situations. By validating these modeling
and simulation techniques, nuclear power plant operators can have greater confidence in their
ability to assess fire risks, optimize safety measures, and develop effective strategies to protect
against potential fire hazards. The Area Validation Metric provides a way to quantitatively
compare simulation results to experimental data and quantify model form uncertainty. The
metric was applied to data arising from a simulation study of a moderate-scale methanol pool
fire. Mean temperature and axial velocity were analyzed at several representative axial locations
in the flame, using results from two mesh refinement levels. Flame height was computed using
temperature and mixture fraction as threshold variables, and the sensitivity of the flame height
prediction to variations in each was examined using the AVM. Model form uncertainties were
computed from the AVM results for temperature, axial velocity, and flame height. Discrepancies
between simulation and experimental results agreed reasonably well with published results for
this validation case. Though model improvements could be pursued and a more rigorous mesh
refinement study would be advantageous, computational cost prohibited these activities from
taking place, as shown by the broad parametric study done by Hubbard [17].

Temporal distributions of temperature, axial velocity, and radiative heat flux magnitude were
also examined, with varying time ranges. Multiple 1-s time intervals illustrated the fact that
distributions that do not represent the actual range of physics involved at a given point result in
incorrect conclusions from the AVM, while the use of a sufficiently large time range produced
reasonable results. The AVM could be used as an alternative or complement to the ASME V&V
20-2009 validation metric, particularly when simulation results are naturally in the form of
distributions. This study could be extended in several ways. One extension would be the rigorous

application of the metric to data from a more complete set of spatial locations. Another would be
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a systematic comparison of validation results from the AVM versus those from the validation
metric of ASME V&V 20-2009. This study enhances understanding of the applied simulation
results with respect to experimental results. It provides insight into possible further validation
efforts which could be used to more completely assess model performance in this and related
studies.
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Fig. 1: Schematic diagram of a fire plume and its three regions.
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Fig. 3: Simulation domain and boundary conditions
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Fig. 4: Mean temperature contours of pool fire.
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Fig. 6: Mean axial velocity contours of pool fire.

4

Axial Velocity (m/s)



15 T T T T ‘
A P /Q
!/ '
‘/ _".
e
,/
O 4 e 1
>, Pt
S s
P
% "
2 /s
E A s
é 05+t ,.y"'/ ® Coarse |
i O Fine
e A Experimental
By
.".I /‘
A R
W b r/
e
o
o7
0 bomemmess” ) , . .
0 2 4 6 8 10
X (cm)

NERS-23-1014, Fathi

Fig. 7: Mean axial velocity trends along domain centerline.
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Fig. 11: AVM plots for mean axial velocity along centerline from (a) coarse and (b) fine meshes.
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Fig. 13: AVM plot for temperature on centerline at z = 4 cm, for 17-18 s.
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Fig. 14: AVM plot for temperature on centerline at z = 4 cm, for 20-21 s.
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Fig. 15: AVM plot for temperature on centerline at z = 4 cm, for 23-24 s.

NERS-23-1014, Fathi 50



1 T T T T T

Numerical
———— Experiment

09

Probability
© o o o
(4, ()] ~l (o]

<
~

73 127 327 527 727 927 1127 1327 1527 1727
Temperature (°C)

Fig. 16: AVM plot for temperature on centerline at z = 4 cm, for 15-25s.
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Fig. 17: AVM plot for axial velocity on centerline at z = 4 cm, for 17-18 s.
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Fig. 18: AVM plot for axial velocity on centerline at z = 4 cm, for 20-21 s.
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Fig. 19: AVM plot for axial velocity on centerline at z = 4 cm, for 23-24 s.
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Fig. 20: AVM plot for axial velocity on centerline at z = 4 cm, for 15-25s.
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Fig. 21: AVM plot for axial radiative heat flux magnitude on centerline at z = 4 cm, for 17-18 s.
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Fig. 22: AVM plot for axial radiative heat flux magnitude on centerline at z = 4 cm, for 20-21 s.
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Fig. 23: AVM plot for axial radiative heat flux magnitude on centerline at z = 4 cm, for 23-24 s.
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Fig. 24: AVM plot for axial radiative heat flux magnitude on centerline at z = 4 cm, for 15-25 s
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Table 1: Uncertainties from AVM on spatial distributions.

QOlI

Uncertainty (%0)

Range

T, coarse mesh

[-40.19, +40.19]

[297.44, 1064.12]

T, fine mesh

[-46.64, +46.64]

[216.71, 1073.09]

U, coarse mesh

[-38.61, +38.61]

[0.421, 0.950]

U, fine mesh

[-38.41, +38.41]

[0.423, 0.949]

Flame height, T

[-10.66, +4.66]

[0.447, 0.523]

Flame height, MF

[-2, +2]

[0.49, 0.51]
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Table 2: Difference areas from AVM for temperature.

QOl o d*
T, 17-18s | 2.833 492.12
T,20-21s 0 628.73
T,23-24s | 44.756 415.92
T, 15-25s | 38.888 428.96
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Table 3: Difference areas from AVM for axial velocity.

QO o d*
U,17-18s | 0.0039268 | 0.29386
U,20-21s | 0.0047464 | 0.37528
U,23-24s | 0044283 | 0.32151
U,15-25s | 0.039818 | 0.27332
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Table 4: Difference areas from AVM for radiative heat flux.

QOl d d*
Qrad, 17-18's 0.029201 2.3403
Qrad, 20-21's 0 3.3489
Qrad, 23-24 s 0.25615 2.0974
Qrad, 15-25 s 0.4466 2.3481
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