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A B S T R A C T

Crib fires are a way to produce fires with higher repeatability than generally is the case for wildland and urban 
scenarios and consequently are used to study fire behavior. Models for simulating large-scale fires benefit from 
characterization against relevant test conditions. Here we describe a modeling and experimental effort to better 
explore fire dynamics at the larger range of what is achievable in laboratories. The modeling that corresponds to 
the tests is used to provide parameters to larger-scale transport modeling efforts for climate effects as well as to 
evaluate modeling under oxygen vitiated conditions arising from partial enclosure conditions. Modeled pyrolysis 
rates and environmental conditions correspond reasonably well to the extinction regimes articulated in prior 
experimental work for under-ventilated fires expressed via the ventilation parameter for five ventilation con
ditions that vary across different response regimes. This suggests several potential aspects of model utility for 
large urban scenarios where structures restrict ventilation, and fires burn differently in response to the change in 
oxygen availability.

1. Introduction

The study of fires is often complicated by the variable nature of fuel 
sources. In this work, we are focused mostly on solid fuels, as liquid and 
gas fuels have specific handling processes affiliated with them due to 
their mostly designed function as a fuel. Solid fuels in fires are often not 
intended to be fuels (wood in campfires, coal power, prescribed wild
land burns, and charcoal for grilling being some noted exceptions here). 
At the highest level of classification there are urban and wildland fires 
that garner the focus of assessment studies. Urban fuels fall into three 
main categories: residential, industrial, and commercial; with these 
sometimes further broken down into sub-categories such as commercial- 
retail or commercial-office. Wildland fuels vary according to biome, 
land usage or management, fire history, and season. Regardless of the 
classification, there can be large fuel variability in mass, volume, 
arrangement and type that make fire assessments challenging. Fuel 
loadings depend on the use cases and can vary significantly on yearly, 
monthly, daily, or even hourly basis. Since fires are typically unplanned 
events, fuels are often poorly characterized at the time of the fire and 
have a high uncertainty in post-fire assessments. This presents a 

challenge for the fire modeling and assessment communities.
To enhance the ability to characterize fire behavior, it is desirable to 

have a more regular definition of a fire for laboratory testing. Crib fires 
are constructed arrays of regular solid fuels that exhibit a much higher 
degree of repeatability than most fuel sources in fires of concern. 
Consider the complexity of a tree or a shrub geometry or chemistry in 
the context of a wildland application. Or consider an urban residential 
fire, where furniture and household goods may be the prime contribu
tors to the fire. A crib can reduce the variability of the fuel source and 
allow for improved interrogation of other parts of a fire under conditions 
more amenable to replication. Crib fires have been widely studied since 
they provide fire scientists with informative results that exhibit a degree 
of repeatability that is not otherwise readily possible using unprocessed 
biomass. The first crib tests are alleged to have been conducted by Folk 
in 1937, although this may be only the first documented tests of this 
nature and not necessarily the first crib fire (see Smith and Thomas [1]). 
More recently, there have been many who have leveraged the concept 
for fire studies (e.g., Refs. [2–12]), including a recent review [9] and a 
report specifically targeting large-scale fires [11].

Recently, crib fires have been the subject of simulation activities 

This article is part of a special issue entitled: FISJ_IAFSS 2026 published in Fire Safety Journal.
* Corresponding author.

E-mail addresses: albrown@sandia.gov (A.L. Brown), sara.mcallister@usda.gov (S. McAllister), alexanderj@lanl.gov (A.J. Josephson), reisner@lanl.gov
(J. Reisner), koo_e@lanl.gov (E. Koo). 

Contents lists available at ScienceDirect

Fire Safety Journal

journal homepage: www.elsevier.com/locate/firesaf

https://doi.org/10.1016/j.firesaf.2026.104857
Received 24 September 2025; Received in revised form 8 April 2026; Accepted 21 April 2026  

Fire Safety Journal 163 (2026) 104857 

Available online 2 May 2026 
0379-7112/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:albrown@sandia.gov
mailto:sara.mcallister@usda.gov
mailto:alexanderj@lanl.gov
mailto:reisner@lanl.gov
mailto:koo_e@lanl.gov
www.sciencedirect.com/science/journal/03797112
https://www.elsevier.com/locate/firesaf
https://doi.org/10.1016/j.firesaf.2026.104857
https://doi.org/10.1016/j.firesaf.2026.104857
http://crossmark.crossref.org/dialog/?doi=10.1016/j.firesaf.2026.104857&domain=pdf


using computational fluid dynamics (CFD) models. Most CFD codes deal 
with fluid flow using Eulerian frameworks and the Navier-Stokes 
equations. Fewer codes can simulate heat transport and reactions, 
which require additional physics including energy and species equa
tions. Even fewer codes can simulate reacting solids and fires. This ne
cessitates models for the burning of materials initially in the solid state 
but often transition to a fluid state during a series of complex reactions. 
This level of complexity for physics models is rare in CFD codes not 
specifically designed for this purpose. For this reason, there are few 
instances of reports in the open literature using codes where crib fires 
have been predicted using CFD models. Most widely reported in the 
literature are simulations using the Fire Dynamics Simulator (FDS), 
including [13–15]. In these studies, the methods for approximating the 
crib behavior are either based on cone calorimeter or prescribed heat 
release rates or a 1-step Arrhenius reaction, and scenarios are simulated 
with the intent to show predictivity. Most of these involve some degree 
of calibration, and pyrolysis reactions are not explicitly resolved on fully 
representative solid wood geometry. Mesh refinement is done with 
coarse scenarios insufficiently resolved to represent the identical and 
consistent geometry of the corresponding experiments.

Another CFD modeling option, used here, is SIERRA/Fuego. SIERRA 
is an architecture for computational engineering simulations that is 
developed and maintained by Sandia National Labs [16]. It provides 
generalized solvers, data structures, and tools for the computational 
physics necessary to simulate a wide variety of engineering computa
tional problems. The Fuego sub-unit is one of the Thermal/Fluid 
sub-mechanics tools. Fuego is a fire simulation sub-unit, which is 
designed with many of the elements needed to predict the consequences 
of an abnormal thermal event. SIERRA/Fuego development was origi
nally driven mainly by the need to predict the thermal response of cargo 
to transportation fires. The development was focused on the heat 
transfer to an object inside the fire and was focused on length-scales 
consistent with transportation packages (meters to tens of meters). 
However, SIERRA/Fuego has also been characterized for simulating 
intermediate-scale (tens to thousands of meters) problems that are 
outside the typical scale of the nominal case scenarios that were the 
target of the initial development of the code. Because the SIERRA tools 
are targeted for the large high performance compute clusters, it made 
sense to leverage this resource and attempt higher-resolution pre
dictions that matched the test geometry. Furthermore, the effort pro
vided an opportunity to leverage a higher fidelity representation of the 
crib via direct pyrolysis reaction kinectics compared to the historical 
approaches that circumvented this aspect of modeling to accommodate 
under-resolved geometry.

More recently, the prediction capabilities have been extended to 
simulate trees and forests on fire [17,18]. The Lagrangian particle model 
is used to simulate wildland fuels with a random dispersion of reactive 
particles of varying size. These particles behave like fuel, and pyrolyze 
and burn in response to heating. These methods are a reasonably 
approximate way to simulate wildland fire behaviors and were shown in 
both studies to produce reasonably representative burn results in terms 
of mass loss, burn duration, and rate of propagation for at least some of 
the scenarios of interest. The Lagrangian methods are well-suited to 
wildland scenarios because they are able to represent the fuel through 
statistical distributions, which is characteristic of the actual fuel. Limi
tations include the lack of conductive heat transfer for the dispersed fuel 
particles, the misrepresentation of the fluid drag over the simplified 
spherical fuels compared to real fuels, and the under-resolved sub-grid 
behaviors of the fuels and fires that are occurring in the actual samples 
when compared to the simulations.

Laboratory wood-crib fires are of high interest to creating simula
tions of large-scale urban or wildland fire phenomenology as they serve 
as highly repeatable “unit tests” for fire-model physics (e.g., Ref. [19]): 
their well-characterized geometry and heat-release profiles let re
searchers pin down combustion, emission, radiation, and 
buoyant-plume parameters in CFD codes before those same codes are 

unleashed on far more complex, high-consequence scenarios. After a 
model can reproduce the burning-rate and thermal field of a single or 
arrayed crib, its sub-grid algorithms are transplanted into 
landscape-scale fire simulations. Some examples include Albini's 
large-fuel burnout model, which was tuned with crib-burn data to pre
dict coarse-woody-fuel consumption during wildland mega-fires [20], 
and Ene's FDS calibration Model for office fires, where full-scale room 
tests with nine cribs were used to calibrate Fire Dynamics Simulator 
(FDS) predictions of travelling-fire spread across open-plan offices [21]. 
In this way, the crib fire acts as an empirical bridge, allowing 
confidence-tested heat generation, fuel consumption, and smoke-plume 
physics to propagate upward from bench scale to the kilometer-scale 
numerical domains required for forecasting modern mega-fires in both 
wildland and urban settings. The discussion section of this work, will 
demonstrate such a potential empirical bridge from the soot production 
and lofting potential results of this work to large-scale urban fire 
modeling.

This current work is a multi-faceted approach to the crib fire sce
narios using SIERRA/Fuego and laboratory testing on the larger-scale 
side of the problem space. One novelty factor is that a different code 
other than FDS is being used to simulate the scenarios. This comes with a 
different physics model and approach. An effort is made to characterize 
the predictions to a recent dataset obtained from the USDA laboratories 
in Missoula, Montana, USA. A final facet to the problem is the extension 
of the open crib fire scenario to a scenario more representative of urban 
conditions. A partial enclosure with a variably sized opening is used to 
explore the ability of the predictions to replicate expected behaviors 
using the extinction parameter as derived from historical enclosure fire 
scenario assessments. The objectives of this work include developing 
methods for simulating crib fires, characterizing the accuracy of the 
methods by comparisons to data, exploration of the predicted variability 
in emissions and fire behaviors for predicted compartment fires with an 
emphasis on the ventilation parameter and extending the work to larger- 
scale applications.

2. Methods

2.1. Experimental

Two large wood crib experiments were conducted in the burn 
chamber of the Missoula Fire Lab. The cribs were built with 2.5 cm 
square cross-section ponderosa pine dowels that were 1.22 m long (see 
Fig. 1 (left)). These were arranged in evenly spaced cross-piles with 9 
sticks per layer and 24 layers (spacing between sticks was 12.4 cm). 
Small finishing nails were used to hold the crib together. The crib was 
placed on a 1.8 m square platform of mineral fiber board (replaced after 
each test). In the first test, the platform was also covered with multiple 
sheets of ceramic paper insulation. Fire bricks at the corners of the crib 
kept it 12.7 cm above the platform to allow for air to flow underneath 
and up through the crib [9,22] that actively weighed the contents during 
the course of the test at 100 Hz. While the wind boundary conditions 
were not specifically controlled, the test was conducted inside a largely 
quiescent burn chamber with dimensions of 12 m × 12 m x 20 m, much 
larger than the crib itself. Because of the spacing of the dowels, the crib 
is relatively low-density in terms of the fuel, with the wood fuel 
composing about 20% of the volume of the crib. In terms of crib metrics, 
the porosity of the crib was ϕ = 0.22, well into the loosely packed regime 
[4].

To assure ready ignition, about 1.5 L of 99% isopropyl alcohol was 
sprayed over the wood crib before ignition to provide the heat necessary 
to ignite the solid fuels. A small amount of fuel dripped off the crib onto 
the ceramic paper and mineral board below, where it burned briefly as a 
pool fire. To ensure a faster ignition of the center, an additional 1.0 L of 
alcohol was poured into a 2.5 cm deep, 30.5 cm diameter pan and placed 
under the crib. Though some alcohol in the pan remained burning for 
about 90 s into the test, the alcohol used for ignition was observed to 
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largely burn off early in the experiment duration, before the steady state 
burning of the wood was achieved. For the first experiment, the wood 
was room-conditioned with approximately a 6% moisture content. For 
the second experiment, the wood was placed in a conditioning chamber 
for over two weeks before the experiment at 35 ◦C and 3% RH for an 
equilibrium moisture content of about 1%. The steady burning rate, 
defined here as the mass loss rate, was found using a simple linear 
regression of the mass loss data over a period of 80 s.

The resulting fire was at full-scale producing very high flames (over 
6 m) with the interior of the crib well engulfed in flames as suggested by 
Fig. 1 (right).

2.2. Modeling

2.2.1. Simulation software
Computational fluid dynamics (CFD) simulations from SIERRA/ 

Fuego are used to model the crib fire and explore the predicted vari
ability in emissions and fire behaviors for compartment fires with 
different ventilation parameters. SIERRA is developed at Sandia, and 
selection of this tool was therefore convenient for the project. Navier- 
Stokes solvers predict the flow through momentum and continuity 
equations. Enthalpy and species equations are solved for thermal re
actions. Various treatments of turbulence are available, with this work 
performed with the Temporally Filtered Navier Stokes (TFNS) model 
[23], featuring hybridization of large-eddy simulation and k-ε model 
capabilities. Several reaction models exist, and this work leverages the 
eddy dissipation concept (EDC) model [24,25], which is a 
mixing-limited approximation for under-resolved flaming combustion in 
CFD simulations. Radiative heat transport is solved via a discrete ordi
nates solver, in this case linking to the solver in the Nalu sub-module. 
Soot is modeled via a two transport equation method (soot mass frac
tion and soot nuclei number) with source terms based on the work of 

Tesner et al. [26]. Version 5.9.4 of SIERRA/Fuego was used for the 
simulations described herein, and the verification testing includes 
nightly regression tests, as well as a more dedicated campaign to 
demonstrate coding adequacy through methods of manufactured solu
tion (MMS) and unit testing. Validation includes 25+ years of model 
comparisons to data, with significantly more detail available in the 
manuals.

2.2.2. Domain definition and ignition
The crib as tested was assumed nominal in size, and the 2.5 cm 

square dowels were arranged according to the test description in the 
Cubit geometry engine. The solid material was subtracted from a 
domain mesh, which had the fuel pan and the floor beneath. To simplify 
the ignition protocol, the fuel pan was assumed to be 1.45 m square. A 
small geometry encompassing the crib and pan was initially provided to 
the meshing software, with any needed extensions of the geometry in 
height or width to be produced later by extending the mesh at the 
boundaries.

An image of the baseline crib geometry is found in Fig. 2. The wood is 
purple, the fuel pan blue, and the wall boundary conditions here are 
green.

The enclosed domain was 3.04 m high, and 5 m square with the crib 
in the middle of the room. The meshing tool reports the flow volume as 
74.4 m3, with the recessed pan adding to the volume and the wood 
subtracting from the volume that would otherwise be 76 m3 based on the 
nominal room dimensions. The room size was selected to be represen
tative of office or residential spaces, and also to provide sufficient vol
ume such that the fire did not dominate the domain.

The ignition of the liquid fuel is simulated as if it had all collected in 
the pan beneath the crib, neglecting the potential for absorption from 
the test preparation in the experiments such that all the liquid fuel 
evaporated from the pool. The pool fire was ignited, which in turn 

Fig. 1. Left: A photograph of the crib fire test prior to ignition. Right: An image of the steady burning achieved during the second test, showing the flame reaching up 
into the ventilation hood 6 m above.
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ignited the wood once it had heated to the point where it was pyrolyz
ing. The pool model in Fuego was used that approximates the liquid as a 
1D layer of liquid that evaporates in response to the enthalpy input from 
the flames. This resulted in a full steady burn of the fuel over about 40- 
50 s under open conditions, after which burnout began to limit the in
tensity of the burn over the next 40 s or so with the pool ceasing to 
contribute flames around the same time as was observed in the tests at 
about 90 s.

The wood was modeled with a 1D boundary condition that assumes 
each face is 1 cm deep with 8 intervals 1.25 mm thick each. A conduc
tion equation was solved for each layer, with the pyrolysis of the wood 
producing 30% char, 20% water, and 50% fuel. The gas-phase fuel 
assumed was a surrogate C8H18, which was selected for convenience. 
The pyrolysis yielded extra water to achieve a net heating value of the 
burning fuel to be approximately that of burning wood (about 20 MJ/ 
kg) which also helps keep the elemental distribution of products similar 
to that of wood. Since our version of the EDC model only permits a single 
hydrocarbon fuel, the liquid fuel in the pan was also simulated with the 
same (30% water diluted to simulate alcohol heat of combustion) sur
rogate fuel. A single step Arrhenius pyrolysis reaction was used 
(A = 1.43 × 107 s− 1, Ea = 88.61 J/molK). A low conductivity (1 W/mK) 
and typical density (600 kg/m3) for wood [17] were assumed. A 1D fuel 
regression model was used to simulate the pool burn.

The enclosure walls were also simulated as a 1D non-reacting solid 
wall medium with density of 1600 kg/m3, specific heat of 600 J/kgK, 
and thermal conductivity of 0.2 W/mK. They were 1 cm thick, with four 
nodes, and each node was 2.5 mm thick, with an adiabatic backside 
condition. This provided a feedback mechanism to account for the heat- 
up of the structure and its effect on the thermal conditions in the 
domain.

2.2.3. Meshes and open boundaries
There were several meshes created based on the baseline geometry 

described above. The coarse mesh resolution was set to the thickness of 
each dowel (2.5 cm). 2:1 refinement and greater meshes were also 
generated, although these simulations took significantly longer to 
perform. Mean centerline temperature profiles were compared for the 
nominal case with the refined predictions to demonstrate adequate 
resolution for the nominal mesh scenario. We found mass change of the 
crib and temperature at 1 m elevation to be sufficiently similar between 

the two out to 30 s to continue with the coarser mesh for the full study. 
Corresponding plots are included in the supplemental material. 
Furthermore, a more detailed validation study of mesh resolution for a 
1-m buoyant plume at this range of resolution is found in Refs. [27,28], 
illustrating respectable convergence of mean and fluctuating velocities 
at this nominal resolution. For the open fire scenarios, the final height 
and width of the geometry was much greater than that illustrated in 
Fig. 3F. These were open parameters, which were progressively 
increased to achieve the needed goals of the various phases of testing. 
Preliminary simulations were performed with a mesh that had a 2.5 m 
square cross-section, and was just over 7 m high.

The preliminary phase involved modeling with multiple meshes to 
ensure the final mesh used produces acceptably approximate results as 
the finer mesh. It also involved tuning the heat of pyrolysis to give the 
approximately 0.3 kg/s steady-state pyrolysis rate as obtained in the 
experimental tests (see Results below). Since the simulation methods did 
not involve water evaporation and the moisture of the cribs was low (1- 
5%), it is assumed that the effect of the evaporation could be lumped in 
with the pyrolysis endotherm and still achieve a representative fire (see 
below).

The next phase of modeling involved locating the crib in the middle 
of a 5 m square room that was 3.04 m tall. The same basic crib-centric 
mesh was used, and a gradually expanding mesh was applied to 
extend the domain out to the full extent. The boundary conditions for 
the room were wall boundaries, with the exception of the floor, the pan, 
and a door or window open boundary at the center of one of the four 
faces of the room. Table 1 gives nominal dimensions for the open 
boundary.

Because mesh conformal application of the boundary conditions was 
used, the height and width of the doors did not exactly match the 
nominal dimensions for the openings. Table 2 shows actual dimensions, 
which are a minor departure from the intended nominal dimensions. 
Case F is the open burn scenario (approximating experimental condi
tions), which has semi-infinite opening as the open boundary condition 
was on five of the six sides of the rectangular mesh.

Illustrations of the coarse version of these meshes are found in Fig. 3. 
This arrangement of the scenarios will be used consistently in subse
quent plots to illustrate planar contour plot results of various predictions 
from the simulations.

Fig. 2. An illustration of the base geometry with dimensions marked in units of meters. A top view is shown in the upper-right, a side view in the lower right, and an 
isometric view in the left.
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2.2.4. Enclosure scenarios
A lack of ventilation in a partially-ventilated chamber will inhibit 

oxygen replenishment and eventually extinguish burning media. With 
the enclosure meshes and a physical model for a crib fire, it should be 
possible to assess whether the simulations are able to predict extinction 
due to the lack of ventilation. This helps demonstrate the accuracy of the 
tools predicting the heating feedback mechanism between the fuel and 
the flames. Historical work on enclosure fires has developed the notion 
of an extinction or ventilation parameter defined as: 

Θ= ρg1/2Ao(Ho)
1/2 /AF (1) 

which is a parameter-based method for assessing the steady-state burn 
rate based on the opening size. Here Θ is the ventilation parameter (g/ 
m2-s), ρ is gas density (g/m3), g is the acceleration of gravity (m/s2), Ao is 
the exhaust opening area (m2), Ho is the height of the opening (m), and 
AF is the area of fuel on fire (m2). Following the nomenclature and 
theory of Utiskul et al. [29] and the findings of Torero et al. [30], when 
the extinction parameter is below about 2000 (g/m2-s) there is a 
decrease from free burn conditions, and below 1000 (g/m2-s) there 
tends to be flame extinction. Consequently, the enclosure simulations 
included varied openings ranging from door-sized (6700 g/m2-s) to a 

small window-sized (600 g/m2-s), which spans the range of ventilation 
parameters from open burning to extinction as characterized from the 
contributing datasets. Based on the Utiskul et al. [29] study, extinction 
Zone 1 has a ventilation parameter below 200 g/m2-s, the transition to 
the next higher phase is at about 1000 g/m2-s. At 2000 g/m2-s and 
above, the fire behaves as a free burn, albeit slowed by the ventilation 
restriction.

2.2.5. Open scenario characterization
The model employed did not include a moisture evaporation step, 

lacking accurate test data and a validated model therefore. Instead, an 
adjustment was made to the heat of pyrolysis to account for the solid 
fuels’ moisture evaporating (estimated at 5% moisture content) and to 
achieve matching burn rates to the tests. Because there is significant 
uncertainty in the heat of pyrolysis, this was used as a single tuning 
parameter. The rate of mass loss of the crib at steady-state was known 
from the experiments to be about 0.3 kg/s (as per Fig. 5). Anticipating 
the heat of reaction to be endothermic about 1 × 103 kJ/kg based on the 
work of Antal et al. [31], it was not surprising to find the heat of reaction 
that best replicated the burn rate to be a bit higher at about 
1.35 × 103 kJ/kg, as seen in Fig. 4. This parameter captures both the 
main effect of heat of reaction of the wood, as well as more minor effects 

Fig. 3. An illustration of the various geometries for the simulations, including left to right then top to bottom for cases E, D, C, B, A, and F.

Table 1 
Nominal open boundary dimensions.

Case Opening Width (m) Opening Height (m)

A 1 0.5
B 1 1
C 1 1.5
D 1 2
E 1 2.5

Table 2 
Actual open boundary dimensions.

Case Opening Width (m) Opening Height (m) Area (m2)

A 1.02015 0.478052 0.487685
B 1.02015 0.983412 1.003228
C 1.02015 1.48877 1.518769
D 1.02015 1.97045 2.010155
E 1.02015 2.40225 2.450655
F NA NA NA

Fig. 4. Steady-state crib burn rate as a function of simulated heat of reaction of 
the wood.
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from fuel moisture evaporation. Subsequent simulations are all per
formed with this as the model parameter accounting for both evapora
tion and pyrolysis heating in a single parameter.

Heat of reaction significantly affects the steady-state mass loss rate. 
For applications without test data like this one, the parameter will need 
to be accurately determined either through direct measurements or 
calibration, and validation can help establish the propriety of the model 
along with selected parameters.

3. Results

3.1. Testing

Testing results at the USFS facility provided the basis for the open 
crib model work (case F). Fig. 5 compares the measured mass loss and 
mass loss rates of the two cribs. Note that the mass of the weighing 
platform, support bricks, and metal pan have been subtracted out. The 
continuous mass loss rate was found by taking the numerical derivative 
of the spline fit of the mass data with ten degrees of freedom. The 
mineral fiber board was reweighed after each test and was found to have 
lost 0.9 kg in the first test and 2.3 kg in the second test; however, this 
constitutes at most 3% of the crib mass and is thus not considered to 
have a large impact on the overall burning rate. The peak burning rate 
was 0.30 kg/s for the first test and 0.31 kg/s for the second test. Using a 
linear regression, the average burning rates between 110 and 190 s after 
ignition were 0.29 kg/s for the first test and 0.30 kg/s for the second test. 
As noted earlier and indicated in Fig. 1, the steady flame heights were 
easily over 6 m during the tests in both cases. The mass was recorded for 
30-45 min after ignition (not shown) until all remaining visible flames 
were extinguished and glowing mostly subsided. The cribs were 
observed to begin collapsing at 200-250 s after ignition, with large 
collapsing events reflected as noise in the mass data. The final weight 
after the crib collapsed and the remaining char is consumed reflects both 
the mass loss in the fiber board and material that dropped off the plat
form as the cribs collapsed.

3.2. Simulations

Each pool fire in all simulations was ignited under similar circum
stances as the experiments. There was plenty of oxygen in the room 
initialized as ambient air, and the liquid pool fire ignited and began to 
heat the wood above it. This is seen in Fig. 6, where all the scenarios 
trend together initially. By about 30 s, the effect of the enclosure starts to 
manifest, and the liquid fuel evaporation slows for scenarios where the 
oxygen is more limited. The case with the smallest opening, case A, 

exhibits only about half of the pool volume evaporating and fits the 
ghosting/oscillation regime (Θ < 1000 g/m2-s), where historical testing 
suggests variable response including the potential for extinction and 
localized flaming near the opening [29]. Case B fits the oscillation 
regime below free burn (Θ < 2000 g/m2-s), a transitional regime 
exhibiting restricted burning.

Simulation results illustrate a significant reduction in burn rate 
depending on size of the openings as indicated by the crib mass loss as a 
function of time in Fig. 7 A. Correspondingly in Fig. 7 B, the soot exhaust 
rate is low for low Θ scenarios (600 and 1700 g/m2s) with poor venti
lation. For intermediate and higher ventilation scenarios, the soot 
exhaust is not linear, with the 3100 g/(m2s) scenario yielding the most 
soot even though the mass loss is lower, sustaining a longer emission at 
the higher rate. These scenarios did not allow for oxidation outside the 
room, which may further reduce the soot emissions into the environ
ment for intermediate Θ scenarios depending on whether or not there 
are flames outside the opening. In the longer-term, the scenarios with 
increased ventilation are expected to yield more soot to the environment 
since they result in increased burning and a faster burn rate of the solid.

At 180 s, a series of center-plane temperatures as shown in Fig. 8
illustrate the effect of the opening on the environment temperature. In 
all cases, the temperatures in the enclosure are elevated compared to the 
open case. In case A with the least ventilation (middle bottom frame), 
the temperatures are the lowest, with the hottest found in case E (top 
left) where the walls provide thermal feedback to the fire, and the burn 
is active. This is best illustrated through similar plots of the oxygen mass 
fraction, as found in Fig. 9. The cases with increased ventilation have 
more oxygen present in the enclosure, allowing for increased heat 
release of the pyrolysis products from the crib via combustion.

Fig. 10 shows instantaneous soot mass fraction predictions at a 
similar 180 s time. The open burning scenario (bottom right) suggests 
more soot, but with active burning above the crib and a higher net burn 
rate (see Fig. 7), the soot emissions are not necessarily significantly 
higher. This is because soot is a dynamic parameter functionally affected 
by the oxidation mechanism that is environmentally dependent and not 
necessarily a direct function of the quantity of fuel burnt. The enclosed 
scenarios show lower soot with less ventilation. The soot is more 
concentrated in cases D and E (top middle and left), whereas it is more 
evenly spread around the room in case C (top right), likely due to 
improved burn-out conditions in cases D and E compared to case C.

Further assessment of the compartment simulation behavior is found 
in Fig. 11, where average temperatures are similar for the first 20-30 s, 
after which the effects of ventilation start to result in lower mean 
compartment temperatures for scenarios with less ventilation. The 
fraction of total enthalpy contributing to wall heating is shown (time 

Fig. 5. Experimental mass (left axis) and mass loss rate (right axis) of two large 
wood cribs.

Fig. 6. Predicted pool fuel volume showing the evaporation of the liquid used 
to ignite the crib fire with the ventilation parameter indicated in the legend.
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Fig. 7. Predicted crib mass loss and soot mass exhaust rate for different ventilation parameter (Θ) scenarios.

Fig. 8. Predicted center-plane gas temperatures at 180 s for the six simulation cases with varying ventilation.

Fig. 9. Predicted center-plane oxygen mass fraction at 180 s for the six simulation cases with varying ventilation.
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cumulative), with the fraction increasing with time, and a larger fraction 
at later times for the scenarios with improved ventilation. Over 10% of 
the heat from the fire goes to heating the walls for the ventilated cases, 
with the fraction trending upwards at 3 min.

Mean oxygen and gaseous fuel in the volume are shown as a function 
of time (Fig. 11C and D). Scenarios are relatively similar in this respect 
for the first 60 s, after which the better ventilated cases diverge from the 
downward trend and can establish an inflow and replenish the oxygen 
thereafter. Modeled oxygen is lower than measurements from Utiskuil 
et al. [29] data suggest, reflecting a known limitation of the EDC model 
under vitiated conditions to potentially over-predict reactivity of fuels. 

The average fuel mass fraction shows similar trends for all scenarios up 
to about 20 s. After that, there is a sharp increase in the gaseous fuel for 
the ventilated scenarios around 40 s as the crib ignites, with the less 
ventilated scenarios experiencing a similar increase except delayed due 
presumably to the lower temperatures in the cell delaying or retarding 
pyrolysis of the wood.

4. Discussion

Crib fire modeling involves a high number of complex behaviors, and 
consequently a large number of modeling studies are not found in the 

Fig. 10. Predicted soot mass fraction at 180 s for the six simulation cases with varying ventilation.

Fig. 11. Volume integrated parameters and wall enthalpy fraction of total HRR for enclosure scenarios.
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literature. Besides the complexity of some of the fundamental charac
terization including kinetics, properties, and multi-phase phenomenol
ogy, the degradation of the crib is a significant challenge as the crib 
experiences localized decomposition and ultimate collapse. As best as 
we can tell, this problem has not been addressed in prior studies. Model 
predictions are thought to be best in the early burn regime where the fire 
is still developing and the wood is still structurally representative of the 
initial crib build. To date, no modeling efforts have been found to cap
ture the collapse feature of the burn, which is a behavior that would be 
needed for accurately predicting longer-term effects from crib burns.

In our scenario, we were not focused on the answer to the question of 
whether we can select properties that will produce a representative 
response. This differentiates our approach when compared with other 
prior efforts. Rather, we elected to select representative properties and 
tune one of the more sensitive properties, the heat of pyrolysis, for a 
representative crib burn rate under open conditions. As we transition to 
burning the crib in a partially closed scenario more representative of an 
urban burn scenario, the crib model tuned to the open conditions is 
anticipated to continue to burn in a representative way given the 
introduction of reduced oxygen via a decreasing opening size.

Our pyrolysis rate is principally governed by the thermal feedback 
from the environment, which in the open scenario included mostly the 
radiation and convection of the flames interacting with the solid. This 
simulation exercise focus was on whether present crib modeling 
methods would respond appropriately in an oxygen vitiated environ
ment and exhibit appropriate extinction. This is a step towards being 
able to credibly predict large urban fire scenarios that are at present 
challenging to predict due to the scale of the physical domain. The 
enclosure scenarios largely followed the theoretically expected extinc
tion behaviors as suggested by the ventilation parameter regimes pre
viously identified. However, there is some uncertainty due to the lack of 
a definitive model behavior to target for assigning an extinction regime. 
Declining mass loss and declining compartment temperatures suggest 
both scenarios A and B are extinguishing (per Fig. 7A mass loss rate is 
0.020 and 0.029 kg/s for case A and B, between 0.1 and 0.2 kg/s for 
cases C-E). This evidence suggests consistency with the historical find
ings from experimental characterization of ventilation parameters and 
provides promising evidence that the reaction modeling predictions are 
reasonably representative of physical behavior. Based on historical 
work, transitions between extinction regimes occur over a range of 
ventilation parameters around about Θ = 900 g/m2s. Our Θ = 600 g/m2s 
case A exhibited low mass loss from the crib (0.02 kg/s), with negligible 
soot emission (per Fig. 7B), average gas temperature below 400 
compared to 600-900K for active burn scenarios, and low oxygen mass 
fraction (per Fig. 11D) A more detailed simulation study involving a 
more closely related set of test scenarios and multiple intervals per 
regime would be needed to demonstrate better reduction in uncertainty 
and better coordination between models and experiments. Our scenario 
was atypical of compartment fires where flashover is a key aspect. The 
scenarios did not include additional fuel sources to which fire may 
spread. In this respect, our work is more closely aligned with the 
fundamental extinction datasets than the compartment fire literature, 
both of which draw upon the ventilation parameter as a characteristic 
indicator.

A main benefit to having model predicting scenarios like this is the 
ability to more fully explore the response of the compartment to the 
scenario variations. We were able to evaluate properties difficult to 
determine from tests like the fraction of released energy resulting in 
heating of the walls, and integrated temperature, gaseous fuel, oxygen, 
and soot concentrations. These would be atypical measurements from 
testing in this type of environment, or difficult to obtain information. 
Wall heating due to a fire is seldom reported in test data, especially 
integrated over the domain. We find over 10% of the energy in the walls 
by 3 min for case E and D, with lower (6-7%) fractions for the cases 
closer to extinction. Integrated oxygen is also difficult to obtain, which 
we show diminishing to close to zero for the less ventilated cases (A and 

B, per Fig. 11 D). These are valuable features of the modeling because 
they expose additional components of the test environment and 
response. Accuracy of these assessments depends partially upon physical 
modeling and the verification and validation pedigree thereof. Uncer
tainty in these prediction-only products will depend on this, and perhaps 
to a greater extent on the propagation of assumed property and 
configuration uncertainties. These will contribute to varying extents to 
the ultimate prediction accuracy and can be addressed quantitatively by 
subsequent validation and model characterization efforts.

The crib models used here and cited in the prior studies are relatively 
new contributors to the scientific literature. Pyrolysis modeling like this 
has been done for a lot longer, but the ability to model the scales 
necessary to make the kinds of predictions being made now are still 
emerging and will likely be improving with time making possible sim
ulations of larger-scale and more complex problems. As mentioned 
earlier, one of the current interests in crib fire models and studies, is 
their use for generating and benchmarking fire behavior models for use 
in large-scale wildfire simulations. The work in this study has particular 
use in this regard as the larger crib studies are more on par to the fuel 
loadings found in massive wildfire settings and the ventilation studies 
lend particularly well to the enclosed fire environments found in urban 
settings.

4.1. Implications for massive fire simulations

We have previously published on the uncertainties involved in 
modeling climate impacts of naturally-occurring massive fires [32] and 
there are recent recommendations by the US National Academy of Sci
ences [33] regarding the potential environmental effect of massive fires 
ignited by acts of war. Both activities suggest the importance of 
improving large-scale fire behavior models to help better address the 
enormous uncertainties surrounding the large-scale fire phenomena.

Massive fire simulators, particularly in urban settings, currently lack 
direct data for surrogate modeling. They are of such a scope that they are 
largely computational impossible to fully resolve flame-fuel dynamics 
while simultaneously resolving large fire-atmosphere feedback and 
phenomena. Massive urban fire simulations are becoming increasingly 
important to understand and characterize the impacts of natural-disaster 
wildfires (e.g. 2021 Marshall Colorado Fire, 2023 Lahaina Hawaii Fire, 
or 2024 Palisades California Fire) or the environmental effects of ignited 
fires from modern conventional or nuclear warfare, which has garnished 
recent increased interest and speculation with the world's evolving 
geopolitical state [34–38]. To understand and quantify the impacts of 
massive fire scenarios three important physical phenomena need to be 
captured: 1) the fire activity, 2) the atmospheric transport, and 3) the 
climate feedback. In the context of modern warfare, the second and third 
of these phenomena have been the subject of recent works [39–41], but 
limited work has been done on the fire activity under massive-fire sce
narios. This current work can help to better capture it, especially, the fire 
as the heat and mass sources that drive subsequent atmospheric trans
port and climate feedback. This current work also provides important 
insights into fire spread in urban settings under large-scale fire sce
narios, which is not well-understood: more accurately defined source 
terms will lead to improved characterization of fire spread mechanisms, 
such as thermal radiation and firebrand phenomenon, which is consid
ered as the primary mechanism in historical large-scale urban fires [42].

To summarize large-scale fire activity into one phenomenon is an 
over-simplification of the process as fire activity should be broken down 
further to at least: the ignitions, particularly where multiple spatially 
and temporally-varied ignitions occur concurrent with secondary effects 
such as in the context of warfare; subsequent fire spread combined with 
fire-atmosphere interactions; particulate generation as a function of fuel 
loading and fire dynamics; and particulate lofting/fallout. This work can 
be used to better inform the latter two aspects of the fire activity phe
nomenon: particulate generation and lofting that are both fire dynamic 
(dependent on fire progression, fuel loading, and ventilation) and 
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temporally variant instead of a one-time mass production/injection.
The results from the SIERRA/Fuego crib fire simulations can be 

combined with established crib fire scaling laws [6] to produce con
sumption rates of fuel, F (kg/s-m2), 

F= Fʹ
(

LF

3.0

)1.25

(2) 

Fʹ=
0.315

1 + e− 3.78e− 4(Θ− 6136) (3) 

as a function of fuel loading (LF) in kg/m2 and the ventilation coef
ficient (Θ) described above. Derivation details for these equations are 
found in the supplementary material. To determine the rate of particu
late emission, multiply F by an emission factor appropriate for the 
burning fuel and account for possible secondary burning which can 
occur outside the room and thus outside the simulations in this work. To 
determine the heat release rate of the fires multiply F by an appropriate 
heat of combustion for the burning fuel. These parameters, rates of 
particulate emission and heat release, could be integrated into a larger 
atmospheric transport model such as WRF [43], Higrad [44], or 
Fast-Eddy [45] to capture the mass and energy source terms of fire and 
smoke to better simulate massive fire impacts on large scales.

5. Conclusions

This multi-lab effort describes a relatively unique set of large-scale 
crib-fire tests with relevance to the large-scale fire problem. Modeling 
and simulation predictions are shown corresponding to the tests, with 
the mass loss of the open fire being equivalent to the data by modifying 
the heat of pyrolysis of the wood. The model utility is illustrated for 
approximating large-scale parameters for smoke lofting and transport. 
The crib fire is also modeled in a partial enclosure with varying venti
lation. The extinction behavior of the model aligns reasonably well with 
extinction regimes based on the extinction parameter, suggesting the 
model incorporates sufficient physics to approximate vitiated burn 
conditions and crib response thereto. The work has implications for 
large-scale fire interrogation and represents progress towards the ability 
to address uncertainties in fire approximations needed to understand 
consequences of large-scale fires.
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