Flamescapes: Simulating the Wildlandfire Urban Interface

HELGE WREDE", Kiel University, Germany

ANTON R. WAGNER?, Kiel University, Germany
WOJTEK PALUBICKI, Adam Mickiewicz University, Poland
DOMINIK L. MICHELS, KAUST, KSA

SOREN PIRK, Kiel University, Germany

Fig. 1. An urban wildfire simulated with our framework: by leveraging a fuel-centric representation for modeling the environment, our method allows us to
simulate the combustion of vegetation and buildings, while considering several fire propagation mechanisms.

We present a physically based simulation framework for wildland—urban
interface (WUI) fires that couples material-aware urban scenes with inter-
active combustion simulation. Motivated by the dominant WUI exposure
pathways of direct flame contact, thermal radiation, and ember transport,
our framework combines heterogeneous solid combustion, radiative heat
transfer, ember transport, and explicit flame-front propagation. Urban scenes
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are generated from OpenStreetMap footprints using a procedural pipeline
that represents buildings as combustible 3D structures composed of semantic
atomic modules with material and fuel annotations. Building on a chemistry-
based hybrid Eulerian-Lagrangian fire solver, we model material-dependent
heating, conduction, pyrolysis, oxidation, fuel depletion, and ember gen-
eration. A hierarchical fuel graph couples semantic scene structure to the
solver’s solid fuel grid, enabling subcomponent-level mesh degradation. We
demonstrate structure-to-structure ignition, radiative preheating, material-
dependent burning, ember-driven spot fires, and validate the method through
ablations and comparisons to real-world combustion experiments.
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1 Introduction We procedurally generate 3D urban scenes from OpenStreetMap
Simulating re spread and combustion at the wildland urban in-  (OSM) [OpenStreetMap contributors 2017] data by converting build-
terface (WUI) presents signi cant challenges due to the complex N9 footprlnts, street layouts, vegetation, and grounq materials !nto
interplay of uid dynamics, thermodynamics, heterogeneous fuels, combustion-ready scene components. Because solid combustion re-
and the complexity of the urban layout. WUI res occur where quires buildings to burn as smaller material-dependent parts rather
natural vegetation meets human development, and their frequency than monolithic meshes, our pipeline represents buildings as se-
and severity have surged with expanding urbanization and climatic Mantic atomic modules with material and fuel annotations. These
extremes [Cunningham et a2025; Spyratos et 42007] the recent modules, together with vegetation elements, are organized into a hi-
Eaton and Palisades Fires in Southern California are testaments for €rarchical fuel graph that stores material properties, fuel mass, and
this threat. Driven by extreme winds and drought, these res burned combustion state, is voxelized into the solver's solid fuel grid, and
tens of thousands of acres, destroyed thousands of homes, and dis-Maps fuel depletion back to visible mesh updates. This coupling en-
placed hundreds of thousands of residents, marking them among ables material-dependent re structure interaction and progressive
the most devastating urban re disasters in U.S. history [CALFIRE Subcomponent-level burn-down in large-scale WUI scenes.

2025; FireRescue 2026]. While substantial progress has been made in !N Fig. 1, we demonstrate a large-scale WUI simulation where
modeling wild re spread across landscapes and fuels [Valdivia etal @Mes propagate from surrounding vegetation into a dense resi-
2026), existing approaches often abstract or omit detailed representa- dential neighborhood. Fire spreads across terrain, structures, and
tions of urban geometry, materials, and structure-level combustion. Streets, while embers ignite secondary res on rooftops and within
Furthermore, they cannot be used to generate high-quality visuals Urban lots. In summary, our contributions are: (1) an interactive
of urban wild res; however, accurately modeling the interactions ~WUI re simulation framework that extends a chemistry-based

of re and complex structures at the scale of cities also with a  hybrid Eulerian Lagrangian re solver with heterogeneous solid
focus on visual quality is critical for risk assessment, mitigation ~ combustion, radiative heat transfer, material-dependent conduction,

planning, and resilience strategies. ember transport, and explicit ame-front propagation; (2) a proce-
Computer graphics has made substantial progress in simulat- dural pipelineforgenergting cgmbustion-ready urban envir(_)nment_s
ing and rendering re, smoke, and turbulent uids [Kim et aR008; from OSM data, including buildings composed of semantic atomic

Nguyen et al2002; Nielsen et 22019; Stam 1999], but most methods modules with material and fuel annotations; (3) a hierarchical fuel
simplify combustion chemistry or focus on isolated e ects such as  9raph that enables mapping fuel consumption to subcomponent-
gaseous ames and visually driven re. Recent wild re simulations ~ 1€vel mesh degradation; and (4) a set of experiments showing street-
model vegetation combustion, heat transfer, and landscape-scale Scale WUI re behavior, including structure-to-structure ignition,
propagation with impressive realism [Hadrich et.&1021; Kokosza radiative preheating, material-dependent burning, and wind-driven
etal 2024; Liu et al2025], yet typically avoid the geometric and ma-  €mber spot res.

terial complexity of urban structures. Other graphics work addresses
related phenomena, including water, phase changes, multi- uid in-
teraction, and solid melting or burning [Braun et &025; Clavet 2_ Related Wor.k ] ) ]

et al 2005; Losasso et.&1006a,b; Mihalef et a2006]. However, Fire and combustion simulation has long been studied across com-
coupling reactive re dynamics with heterogeneous solid materials ~ Puter graphics, computational uid dynamics, and re science. Foun-

and complex urban geometry remains largely unaddressed. dational work in combustion theory and ow modeling is presented
In this work, we present a physically based simulation frame- in the texts of Merci and Beji [2016], Kroos and Potter [2014], Pe-
work for WUI res that couples combustion dynamics with multi- ~ t€rs [2000], and Bridson's introduction to uid solvers [Bridson

scale, material-aware modeling of buildings and vegetation. Our 2015]. Most re solvers model uid motion using incompressible
approach builds on an interactive chemistry-based hybrid Eulerian ~ ©F Weakly compressible Navier Stokes equations, typically dis-
Lagrangian re solver [Wrede et a2025] and extends it to WUI cretized via semi-Lagrangian advection and pressure projection
scenarios with heterogeneous solid combustion, radiative heat trans- schemes [Versteeg and Malalasekera 2007]. Realistic re behavior
fer, material-dependent heat conduction, ember transport, and ex- further requires coupling uid motion with thermodynamics and
plicit ame-front propagation. This combination is motivated by the chemical kinetics, where combustion reactions are commonly de-
dominant WUI exposure pathways of direct ame contact, thermal scribed using Arrhenius-type rate laws [McNaught and Wilkinson
radiation, and ember transport [Purnomo et.£024]. By explic- 1997] and the associated heat release is computed from thermo-
itly modeling heat exchange between gases and solids, as well as chemical principles [Schmidt-Rohr 2011].

pyrolysis, oxidation, fuel depletion, and ember generation in hetero- ~ Methods in Computer Graphics. In computer graphics, re and
geneous solid fuels, our framework captures street-scale re spread SMoke are typically simulated using grid-based CFD solvers [Brid-
across vegetation, terrain, and complex urban structures, including SOn and Muller-Fischer 2007], which can capture both laminar and
radiative preheating of facades, delayed ignition through thermal turbulent ame behavior [Hong et al2007; Nguyen et a2002; Stam

conduction, material-dependent structural burning, structure-to- 1999] and visually compelling smoke dynamics [Fedkiw e2801;
structure ignition, and ember-driven spot res. Pan and Manocha 2017]. A broad spectrum of techniques has been

developed, ranging from physically based combustion and ame
models [Nguyen et al2002; Nielsen et a2022, 2019; Pegoraro and
Parker 2006] to artist-driven and controllable methods [Aguilera
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and Johansson 2019; Kim et2017; Lamorlette and Foster 2002],

as well as particle-based approaches [Horvath and Geiger 2009].

Vorticity con nement [Bridson 2015] is widely used to enhance
visual detail in under-resolved turbulent regions. Another research
direction focuses on the integration of combustion dynamics with
reconstructed environments [Feng et 2025; Nazarenus et.&026;
Shen et al2026]. Despite this progress, many graphics systems
either simplify combustion chemistry, focus primarily on gaseous
ames, or treat solid fuels and the surrounding scene geometry in a
limited way.

Flamescapes: Simulating the Wildlandfire Urban Interface =~ 246:3

Fig. 2. Overview of the modeling pipeline: At initialization (solid arrows)
we use OSM building polygons and street center lines as input (a). We then
compute an SDF (b) for placing street and vegetation assets into the scene

Physics-based Fire Simulations. Physics-based re simulators aimg) ang procedurally generate 3D models of buildings with WFC and SSA

to reproduce underlying thermodynamic and chemical phenomena
governing combustion, typically incorporating convection, con-
duction, radiation, and nite-rate chemical kinetics [Merci and

Beji 2016]. Radiative heat transfer is often modeled via Stefan

Boltzmann-type exchange and can be approximated using tech-

niques such as ray casting to estimate radiative heating of nearby

algorithms (c). The scene is then hierarchically organized into a fuel graph
(e), meshed (f) and then voxelized to obtain a solid fuel grid (h) for our

combustion solver. To enable the element-wise combustion of buildings and
vegetation during simulation (dashed arrows) we update the durability (g,

1) and the fuel graph (2) to identify combusted mesh elements (3).

fuels [Stam and Fiume 1995]. Such approaches can produce realistic

ame behavior and energy distribution and are widely used in high-
delity visual e ects [Nielsen et al 2022, 2019; Pegoraro and Parker
2006] and robotics [Wagner et.£026]. However, these models are
designed for predictive, o ine simulation and may be too expensive
for interactive or large-scale scene-driven exploration common in
graphics work ows.

Combustion of Solids. Modeling the combustion of solids intro-

duces additional challenges due to phase changes, insulating char

visual and physical behavior. These advances are highly e ective for
forest and vegetation-dominated scenarios, but do not support urban
wild res. Appx. A.1 summarizes the scope of state-of-the-art re and
wild re solvers and shows how our framework di ers by coupling
interactive WUI re simulation with procedural combustion-ready
urban modeling, semantic fuel decomposition, heterogeneous solid
combustion, and subcomponent-level mesh degradation.
Procedural Modeling of Urban Landscapes. Procedural modeling

layers, and geometry-dependent heat transfer. Several methods Provides a natural foundation for building large, heterogeneous

leverage volumetric grids to track disconnected re fronts [Liu
et al. 2012, 2009; Melek and Keyser 2002; Zhao .€2G03] and

re spread across surfaces [Chiba et 4B94]. Hong et al. [2010]
model combustion under complex geometric constraints, while Pirk
et al. [2017] focus on burning geometrically complex plant mod-

urban environments that can be paired with physically based sim-
ulation. Early work such as Parish and Miller's procedural mod-
eling of cities [Parish and Mdller 2001] demonstrated how road
networks, parcels, and building placement can be generated from
high-level constraints. For architecture, Muller et al. [2006] intro-

els. Stomakhin et al. [2014] propose a point-based heat transfer duced grammar-based building generation that remains founda-

approach for melting and solidi cation, though without real-time
interaction and di usion at scale. More recently, Liu et al. [2025]
incorporate signed distance elds for e cient surface queries and
to model insulation e ects caused by char layers, enabling more
general wooden structure combustion.

Wild re Simulations. Wild re modeling has a long history in
the re science community, with solvers that span empirical and

tional for urban content creation pipelines. A broader overview
of procedural world building techniques is provided by Smelik et
al. [2014], covering terrains, roads, vegetation, and city-scale mod-
eling with an emphasis on controllability and interactivity. More
recently, Niese et al. [2022] introduced procedural placement models
for vegetation in urban layouts. These works motivate data-driven
and procedural pipelines for constructing urban scenes with control-

physics-based approaches. Widely used tools include the Fire Dy- lable structure and semantics a prerequisite for WUI simulation

namics Simulator (FDS) [McGrattan et &025a,b] and wild re-
oriented systems such as WFDS [Mell et2007], WRF-Fire [Coen

et al 2013], CAWFE [Coen 2013], ABWISE [Katan and Perez 2021],

FIRETEC [Linn et aR002], OpenFOAM [Lapointe et.&020], and
QUIC-Fire [Linn et al2020]. Neither of these focus on computer

where urban geometry, materials, and land use patterns crucially
a ect re spread and ember exposure.

3 Overview
Figure 2 summarizes the pipeline from procedural urban modeling

graphics applications nor interactive simulations. They also do not to coupled combustion simulation. Our goal is to represent the same
provide any means for generating buildings or environments and environment both as renderable geometry and as simulation fuel.
only have limited capabilities for integrating geo-referenced data. To this end, we organize buildings, vegetation, and ground elements
Bakhshaii and Johnson [2019] review trade-o s between physical into a hierarchical fuel graph that stores material properties, fuel
accuracy and computational cost across these families of approaches.mass, and combustion state at multiple semantic scales. This graph
In computer graphics, recent work has pushed physically based wild- is voxelized into a solid fuel grid for heat transfer and combustion,
re simulation toward interactive rates and improved geometric ~ while remaining linked to the original mesh components so that
delity. Fire in Paradise [Hadrich et al2021] introduces mesoscale  fuel depletion can drive visible burn-down.
wild re simulation over detailed vegetation geometry, while Scin- Starting from OSM building footprints and street centerlines, we
tilla [Kokosza et al2024] models combustible vegetation with rich  construct a two-dimensional signed distance eld (SDF) to classify
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roads, sidewalks, driveways, and vegetated regions, and place vege-
tation and urban assets to create heterogeneous fuel distributions.
In parallel, we generate combustion-ready buildings from each foot-
print. Since solid combustion acts on smaller structural elements
with distinct materials and burn behavior, we use Wave Function
Collapse (WFC) to synthesize wall modules and the Straight Skeleton
Algorithm (SSA) to generate roof modules, producing buildings as
combustible subcomponents rather than monolithic surface meshes.
The resulting modules are assembled into the fuel graph, where
atomic elements are grouped into larger semantic components such
as wall sections, roofs, and buildings. At initialization, the graph
is voxelized into a solid fuel grid aligned with the Cartesian sim-
ulation grid, providing the material-dependent state required for
conduction, pyrolysis, oxidation, and solid gas heat exchange. Dur-
ing simulation, updated voxel fuel states are mapped back through
the hierarchy using per-module durability updates, allowing indi-  Fig. 3. We procedurally model urban scenes from OSM data and based on
vidual mesh components to be damaged or removed as they burn. a combustion-ready representation. With our framework we can generate
The gas phase builds on the chemistry-based hybrid solver of urban scenes that resemble real geographic locations. Here we show top-
Wrede et al. [2025]. We couple this solver to the solid fuel grid down views (a, b) of urban scenes, and close-up renderings of houses (c, d).
through heat and mass exchange: solid combustion depletes fuel,
releases heat, injects gaseous products, and emits embers, while
the gas solver transports heat and species. We leverage the hybrid distance eld, which classi es roads, sidewalks, driveways, and veg-
approach to propagate ame fronts and ember partides through the etated areas. Vegetation is placed in suitable regions USing Poisson
scene. Radiation is modeled with rays and coupled to the Eulerian disk sampling to control density and avoid overlap. Together, these

simulation. We furthermore link solver-side combustion to visible ~ Steps produce material-annotated urban scenes whose building el-
subcomponent-level destruction. ements can be inserted into the fuel graph and later removed or

damaged independently during combustion. Figure 3 shows exam-
ples of generated environments. Further details on the WFC and
4 Methodology SSA are provided in the supplementary material.

In this section, we describe the components of our WUI framework, o
beginning with the procedural modeling and hierarchical organi- 4-2 Organization of Fuel
zation of urban scenes into a fuel graph, followed by the details of To e ciently represent complex urban environments for re simula-
our combustion dynamics with material speci ¢ solid combustion, tion, we introduce a hierarchical organization of scene geometry to
radiation, conduction and embers. represent fuel, that we refer to as fuel graph. At the lowest level, all
buildings and urban elements are decomposed into atomic material
) modules that represent units of combustible matter. Each atomic
4.1 Procedural Urban Scene Modeling module encodes physical properties such as material type, density,
We procedurally generate combustion-ready urban scenes from molar mass, thermal conductivity, speci c heat capacity, and Arrhe-
OpenStreetMap building footprints and street centerlines by con- nius parameters for combustion and pyrolysis. They serve as the
verting buildings, ground, and vegetation into material-aware simu- smallest resolvable unit of fuel within the simulation. The numerical
lation inputs. Since our solid-combustion model operates on smaller values assigned to each atomic module are summarized in Tabs. 4, 3,
material-dependent components, buildings are represented as collec-and are de ned using representative room-temperature material
tions of atomic modules rather than surface meshes. Wall segments properties. We manually assign the material properties (wood, steel,
are discretized into 2D grids and assigned structural or facade states, stone, etc.) to object classes (walls, roofs, vegetation, etc.) prior to
such as studs, beams, windows, and doors, using WFC [Alaka and the simulation.
Bidarra 2023; Karth and Smith 2017] with adjacency constraints  The atomic modules are aggregated into higher-level semantic
that enforce plausible architectural layouts. The WFC rules and structures that correspond to meaningful architectural components,
the placement of structural elements are based on o cial building  such as studs, beams, walls, oors, and roof assemblies. An illustra-
codes [International Code Council, Inc. 2020]. WFC is a popular tion of a fuel graph describing the hierarchical relationship between
procedural content generation method for synthesizing structured modules is shown in Fig. 4. For example, individual material blocks
scene layouts and we use it as an approach to obtain combustion- may be grouped to form steel beams (Fig. 4b, d) or wooden studs,
ready building components from footprint geometry. Roofs are shingles are aggregated into roof sections, and wall layers are sum-
generated separately with the SSA [Aichholzer and Aurenhammer marized into composite wall elements (Fig. 4a, c, e). At each level
1996; Cheng and Vigneron 2007] by extending footprints to form of the hierarchy, aggregated nodes maintain physically meaningful
overhangs and deriving roof elements such as rafters and shingles. summaries of their constituent modules, including e ective fuel
The surrounding urban environment is represented with a 2D signed mass, surface area, thermal properties, and combustion state which
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we retrieve from literature (Appx. A.3). In addition to buildings, veg-
etation is discretized directly into the volumetric fuel grid, where

plant geometry is voxelized into combustible solid cells with ma-
terial properties corresponding to the vegetation type, enabling
uniform treatment of building and vegetation fuels for combustion.

4.2.1 Transforming Scene Geometry into the Solid Fuel Grid. The

combustion solver operates on a uniform Cartesian solid fuel grid

aligned with the Eulerian simulation grid, with cell siz& . Each

voxel stores gas composition (species mass fractions), solid composi-

tion (material volume fractions), and the corresponding thermophys-

ical parameters required by conduction and reactions (Appx. A.3). A

voxel is treated as solid if its total solid density exceeds a threshold,

where solid density is computed from the stored solid volume frac- Fig. 4. Organization of fuel: To e iciently represent complex urban envi-
tions and the per-material densities. In other words, the occupancy ronme_nt_s for combustion dynamics, we use a hierarchical data structure
ag is derived from composition rather than stored as an indepen- for buildings that we refer to as fuel graph (f). At the lowest level, we use

. S . atomic modules (a,b), which represent the smallest resolvable units of com-
dent label. A voxel is treated as a porous solid if the density exceeds . : . : .
. bustible material and encode physical and thermochemical properties. The
a smaller threshold, but stays below the solid threshold.

. ) . . . atomic modules are aggregated into higher-level wall panels and studs (c,d),
The scene geometry is written into the solid fuel grid once, before ¢4 responding to semantically meaningful architectural components. At

the simulation starts. We rst reset all grid elds to zero. We then e next highest level, these components are combined to form a complete
process the full set of instanced scene meshes, including building wall (e) and at the highest level entire houses (not shown). A fuel graph en-
modules and vegetation instances. Each mesh already has a materialables physically meaningful aggregation of thermal properties and enables
identi er assigned during procedural generation. This identi eris  fire-related queries such as heat transfer, ignition, and mass loss to be
mapped to one of the material classes used by the combustion solver. €valuated at multiple semantic and spatial resolutions.

For every voxel, we estimate how much of the voxel volume is
occupied by each material. This is done by casting a xed number of

. . this voxelization step is a set of per-material volume fractions for
rays through the voxel [Ling et aR025], with# = 64 by default. The P P

; . . every voxel: c
rays are placed using a low-discrepancy sampling pattern [Ahmed Iy .
et al 2025] so that their origins are evenly distributed over the ig= 1’/;:_1’8"*. (1)
voxel faces. Each ray then travels inward along the normal direction A=13A

of the selected face. As a ray passes through the voxel, it records where# is the number of rays per voxelg.ais the accumulated
where it enters and exits mesh geometry. At each surface crossing, length of rayAinside materiaBand3a is the side-length of the voxel.
the ray switches between being outside and inside solid material. ~ Moisture content is added as a linear correction based on the
The segment lengths for which the ray is inside a material are amount of dense (e.g. wood) and sparse (e.g. leaves) biomass in the
accumulated separately for each material class. For example, if a ray VOXel, since these materials represent the main moisture-carrying
passes through wood for part of its path and then through glass for ~ fuels.

another part, the corresponding wood and glass lengths are added i <>8BCDAZ A8 1 dense, ABI sparse 2

to separate totals. Back-face hits outside of the voxel imply a fully where/A andAs are the dense and sparse biomass moisture ratios.
contained solid voxel, while front-face hits imply an empty voxel. These volume fractions are then converted into mass fractions using
The material at each hit is obtained from the material identi er of  the density of each material. After this conversion, each voxel con-
the intersected mesh instance. After all rays have been processed,tains the material volume fractions, moisture contribution, and de-
the accumulated in-material ray lengths are divided by the total rived properties required by the combustion solver. Thermophysical
ray length inside the voxel. This gives an estimate of the volume parameters are then evaluated directly from the resulting per-voxel
fraction of each material in that voxel. material compositions.

In our scenes, foliage is frequently represented by thin billboard
geometry, which has no physical thickness. Without correction, such
leaves would contribute almost no solid volume to the fuel grid. To
avoid this, when aray intersects sparse biomass, we add an arti cial
solid length controlled by a con gurable leaf-thickness parameter
X. This gives foliage a nite e ective fuel volume. Furthermore, o .
some meshes are not watertight. In such cases, a ray may encounter the re load (.je.nsny in MJnif, and let be the building pogarea.

a back-facing surface outside the voxel and incorrectly change its For eac_h bw_ldlng, we r;t sample a total re load dens@ f’O”?
inside outside state. To reduce this error, back-face hits beyond the reS|_dent|aI dls_trlbutlon [Dolev et al2021] and the material
the voxel extent are checked with a reverse-direction ray query properties ‘?f the |ndoor content [Johra 2021], and compute the
against the same instance. This validation prevents such hits from corresponding total available combustion energy

incorrectly classifying empty space as solid material. The result of & = @0 " 3)

Modeling of Interior Fuel. As we do not aim to model the interior
layout and furniture con guration of houses, we cannot meaning-
fully represent the distribution of fuel load with atomic modules.
Therefore, we statistically model interior fuel distributions based on
empirically measured residential re load densities. l@Pdenote
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Fig. 5. Combustion Dynamics: Overview of our solid-gas combustion solver. Solid fuels (b) are represented on a volumetric solid fuel grid (a) and evolve
through pyrolysis and solid combustion (Sec. 4.5), producing embers and gaseous fuels (c). Gases are represented as a gas fuel grid used for gaseous combustion
(Sec. 4.4) and flame-front propagation (Sec. 4.7). Thermal evolution (d) couples solids and gases via advection (Sec. 4.3), conduction (Sec. 4.9), convection, and
radiation (Sec. 4.6), while chemical evolution (e) is handled through advection and di usion. Particle-based embers (b, Sec. 4.8) provide a discrete transport
mechanism across the domain, and the resulting fields are passed to the volumetric fluid renderer (f, Sec. 5.2) for each update step.

We convert this energy into an equivalent solid fuel mass using deliberately set at a lovg = 0'05. This largely avoids res origi-

an e ective net heat of combustion, & for mixed residential
contents,

= @
" 1 represents the total initial combustible mass assigned to the
building interior.
We distribute" 1 stochastically over interior solid cells. Lég
be the set of interior solid voxels for building, with #, = jl 1j. We
de ne a per-voxel fuel mass random variabte .c(in kg per voxel)
and model interior heterogeneity by sampling

<1c NT gef2e  C 24" (5)
We choosé "1+ f1° per building such that the expected total mass
matches the re load implied mass and the variance is bounded by
the reported spread of residential re loads. Concretely, we constrain
“1 =" 1#, by the mass budget and skt as a building-speci c dis-
persion parameter derived from the empirical variability in D°lev
et al [2021]. The resulting discrete eld<.® of sampling fuel
masses is mapped to the solid fuel grid as the initial remaining fuel
mass for interior cells, providing per-building variability in total
fuel load consistent with measured residential re loads.

After the hierarchical fuel graph has been constructed and all ma-

terial properties and aggregate fuel quantities have been assigned,

the entire scene is discretized into a uni ed volumetric fuel grid. The
combustion solver then updates this grid over time to model heat
transfer, ignition, and fuel mass loss. To synchronize the rendered
building meshes with the evolving voxel fuel state, we compute a
per-module durability scalar from the fuel grid. For each atomic
module (or each higher-level aggregate node in the fuel graph), we
precompute a maximum durability max as the sum of the mod-
ule's combustible fuel mass stored in voxels. During simulation, we
recompute the mass sum to obtain the current durabilit°. If

1CO Y g max With a xed thresholdg, the corresponding mesh
instance is agged as destroyed and removed from rendering (and
from subsequent durability tests). The destruction threshgli
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nating from the fuel grid where the mesh has already been deleted.
Furthermore, a small fade-out (alpha reduction) is added to reduce
visual popping from disappearing meshes. This durability test does
not a ect combustion: it is only a visibility value derived from the
voxel fuel grid.

4.3 Fluid Dynamics

An overview of our combustion model is shown in Fig. 5; the symbols
and their respective units are shown in Appx. A.4. The simulation
domain is discretized on a staggered Cartesian grid. Velocity com-
ponents are stored on their respective cell face, while all other quan-
tities are collocated at the cell center. Gas-phase quantities include
velocity and chemical species mass fractions, while solid-phase cells
store material volume fractions. The density and thermodynamic
properties (temperature, heat capacity, thermal conductivity) are
stored for each phase separately. Both phases are coupled through
boundary uxes and source terms. The di erent phase properties
are denoted by the subscripgsfor gas ands for solid.

Modifying the model proposed by Wrede et al. [2025], the gas ow
is described by the Navier-Stokes equations with buoyancy e ects
and thermal expansion incorporated via an equation of state that
couples density and temperature according to Nielsen et al. [2022]:

! o<1

Cc T ds (©)

whereu is the velocity eld, dg is the gas density? is the pressure,
g the e ective gravity vector, anddp<; the reference density (e.g.
air at ambient temperature and pressure). Gas density temperature
coupling is then addressed with
& 1
ds =damb ) 6 .._8 ¢
g=0 8
where. gis the mass fraction of speciésthe universal gas constant,
) 6 the gas temperature and g the species speci ¢ molar mass.
This formulation is appropriate because re-induced and wind-
driven velocities in our scenarios remain in a low-Mach-number

u r?

7



regime where high-speed compressibility e ects are negligible. The
dominantin uence of combustion onthe ow arises from temperature-
driven buoyancy and expansion. Since re spread, heat transfer, and
ember transport are governed primarily by advection and thermal
e ects, this formulation captures the relevant physics of con a-
grations while enabling computational e ciency and high visual
delity.

To model di erent types of solid structures, we introduce two
types of solid-phase voxels. Solid cells, which fully block the ow of
gases and porous cells, which only partially block gas ow. The state
is determined by the amount of mass within the voxels. This allows
us to model the gas ow interacting with vegetation structures
that can not be resolved by the grid, without starving small air
movements. The solid state is enforced with a Dirichlet boundary
during the pressure projection step while the porous state uses an
upper velocity bound.

Our hybrid, Eulerian-Lagrangian representation allows us to store
and advect various di erent properties. All gas and solid properties
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are stored on the grid. Flame-front particles are represented by a po- ig 6. visualizations of a burning tree (), our ray-based radiation (b) as

sition, velocity and temperature. Ember particles carry mass as well.
Radiation rays only propagate thermal energy. For the spawning
of and sampling between particles, rays and the grid, each particle
or ray only interacts with one cell at a time, avoiding the need for
interpolation.

4.4 Gas Combustion
Solid and gas temperatures evolve similarly. The solid and the solid-

well as of particles for flame front propagation (c) and embers (d). Notably
radiation is capable of transporting heat downwards and laterally but falls
of quickly and is blocked by occluders, while the flame reaches primarily
upwards. Flame front particles allow us to maintain a coherent flame shape
which remains a ached to the burning tree, even at low grid resolutions.
Ember particle are more sca ered and transport energy across larger dis-
tances and behind occluders.

gas interface progression are described in the next sections. For the teym (Eq. 15). For details on the solid pyrolysis and combustion, see

gas, we add a volumetric radiation term

d m—)Szr L g 6 r@ @ (8)
6 267 “el 6 rad , 6

where 1. is the speci ¢ heat capacity of the mixtureg is the
mixture dependent thermal conductivity@a oz is the volumetric
radiation (Egs. 17) ands is the combustion heat source in the

Sec. 4.5.
The gas combustion species source term was left unchanged and
is modeled by
B.d@ s
ds
in which @ denotes the stoichiometric coe cient for species 8.

Q5= (12)

gas phase (Egs. 9). Volumetric radiation losses depend on local soot

concentration. Emission and absorption are handled separately.
We keep the gas combustion heat source term and combustion
rate from Wrede et al. [2025]:

@6= 26 ‘Bug ©)

with 5.5 9 for the heat of combustion ang.gas the combustion
rate. The combustion ratB.sis given by an Arrhenius-type expres-
sion

o= 2o "2 23

in which ,.is the pre-exponential factor, andy.2.sthe activation

energy for gaseous combustion. The molar concentrations of fuel

and oxidizer 2 and 2 are raised to empirical exponents 0 and 1.
The chemical species evolution is modi ed to:

2.6EXP (20)

Mg
me
where. g is the mass fraction of speciés gthe species specic
di usion coe cient, %.sa gas combustion source term (Eq. 12),
g4.ga novel solid evaporation source termi,.za novel solid pyrol-
ysis source term (Eq. 14), argb.ga novel solid combustion source

_ 2
r. 8= g %8, 926, Qa8 928, Q2.pr  (11)

4.5 Solid Combustion

We extend the aforementioned method with a solid combustion
model, in which solid fuel is represented by material-speci c volume
fractionsi g stored in each voxel cell and a local solid temperature
) - The speci ¢ heat capacity and thermal conductivity as well as
the density are derived from the composition within the cell. The
temperature progression is described in detail in Sec. 4.9. The solid
density s and speci ¢ heat capacity ».gare given by

o= i s poLe ne,

8=0

wheredgis the material speci ¢ density and».gthe material speci ¢
heat capacity. The thermal conductivity is determined analogous to
the speci c heat capacity.

Combustion proceeds in three stages: (1) evaporation of any mois-
ture, (2) oxygen-limited pyrolysis, which converts solid fuel into
gaseous pyrolysate, and (3) oxidation of solid char (or remaining
fuel) in the presence of oxygen. All three stages couple back to the
gas through mass source terms for species as well as through heat
release and consumption.

(13)

2B= =
g=0l 8
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