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ABSTRACT

Heterogeneous material combustion presents several difficulties to computational simulation. These difficulties
correlate with the complex phenomena observed during a fire containing laminated epoxy carbon fiber-filled
composites. Among these are non-trivial thermal and gas transport within/between composite layers and the
surrounding gas phase as well as chemical degradation of composite materials, including smoldering which can
persist for periods of several hours. In this paper, we describe a new approach to modeling burning and thermal
transport in carbon fiber-filled epoxy laminates via an ensemble of thermally interacting, chemically reacting
Lagrangian particles. These particles are arranged in conformations consistent with individual layered composite
laminate pieces. The particle ensemble represents the topology of a pile of composite rubble where thermal
conduction occurs within and between layers, a function of the particle positions, sizes, and constituent material
properties. Particle reactions proceed according to selected chemical mechanisms resulting in enthalpy, mass, and
momentum transfer between the particle and gas phases as well as thermal transport between neighboring particles.
Here we present the results of a small set of example scenarios and discuss the efficacy of this approach. We briefly
discuss coupling of this capability to a Volume of Fluid approach for mixed phase (liquid, gas, solid) combustion
for scenarios with both liquid and solid combustibles.
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1. INTRODUCTION

Laminated composite materials, due to their superior strength to weight ratios, are now commonly used in a
variety of aerospace applications. These materials are regularly fabricated in layered conformations composed
of carbon fiber-filled epoxy bound with various binders. They can experience novel thermal and chemical
behaviour in diverse accident scenarios due to their complex structure and material constituents. Particularly
challenging is the fact that the epoxy can respond to high heat fluxes and/or temperature by reacting to evolve
gas species which may themselves be combustible. Additionally, embedded carbon fibers and char from
combusted epoxy can continue to smolder through slow oxidative processes for hours. The evolution of the
burning process is highly dependent on the geometric configuration of rubble as well as environmental
conditions. This has been observed through a series of composite fire tests performed over the last several
years at SNL [1-6]. SNL is not alone in its interest in combusting laminated composite materials, and a number
of other researchers have investigated the process [7-17].

Most recently, a concern has been raised for scenarios in which an aerial vehicle accident results in composite
rubble partially or wholly immersed in residual liquid fuel. In such cases, at least three distinct material phases
are present: a gas or fluid phase of air and evolving/combusting gases, a liquid fuel phase, and a solid phase
composed of composite rubble material, though other solid phase materials may also be present.
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To facilitate investigation of composite combustion, researchers at SNL have begun using computational
models of composite material fires, utilizing experimental test results to validate these models. SNL Sierra
developers have implemented these models within two primary codes, Sierra low-Mach module Fuego which
is the primary CFD tool used for low-Mach laminar or turbulent reacting flow cases (combustion, etc.) and
Sierra multi-physics module Aria, the principle code used for thermal transport, organic material
decomposition, energetic materials, and a variety of other physics applications. Specific composite material
combustion models vary in thermal and chemical description, and SNL has tested a set of variants, including
a continuum model of the burning material within Aria loosely coupled to a CFD fluid region in Fuego. A
second model utilizes a simplified 1D composite fire boundary condition completely within Fuego [18, 19].
Uncertainty quantification and verification/validation have been integrated into the evaluation of these models
throughout this process via a suite of computational/experimental studies [1-3, 18, 20-22].

Each of the approaches described above has advantages, but both lack the ability to readily simulate the
scenario of more recent interest, a geometrically complex burning pile of composite rubble in a pool of liquid
fuel. In response to this need, we have designed and implemented a novel reacting composite material
approach utilizing Fuego's native Lagrangian particle capability. In this scheme, composite bars are modelled
as layers of chemically reacting, thermally interacting particles, coupled to the background fluid (gas species)
through mass, momentum, energy, and species transport equations. This approach enables a full three-
dimensional description of composite material combustion including chemical reactions and thermal and gas
transport. Despite this, solid combustion remains an incredibly complex process, especially for materials like
laminated composites. This new capability is meant to aid in modelling laminated composite combustion,
though the complexities of thermal and fluid transport as well as the complex chemistry involved remain
significant challenges.

We present here the details of this model as well as the results from a selection of demonstration scenarios.
While these examples are intended to demonstrate the capability, they are not parameterized to a particular
composite material or fire scenario. In each case, a sufficient number of Lagrangian particles has been used
to highlight the coupled processes of inter-particle thermal conduction and particle-level chemistry. In a
realistic scenario, one would use a much larger number of Lagrangian particles as well as empirically
determined chemical mechanisms and thermal properties.

2. COMPUTATIONAL MODEL

2.1 CFD and thermal radiation transport

Sierra low-Mach module Fuego provides a CFD capability for modelling laminar or turbulent reacting flows.
It has been demonstrated for gas phase combustion at a variety of length and time scales, and has been applied
over a wide range of low-Mach CFD applications [19, 22-25].

A Lagrangian particle capability is also available in Fuego which includes particles of a variety of types (tracer,
heated, inertial, wildfire, evaporating, etc.) for transport within the fluid domain. This capability has enabled
simulation of wildfire spread, evaporating particles, aluminium propellant combustion, contaminant transport,
etc. Fuego utilizes a loose coupling mechanism for fluid and particle regions where execution of specific
physics algorithms and transfer of relevant source terms between the Eulerian fluid region and Lagrangian
particle regions is managed. Such transfers include species, mass, energy, and momentum terms.

Fuego also supports radiative heat transport through legacy Sierra radiation heat transport module Syrinx as
well as more recently through RAMSES Scefire and open source low-Mach code Nalu through an MPMD
(multiple program multiple data) approach. The participating media radiative transport provided by these
codes uses the discrete ordinates method (DOM) of angular discretization. Radiative transport includes both
fluid and particle terms.
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2.2 Reacting, thermally interacting particles

Recently, a general chemistry capability has been adopted in Fuego to facilitate solid and solid/fluid phase
reaction models at the particle level. We will not exhaustively describe this chemistry mechanism in detail
here, only to say that Arrhenius type reaction forms can be specified which involve both particle and fluid
species.

Historically, Fuego Lagrangian particles have not interacted with each other in an explicit manner, though they
have indirectly interacted through coupling to the fluid. Over the last few years, a capability for handling
particle momentum/force interactions has been implemented and demonstrated for droplet breakup in a
crosswind [19,26] using a modified Lennard-Jones type force field. For the current study, we have enhanced
this capability by implementing a mechanism to handle thermal interactions between neighboring particle
pairs.

Fuego Lagrangian particles are idealized as spherical particles with a single length scale, the diameter. Particle
position and velocities within the mesh are tracked. For chemically reactive particles, we also monitor the
particle temperature and constituent material components in terms of material mass fractions. In regards to the
thermal conduction between particles, we idealize this process as binary; that is, heat is seen to be transferred
from pairs of particles in near contact as shown in Figure 1. From a knowledge of particle material properties
and temperatures, one can calculate a pairwise thermal conduction in the following way:

Fig. 1 Particles a, b of radii Ra, Rb, with center-to-center separation d, in thermal contact at a circle with
radius Re and contact area Ae.

In Figure 1, two particles (a, b) of radii Ra and Rb , respectively, are at a center-to-center separation d in
thermal contact along a circular region with overlap radius Re and area Ae. This contact circular area is
located a distance x from the center of particle a. From simple geometric arguments we find:

and:

d2+Raz_Rb2

X =
2d

Rc2 = Ra2 ,x2 Ac = Trim

The thermal conduction rate between these particles can be described as:
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Ac(Ta-T b)
Pa,b = d-x + x

kb ka

Where ka, kb are the thermal conductivities and Ta,,T1, the temperatures of particles a and b, respectively.

Note that in the limit Ra << Rb, we have d •=zi Rb, x =•--- 0, and:

Pa,b '' Rb

kbAc(Ta-T b)

indicating that thermal conduction is dominated by particle b (and material b). In the other limit, that is,
Ra » Rb, we have d •=zi Ra, x •=zi Ra, and:

P a,b .."
Ra

kaAc(Ta-T b) 

so that thermal conduction between the particle pair is principally through material a.

(3)

(4)

(5)

Fuego solves the equations of motion (trajectories) for reacting, thermally interacting Lagrangian particles
through a standard ODE solver in a monolithic sense. Several standard ODE solvers are available including
standard CVODE, LSODE, and a variety of Runge-Kutta methods. Since particle equations of motion are
solved one particle at a time, a user must make certain that a sufficiently small timestep is used to resolve the
thermal conduction between particles. The position, velocity, temperature, and species constituents are all
solved simultaneously through the ODE solver. Particle equations of motion can be solved at a finer
timescale than the CFD fluid equations, which can be important for particles experience fast chemical
reactions as is often observed in Arrhenius style reaction mechanisms.

For the current application, that of a rubble pile of composite plates resulting from some accident, we have
chosen to represent the pile as a geometrically arranged collection of individual plates or bars. These bars
are composed of an ensemble of composite particles in close thermal contact residing in layers. Heat
conduction is not allowed between different bars, and it is reduced by a constant factor through neighboring
layers within the same bar. Bars are arranged in a random orientation with respect to each other, as one
might expect from an accident scenario.

Figure 2 below shows an example particle configuration composed of two bars, each with three layers.

Fig. 2 Composite particle example with particles arranged in two neighboring bars, each composed of 3
layers. Here, size indicates bar in which particle is found, with layer indicated by color. Particles in same bar
and layer have full thermal conduction. Those within same bar but neighboring layers have reduced
conduction. Particles in different bars have no thermal conduction.
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Analysts initialize these particle simulations by specifying particle location, size, temperature, bar and layer
identification, chemical mechanisms, material properties, and fluid volumetric and boundary conditions.
Particles are initialized with mass fraction based composition with specific particle materials for which
various properties are defined, including density, specific heat, thermal conductivity, absorptivity, surface
tension, film Prandtl number, etc. Composite particles are fixed in space for these examples.

3. SIMPLE EXAMPLE

For demonstration purposes, we have created a simple configuration of 34 particles in thermal contact and
without any active chemical reaction mechanisms. This case demonstrates the thermal conduction as a
function of bars and layers. The initial particle configuration including position, bar and layer identification,
is shown in Figure 3 (left). Each sphere corresponds to a single particle, and the size of the sphere indicates
the bar in which the particle lies (1 to 3). Particles lying within bars 2 and 3 are shown connected by lines for
clarity. The color of each particle indicates the "layee number. Thus, the entire lower-left branch, central
particle, and the first 6 particles of the lower-right and upper branch all lie within the same bar and layer (1,1).
Initial temperatures for each particle are as labelled beside each particle (300K and 800K). The upper branch
contains particles residing in two other bars (2 and 3) in the same orientation as bar 1, and close enough for
thermal contact. As stated above, no direct particle heat conduction is allowed between particles in different
bars. The lower right branch contains 5 particles that lie in bar 1 but increasing in layer number (2 to 6). For
these particles, direct heat conduction can occur but at a reduced value to that within the same layer. For this
example, the thermal layer reduction factor is 0.2.

Thermal contact is maintained between the particles by using a linear expansion factor for the diameter of 1.2.
This is necessary for all such thermal contact where particles are normally placed no closer than 1 diameter
apart, which would make their unmodified contact area be identically zero (see Eqs. 1 and 2). As a
consequence of this expansion factor, there is a slight difference between aerodynamic (drag) and thermal
diameters for particles.

All particles used in this idealized case are composed of a single material. Particle and material properties are
listed in Table 1.

Table 1 Particle and particle material properties used in demonstration example 1

Particle Property Symbol Value Units
diameter d 0.02 m
density p 1779 kg/m3

specific heat Cp 866 J/kg•K
absorptivity a 1.0
viscosity v 100 Pa • s

thermal conductivity k 50.0 W/m•K
surface tension G 1000.0 N/m

film Prandtl number Prfilm 1.0

The fluid domain is a 50cm x 100cm x 50cm region initialized with an atmosphere composed of 23.3% 02 and
76.7% N2 at Ti = 300K, lower and side walls at T wall = 300K and upper open boundary also at Topen = 300K.

A timestep of 0.3s is used over the duration of the simulation, which extends to 500s.
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Fig. 3 Simple interparticle conduction example. Left - initial particle temperatures shown. Right - particle
temperatures after t = 25s. Bar # represented by size, Layer # by color, T as indicated. For clarity, particles
within bars 2 and 3 are shown connected by lines.
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Fig. 4 Simple interparticle conduction example. Left - particle temperatures shown at t = 250s. Right -
particle temperatures after t = 500s. Bar # represented by size, Layer # by color, T as indicated. For clarity,
particles within bars 2 and 3 are shown connected by lines.

Figures 3 and 4 demonstrate several important aspects of interparticle thermal conduction using this model. First,
by comparing conduction through the three branches, one can readily see that conduction through the lower-left
branch where all particles are within the same bar and layer proceeds unimpeded and faster than either of the other
two branches where this is not the case. Second, conduction does proceed, albeit at a slower rate, through the
lower right branch in which particles at the end of the branch lie in different layers. Finally, inter-particle
conduction in the upper branch is eliminated across bar boundaries. Particles in bars 1 and 2 do heat up slightly
due to indirect thermal coupling via heating of the background fluid by nearby particles. As a result, we see
particles in bar 2 at around 307K at late times, and particles in bar 3 at approximately 302K at late times, while
particles in bar 1 on this branch are at nearly 339K.

These results are consistent with the thermal transport mechanism we have described in the model section. During
implementation of the thermal conduction model, a number of simpler verification tests were performed to verify
the correctness of the interparticle thermal transport mechanism, but for space we omit those results here.

4. SINGLE LAYER OF REACTING PARTICLES

In this next example, we demonstrate the use of a particle chemical reaction mechanism in tandem with
interparticle thermal conductivity. For this case, a single bar/layer composed of 9801 monodisperse particles of
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size d = lcm (square 99 particles on a side) are placed horizontally at a position 10cm below the vertical center of
a lm x lm x lm cubic domain. The particles are all initialized at Tp,, = 300K. The volume of the cube is initialized
with a fluid temperature of Tf,i = 800K, with gas mass fractions of Y(02) = 0.2314, Y(N2) = 0.7686. The lower
boundary is a fluid inflow at Tipflow = 800K and identical gas mass fractions with a z-velocity (upward) of 1.0 m/s.
The vertical sides of the domain are isathemial walls held at a constant Twall = 800K. The top surface is an open
boundary with a fixed temperature of 800K and the same gas mass fractions as already stated which allows outflow
of evolved gases. Figure 5 shows a snapshot at t = 16s for this configuration. Particles are illustrated as a horizontal
layer of spheres, which at t = 16s are in the approximate range Tp = 550K - 650K. Three cut planes are also shown
at y = 0, and z = +0.3m. Arrows indicate and are colored by fluid velocities.

The chemical mechanism for the particles is defmed as an Arrhenius form, converting particle species A to particle
species B and gas phase CH4 through the reaction mechanism:

A 0.5B + 0.5CH4

The rate follows an Arrhenius form with a rate ci) (moles/m3s) of:

co = f exp (— RE Ta)

Where the reaction prefactor f = 3.33.1015 (moles/m3s), activation energy Ea = 2.2614-105 J/mol, and R the ideal
gas constant 8.314 J/mol•K

Particle material A is identical to that used in the previous example, and particle material B is similar to A with
the following changes: Cp = 936.4 J/kg.K , a= 0 N/m , and Prfilm = 0.99:

Figure 6, at 5 later times, and Figure 7, over the active time range for the simulation, show the increase in Tf as
evolved CHa begins to burn. Here we use the Eddy Dissipation Concept (EDC) combustion model that is standard
in Fuego. After the start of gas phase combustion, particles heat at an increasing rate, eventually overshooting the
wall and initial volumetric temperature of 800K, reaching a peak Tp 1050K. During the fastest reaction period,
where the most CHa is being evolved from the particles, between 18 and 22s as seen in Figure 8, fluid velocities
also peak. Once the period of CH4 evolution subsides, gas phase and particle temperatures fall. The hot gas exits
the simulation domain rapidly due to the inflow of the Tf = 800K inflow at 1 m/s. The maximum particle
temperature falls over an extended period of time due to their relatively large thermal mass.

The above described burning process is consistent with our intuition regarding the burning of organic materials
like wood or charcoal. Once the temperature of the material becomes sufficient to activate reaction, and in the
presence of sufficient oxygen, the material burns. Combustion of gas phase products increases the heat flux to
and consequently the temperature of the burning solid materials. This continues until the combustible gas products
begin to subside as a result of elimination of reactants, and the residual solid material cools. This example does
not include a slow exothermic oxidative char oxidation reaction which would result in long-term smoldering.
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Fig. 5 Reacting thermally-interacting particle case. At t = 16s, particles colored by particle temperature, Tp
(K). Vertical and horizontal cut planes colored by the fluid temperature Tf (K). Arrows are sized and
colored by fluid velocity Vf (m/s).
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4 A

Time = 24.00

Fig. 6 Reacting, thermally-interacting particle case. Display of particles/fluid as in Fig. 5. At t = 17.5s, fluid
starts heating up from combusting particle gases. By 19s, combustion increasing temperature, fluid velocity
direction effected. By 21s, high fluid velocities/temperature, particles heating up. By 24s, particle reactions
mostly finished, fluid temperatures near initial value. By 60s, particles have cooled to ambient fluid temp.

9



TFEC-2019-xxxxx

2200

2000

1800

1600

1400

1200

1000

800

600

400

0 10 20 30
t(s)

40 50 60

Fig. 7 Reacting, thermally-interacting particle case. Transient maximum and minimum fluid (Tf) and
particle temperatures (Tp) shown. As Tp 650K, particle reaction mechanism evolves combusting gas,
causing rapid rise in Tf, further increasing Tp (to about 1050K). Once gas products nearly exhausted (t
21s), Tf rapidly falls, and Tp asymptotically approaches 800K.
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Fig. 8 Maximum fuel source term (CH4 source) and fluid velocity Vf (m/s)over the course of the simulation.
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5. MULTIPLE BARS/LAYERS OF REACTING, THERMALLY-INTERACTING
PARTICLES

This final case simulates a randomly oriented rubble pile of composite panels as might arise during an accident
scenario. The simulation domain is limited to 0.5m x 1.0m x 0.5m. 50 rectangular bars composed of between 1
and 3 layers of reacting particles (9559 particles in total) is shown in the upper-left frame of Figure 9. Particles
are displayed with size and shading corresponding to the layer in which they are placed. For this case, particles
are given thermal diameters 1.2 times larger than their aerodynamic diameter to guarantee thermal contact.
Thermal conductivity between particles in adjacent layers is reduced by a factor of 0.01, and as before is disallowed
between different rectangular bars in contact. Additionally, particle reactions and materials are identical to the
previous case. The lower boundary for the simulation domain is an upward 1.0 m/s inflow at T = 1000K,
sufficiently high to initiate particle chemical. Vertical sides walls are isothermal at 800K, and the upper surface is
an open boundary, also at 800K.
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Fig. 9 Multiple bar/layer rubble pile example. (Upper left): initial configuration — size/shading indicates
particle layer. (Upper right — Lower Right) At several simulation times, particles shown shaded by
temperature (Tp) - dark blue to white with scale set to Tp,pip (300K) to Tp. (1100K) over full simulation
time. Four fluid temperature (Tf) isosurfaces shown (1100K — 1400K), shaded from dark red to yellow. For
each isosurface, arrows are shown, colored by fluid velocity (Vf).

Results for this case are displayed in Figure 9. The upper left frame shows the initial particle configuration
with sizes and shading representing the layer for each particle. In each of the additional display frames,
taken over the course of the simulation, the time is shown with composite particles shaded by particle
temperature Tp. A set of fluid temperature (Tf) isosurfaces are also displayed, colored for 4 different values
of Tf: 1100K, 1200K, 1300K, and 1400 K. On each Tf isosurface, arrows are shown and colored by fluid
velocity.

Here again we observe that heating of particles by the surrounding fluid results in outgassing of combustible
gases from the particles followed by gas phase combustion by this fuel species. The evolved heat then drives up
the temperature of the particles which further increases the rate of reaction. Eventually, gas phase products are
exhausted and particles cool to ambient conditions.

6. CONCLUSIONS AND COUPLING TO LIQUID FUEL

In this work we have outlined a novel Lagrangian particle/Eulerian fluid approach to modeling the physical process
of thermal transport and chemical reactivity in composite materials coupled to gas phase combustion.
Phenomenologically, the combustion process is consistent with what we know and would expect of burning
organic materials, including heat conduction within and between material layers, temperature dependent chemical
reactions, evolution and subsequent combustion of gas species from the reacting solid material followed by slow
cooling of particles subsequent to pyrolysis.

This capability is the first of two components required for simulation of combined (liquid/solid) fuel environments
such as one would observe in an accident scenario involving an aerial vehicle with laminated epoxy carbon fiber-
filled components. Other members of our team have implemented a volume of fluid (VOF) method for modeling
liquid fuel motion and evaporation, also within Sierra low Mach module Fuego. This model is currently being
tested, and we have started coupled VOF/composite particle simulations relevant to the scenarios of interest. The
results of these studies will be published in a subsequent SAND report.
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NOMENCLATURE

d center-center particle separation ( m ) T a,b
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