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Preface

This document provides the theoretical basis for the Fire Dynamics Simulator (FDS), following the general
framework set forth in the “Standard Guide for Evaluating the Predictive Capability of Deterministic Fire
Models,” ASTM E 1355 [1]. This is the first of a four volume set of companion documents, referred to
collectively as the FDS Technical Reference Guide [2]. Volumes 2, 3 and 4 describe the model verification,
experimental validation, and configuration management, respectively.

A separate document, Fire Dynamics Simulator, User’s Guide [3] describes how the FDS software is
actually used.






Disclaimer

The US Department of Commerce makes no warranty, expressed or implied, to users of the Fire Dynamics
Simulator (FDS), and accepts no responsibility for its use. Users of FDS assume sole responsibility under
Federal law for determining the appropriateness of its use in any particular application; for any conclusions
drawn from the results of its use; and for any actions taken or not taken as a result of analysis performed
using these tools.

Users are warned that FDS is intended for use only by those competent in the fields of fluid dynamics,
thermodynamics, heat transfer, combustion, and fire science, and is intended only to supplement the in-
formed judgment of the qualified user. The software package is a computer model that may or may not have
predictive capability when applied to a specific set of factual circumstances. Lack of accurate predictions
by the model could lead to erroneous conclusions with regard to fire safety. All results should be evaluated
by an informed user.

Throughout this document, the mention of computer hardware or commercial software does not con-
stitute endorsement by NIST, nor does it indicate that the products are necessarily those best suited for the
intended purpose.
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Chapter 1

Introduction

Howard Baum, NIST Fellow Emeritus

The idea that the dynamics of a fire might be studied numerically dates back to the beginning of the com-
puter age. Indeed, the fundamental conservation equations governing fluid dynamics, heat transfer, and
combustion were first written down over a century ago. Despite this, practical mathematical models of fire
(as distinct from controlled combustion) are relatively recent due to the inherent complexity of the problem.
Indeed, in his brief history of the early days of fire research, Hoyt Hottel noted “A case can be made for fire
being, next to the life processes, the most complex of phenomena to understand” [4].

The difficulties revolve about three issues: First, there are an enormous number of possible fire scenarios
to consider due to their accidental nature. Second, the physical insight and computing power required to
perform all the necessary calculations for most fire scenarios are limited. Any fundamentally based study of
fires must consider at least some aspects of bluff body aerodynamics, multiphase flow, turbulent mixing and
combustion, radiative transport, and conjugate heat transfer; all of which are active research areas in their
own right. Finally, the “fuel” in most fires was never intended as such. Thus, the mathematical models and
the data needed to characterize the degradation of the condensed phase materials that supply the fuel may
not be available. Indeed, the mathematical modeling of the physical and chemical transformations of real
materials as they burn is still in its infancy.

In order to make progress, the questions that are asked have to be greatly simplified. To begin with,
instead of seeking a methodology that can be applied to all fire problems, we begin by looking at a few
scenarios that seem to be most amenable to analysis. Hopefully, the methods developed to study these “sim-
ple” problems can be generalized over time so that more complex scenarios can be analyzed. Second, we
must learn to live with idealized descriptions of fires and approximate solutions to our idealized equations.
Finally, the methods should be capable of systematic improvement. As our physical insight and computing
power grow more powerful, the methods of analysis can grow with them.

To date, three distinct approaches to the simulation of fires have emerged. Each of these treats the
fire as an inherently three dimensional process evolving in time. The first to reach maturity, the “zone”
models, describe compartment fires. Each compartment is divided into two spatially homogeneous volumes,
a hot upper layer and a cooler lower layer. Mass and energy balances are enforced for each layer, with
additional models describing other physical processes appended as differential or algebraic equations as
appropriate. Examples of such phenomena include fire plumes; flows through doors, windows and other
vents, radiative and convective heat transfer; and solid fuel pyrolysis. Descriptions of the physical and
mathematical assumptions behind the zone modeling concept are given in separate papers by Jones [5] and
Quintiere [6], who chronicle developments through 1983. Model development since then has progressed to
the point where documented and supported software implementing these models are widely available [7].

The relative physical and computational simplicity of the zone models has led to their widespread use in



the analysis of fire scenarios. So long as detailed spatial distributions of physical properties are not required,
and the two layer description reasonably approximates reality, these models are quite reliable. However, by
their very nature, there is no way to systematically improve them. The rapid growth of computing power
and the corresponding maturing of computational fluid dynamics (CFD), has led to the development of CFD
based “field” models applied to fire research problems. Virtually all this work is based on the conceptual
framework provided by the Reynolds-averaged form of the Navier-Stokes equations (RANS), in particular
the k — € turbulence model pioneered by Patankar and Spalding [8]. The use of CFD models has allowed the
description of fires in complex geometries, and the incorporation of a wide variety of physical phenomena.
However, these models have a fundamental limitation for fire applications — the averaging procedure at the
root of the model equations.

RANS models were developed as a time-averaged approximation to the conservation equations of fluid
dynamics. While the precise nature of the averaging time is not specified, it is clearly long enough to require
the introduction of large eddy transport coefficients to describe the unresolved fluxes of mass, momentum
and energy. This is the root cause of the smoothed appearance of the results of even the most highly resolved
fire simulations. The smallest resolvable length scales are determined by the product of the local velocity
and the averaging time rather than the spatial resolution of the underlying computational grid. This property
of RANS models is typically exploited in numerical computations by using implicit numerical techniques
to take large time steps.

Unfortunately, the evolution of large eddy structures characteristic of most fire plumes is lost with
such an approach, as is the prediction of local transient events. It is sometimes argued that the averaging
process used to define the equations is an “ensemble average” over many replicates of the same experiment
or postulated scenario. However, this is a moot point in fire research since neither experiments nor real
scenarios are replicated in the sense required by that interpretation of the equations. The application of
“Large Eddy Simulation” (LES) techniques to fire is aimed at extracting greater temporal and spatial fidelity
from simulations of fire performed on the more finely meshed grids allowed by ever faster computers.

The phrase LES refers to the description of turbulent mixing of the gaseous fuel and combustion prod-
ucts with the local atmosphere surrounding the fire. This process, which determines the burning rate in
most fires and controls the spread of smoke and hot gases, is extremely difficult to predict accurately. This
is true not only in fire research but in almost all phenomena involving turbulent fluid motion. The basic
idea behind the LES technique is that the eddies that account for most of the mixing are large enough to be
calculated with reasonable accuracy from the equations of fluid dynamics. The hope (which must ultimately
be justified by comparison to experiments) is that small-scale eddy motion can either be crudely accounted
for or ignored.

The equations describing the transport of mass, momentum, and energy by the fire-induced flows must
be simplified so that they can be efficiently solved for the fire scenarios of interest. The general equations of
fluid dynamics describe a rich variety of physical processes, many of which have nothing to do with fires.
Retaining this generality would lead to an enormously complex computational task that would shed very
little additional insight on fire dynamics. The simplified equations, developed by Rehm and Baum [9], have
been widely adopted by the larger combustion research community, where they are referred to as the “low
Mach number” combustion equations. They describe the low speed motion of a gas driven by chemical
heat release and buoyancy forces. The phrase low speed refers to gas velocities less than a Mach number of
0.3 (100 m/s); however, it should be noted that current validation of FDS only extends to a Mach number
of approximately 0.1. Oran and Boris provide a useful discussion of the technique as applied to various
reactive flow regimes in the chapter entitled “Coupled Continuity Equations for Fast and Slow Flows” in
Ref. [10]. They comment that “There is generally a heavy price for being able to use a single algorithm for
both fast and slow flows, a price that translates into many computer operations per time step often spent in
solving multiple and complicated matrix operations.”

The low Mach number equations are solved numerically by dividing the physical space where the fire
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is to be simulated into a large number of rectangular cells. Within each cell the gas velocity, temperature,
etc., are assumed to be uniform; changing only with time. The accuracy with which the fire dynamics can
be simulated depends on the number of cells that can be incorporated into the simulation. This number is
ultimately limited by the computing power available. Present day, single processor desktop computers limit
the number of such cells to at most a few million. This means that the ratio of largest to smallest eddy
length scales that can be resolved by the computation (the “dynamic range” of the simulation) is on the
order of 100. Parallel processing can be used to extend this range to some extent, but the range of length
scales that need to be accounted for if all relevant fire processes are to be simulated is roughly 10* to 10°
because combustion processes take place at length scales of 1 mm or less, while the length scales associated
with building fires are of the order of tens of meters. The form of the numerical equations discussed below
depends on which end of the spectrum one wants to capture directly, and which end is to be ignored or
approximated.






Chapter 2

Overview of the FDS Model

This chapter presents the governing equations of FDS and an outline of the general solution procedure.
Details are included in subsequent chapters. The purpose of this chapter is to highlight aspects of the
solution methodology that make it practical for thermally-driven flow simulations, in particular fire. Some
of the major features of the model, in its default operation, are:

* Low Mach, large-eddy simulation (LES)

* Explicit, second-order, kinetic-energy-conserving numerics

* Structured, uniform, staggered grid

* Simple immersed boundary method for treatment of flow obstructions

* Generalized “lumped species” method (simplified chemistry using a reaction progress variable)
* Deardorff eddy viscosity subgrid closure

* Constant turbulent Schmidt and Prandtl numbers

» Eddy dissipation concept (fast chemistry) for single-step reaction between fuel and oxidizer

* Gray gas radiation with finite volume solution to the radiation transport equation

The model, however, is not limited to these simple algorithms. For example, the user may specify multiple
reactions, finite-rate chemistry, a wide-band radiation model, and a variety of other special features. The
more detailed physics incur increased computational cost, and it is incumbent on the user to justify the added
expense in terms of improved accuracy for a particular application. The default model options have been
selected based on results from a wide variety of full-scale validation experiments [11].

The algorithm outlined below has evolved over roughly three decades. Initially, it was designed to
study buoyant plumes in the Boussinesq limit; that is, the fluid was assumed incompressible but included
a source term for buoyancy. This approach was based on a long tradition in fire research of modeling
smoke movement using dyed salt water introduced into a tank filled with fresh water. Eventually, this
approach proved too limiting, but some of the major features of the algorithm, like the low Mach number
approximation, were retained.



2.1 LES Formalism

The equations for large-eddy simulation (LES) are derived by applying a low-pass filter, parameterized by
a width A, to the transport equations for mass, momentum and energy. For our purposes, it is sufficient to
think of the filtered fields in the LES equations as cell means. For example, in 1D the filtered density for a

cell of width A is
x+A/2

1
plr) = / |, PlENEE @1

In FDS, the filter width A is equivalent to the local cell size dx and is a key parameter in the submodels for the
turbulent viscosity and the reaction time scale discussed later. The practice of taking A = dx is called implicit
filtering. It is important to appreciate, however, that implicit filtering does not imply dissipative numerics.
FDS employs kinetic-energy-conserving central difference schemes for momentum with physically-based
closures for the turbulent stress. In what follows, the filter formalism is relaxed (the overline notation is
suppressed for clarity) since no explicit filtering operations are performed in the algorithm. A detailed
derivation of the formal LES equations is presented in Chapter 4.

2.2 Numerical Grid

Because FDS was designed to simulate thermally-driven flows within buildings, the most obvious and sim-
plest numerical grid is rectilinear. In fact, because FDS is a large eddy simulation (LES) model, uniform
meshing is preferred, and the only numerical parameters chosen by the end user are the three dimensions of
the grid. Once established, it is relatively simple to define rectangular obstructions that define the geometry
to the level of resolution determined by the grid. These obstructions “snap” to the underlying grid, a very
elementary form of an immersed boundary method (IBM). Unstructured geometry is possible in FDS by
virtue of a cutcell method as described in Sec. 12.

2.2.1 The Staggered Grid

The governing equations are approximated using second-order accurate finite differences on a collection
of uniformly spaced three-dimensional grids. Multiple meshes can be processed in parallel using Message
Passing Interface (MPI) libraries. Scalar quantities are assigned to the center of each grid cell; the velocity
components at the appropriate cell faces; and vorticity components at cell edges. This is what is commonly
referred to as a staggered grid [12, 13]. Its main purpose is to avoid “checker-boarding” in pressure-velocity
coupling by naturally representing the pressure cell velocity divergence, a very important thermodynamic
quantity in the model. Figure 2.1 displays where in a given grid cell the various flow variables are located.

2.2.2 Cell Edges

In the FDS staggered grid arrangement, cell edges are the storage location of both off-diagonal stresses and
vorticity. The computational edge variable position environment is described below.
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Figure 2.1: Position of flow variables in grid cell i jk. The arrows indicate the positive direction of the given variable.
Scalar variables, such as the density, p, temperature, 7', and pressure, p, are defined at the cell center. Velocity
components, u = (u,v,w), are defined at their respective cell faces, and vorticity components, @ = (@, oy, ®;), are
located at cell edges.
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2.3 Mass and Species Transport

The most basic description of the chemistry of fire is a reaction of a hydrocarbon fuel with oxygen that pro-
duces carbon dioxide and water vapor. Because fire is a relatively inefficient combustion process involving
multiple fuel gases that contain more than just carbon and hydrogen atoms, the number of gas species to
keep track of in the simulation is almost limitless. However, to make the simulations tractable, we limit
the number of fuels to one, usually, and the number of reactions to just one or two. We also leave open
the possibility that the reaction may not proceed for lack of sufficient oxygen in the incoming air stream, as
when a fire in a closed compartment extinguishes itself. Even with this simplified approach to the chem-
istry, we still need to track at least six gas species (Fuel, O,, CO,, H,O, CO, Ny) plus soot particulate. If
we assume a single-step reaction, we do not need to solve explicitly seven transport equations. In fact, we
only need to solve two — one for the fuel and one for the products. The air is everything that is neither fuel
nor products. However, to ensure realizability of species mass fractions, our strategy is to solve a transport
equation for each species mass density and then to obtain the mixture mass density by summation of the
species densities.

Whereas the fuel is usually a single gas species, the air and products are what are often referred to as
“lumped species”. A lumped species represents a mixture of gas species that transport together (i.e., the
lumped species has a single set of transport properties) and react together, and from the point of view of the
numerical model, a lumped species can be treated as a single species. In fact, the mass transport equations
make no distinction between a single or lumped species. For example, air is a lumped species that consists
of nitrogen, oxygen, and trace amounts of water vapor and carbon dioxide. We use the symbols Z4, Zr, and
Zp to denote the mass fractions of air, fuel and products. The lumped species mass fractions are linearly
related to the primitive species mass fractions, Yy ; thus, conversion from one to the other is a simple matter
of performing a matrix multiplication. For example, the complete combustion of methane:

CH, +2 (02 +3.76N;) — CO, +2H,0+7.52N, 2.2)

is expressed as
Fuel + 2 Air — Products (2.3)

and the primitive species can be recovered from the lumped species via

0.77 0.00 0.73 Ya,
0.23 0.00 0.00 | [ Za Yo,
0.00 1.00 0.00 | | Z& | =| Yen (2.4)
0.00 0.00 0.15 | | z Yeo,
0.00 0.00 0.12 Yio

Notice that the columns of the matrix are the mass fractions of the primitive species within a given lumped
species.

The transport equation for each of the lumped species has the same form as the transport equation for a
single species:

d
35, (PZa) +V-(pZaw) = V- (pDaVZa) + titg + ity (2.5)

Note that the source term on the right hand side represents the addition of mass from evaporating droplets
or other subgrid-scale particles that represent sprinkler and fuel sprays, vegetation, and any other type of
small, unresolvable object. These objects are assumed to occupy no volume; thus, they are seen by the
governing equations as point sources of mass, momentum, and energy. It is important to note, however, that
the evaporated mass species must be one for which an explicit transport equation is solved. For example,
water vapor is a product of combustion, but it is also formed by evaporating sprinkler droplets. In cases such
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as these, there needs to be an explicit transport equation for water vapor to distinguish between that which
is formed by combustion and that which is evaporated from the droplets. Here m{)” o 18 the production rate of
species & by evaporating droplets or particles.

The mass density is obtained from p = ¥(pZ). The summation of Eq. (2.5) over all Ny species gives

8p ///
5, TV (o) = (2.6)

because Y. Zq = 1 and ¥ rirg = 0 and L riny, = riny’, by definition, and because it is assumed that Y. pD VZ =

0. This last assertion is not true, in general. The diffusive flux for the most abundant local species is corrected
to enforce the constraint.

Enforcing Realizability

Realizability of species mass fractions requires Y, > 0 for all a and Y Y, = 1. Note that this is more
restrictive than the boundedness constraint, which simply requires 0 < Y, < 1.

If (pY )y obeys boundedness, (pY)q > 0, and we solve Ny species equations obtaining the density via
p= Zg; 1(PY)q, then mass fractions obtained by Y, = (pY ')/ p are guaranteed to be realizable (for p > 0).
Thus, we have reduced the realizability problem to the “easier” problem of boundedness for (pY ). Details
of the scalar boundedness correction are discussed in Appendix H.

With this approach we must take care to ensure Y, pDyVZ, = 0. Our strategy is to absorb any errors in
diffusive transport into the most abundant species locally. That is, for a given cell face we set pD,,VZ,, =
—YoatmPDaVZy, where m is the most abundant species adjacent to that face. Note that since FDS is
typically used as an LES code mass transport by molecular diffusion may be two or three orders of magnitude
less than turbulent transport, which uses the same turbulent diffusion coefficient for all species. Therefore,
the errors in summation of the diffusive fluxes tend to be small.

2.4 Low Mach Number Approximation

For low speed applications like fire, Rehm and Baum [9] observed that the spatially and temporally resolved
pressure, p, can be decomposed into a “background” pressure, p(z,t), plus a perturbation, j(x,y,z,t), with
only the background pressure retained in the equation of state (ideal gas law):

pTRZ— = ﬂ (2.7)

Note that z is the spatial coordinate in the direction of gravity; thus, the stratification of the atmosphere
is included in the background pressure. The perturbation, p, drives the fluid motion. This approximation
has a number of consequences. First, building compartments connected via a heating, ventilation, and air
conditioning (HVAC) system can each maintain individual background pressures. The air flows between
compartments can be described in terms of the differences in the background pressures, eliminating the
need to solve detailed flow equations within the ventilation ducts.

The second consequence of the low Mach number approximation is that the internal energy, e, and
enthalpy, 4, may be related in terms of the thermodynamic (background) pressure: & = e+ p/p. The energy
conservation equation may then be written in terms of the sensible enthalpy, hs:

i(p}zs)JrV-(phSu): +¢"+q0 —V-q” (2.8)

Dp
ot Dt
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The term ¢ is the heat release rate per unit volume from a chemical reaction. The term ¢’ is the energy

transferred to subgrid-scale droplets and particles. The term ¢” represents the conductive, diffusive, and
radiative heat fluxes:
Q" =—kVT =Y hoapDoVZo+q; (2.9)
o

where k is the thermal conductivity , Dy, is the diffusivity of species a, and ¢ is the radiative flux.
Eq. (2.8) is not solved explicitly. Instead, the velocity divergence is factored out as follows:

1 D

= o | oy PP +d" i =V -4 (2.10)

V-u

The hydrodynamics solver guarantees that Eq. (2.10) is satisfied. It follows that Eq. (2.8) is also satisfied
(energy is conserved).

Expanding the material derivatives on the right hand side of Eq. (2.10) produces a fairly complicated
expression for the divergence that includes the source and diffusion terms from the mass, species, and
energy conservation equations. Its importance to the overall algorithm is that it can be computed using only
the thermodynamic variables p, Zy, and p. As will be shown below, the way to advance the flow velocity in
time is to first estimate the thermodynamic variables at the next time step, compute the divergence, and then
solve an equation for the pressure that will guarantee that the divergence of the updated velocity is identical
to that computed solely from the thermodynamic variables.

2.5 Momentum Transport

Noting the vector identity (u-V)u = V|u|>/2 —u x ®, and defining the stagnation energy per unit mass,
H = |u|?/2+ p/p, the momentum equation can be written (see Chapter 4 for a detailed derivation)

d 1
a—ltl—uxa)—i—VH—ﬁV(l/p):E (p—po)g+fh+V-1 2.11)

The term fy, represents the drag force exerted by the subgrid-scale particles and droplets. The viscous stress,
T, is closed via gradient diffusion with the turbulent viscosity obtained from the Deardorff eddy viscosity
model [14, 15]. It is convenient to write Eq. (2.11) in the form:

aal;—&-F—i-VH—O (2.12)

so that a Poisson equation for the pressure can be derived by taking its divergence:

V2H = — Bt(v.u)Jrv-F} (2.13)
Note the appearance of the time derivative of the divergence. This is an important feature of the time
marching scheme. Note also that the right hand side of the Poisson equation retains a term that includes
the perturbation pressure, pV(1/p). This term accounts for the baroclinic torque. It is included on the
right hand side of the Poisson equation by using its value from the previous time step. This approximation
allows us to solve a separable form of the Poisson equation, for which there are fast, direct solvers that are
optimized for uniform grids [16].
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2.6 Combustion and Radiation

FDS is described as a “fire model” because it incorporates source terms and boundary conditions that de-
scribe the turbulent combustion of gaseous fuel and oxygen, the transport of thermal radiation through hot,
soot-laden gases, the thermal decomposition of real materials, the activation of sprinklers and smoke detec-
tors, the transport of water and liquid fuel droplets, and a variety of other features that describe fires inside
and outside of buildings.

Combustion and radiation are introduced into the governing equations via the source terms, ¢’ and ¢g.’,
in the energy transport equation. Since the energy equation is not solved explicitly, these terms find their
way into the expression for the divergence.

2.6.1 Combustion

For most applications, FDS uses a combustion model based on the mixing-limited, infinitely fast reaction
of lumped species. Lumped species are reacting scalar quantities that represent a mixture of species. For
example, air is a lumped species which is a mixture of nitrogen, oxygen, water vapor, and carbon dioxide.
The reaction of fuel and oxygen is not necessarily instantaneous and complete, and there are several optional
schemes that are designed to predict the extent of combustion in under-ventilated spaces.

For an infinitely-fast reaction, reactant species in a given grid cell are converted to product species at a
rate determined by a characteristic mixing time, Tnyix. The heat release rate per unit volume is defined by
summing the lumped species mass production rates times their respective heats of formation

§" ==Y iy Ahgg (2.14)
[0

Details of Tyix and ri7}) are discussed in Chapter 5.

2.6.2 Radiation

The net contribution from thermal radiation in the energy equation is defined by:

= -V-q(x) =x(x) [U(x)—4nh(x)] ; Ux)= | I(x,;s")ds (2.15)
4
where Kk(x) is the absorption coefficient, I,(x) is the source term, and /(x,s) is the solution of the radiation
transport equation (RTE) for a non-scattering gray gas:

s-VI(x,s) = k(x) [Ih(x) —I(x,s)] (2.16)

In practical simulations, the spectral dependence of /I, I, and x cannot be resolved accurately, nor do we
have reliable data for non-ideal fuels typical of real fires. While FDS does have an option to divide the
radiation spectrum into a relatively small number of bands and solve a separate RTE for each band, it is
usually not necessary because in real fires, soot is the dominant source and sink of thermal radiation and
is not particularly sensitive to wavelength. The mean absorption coefficient, k, is a function of species
composition and temperature. Its values are obtained from a narrow-band model called RadCal [17].

The source term, Iy, requires special treatment because of the limited resolution of the underlying numer-
ical grid in the vicinity of flames. In large scale fire simulations, grid cells are typically on the order of tens
of centimeters. Flame sheets cannot be resolved, meaning that the computed cell-average temperature can
be significantly lower than temperatures one would expect to find in the reacting flame. Consequently, the
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source term is approximated in grid cells where fuel and oxygen react. Elsewhere, the subgrid temperature
field is homogeneous and the source term can be computed directly:

2.17)

ko T*/m  Outside flame zone, ¢” =0
Kl =
CxoT*/r Inside flame zone, ¢"” >0

The constant C is computed at each time step so that the volume integral of Eq. (2.15) over the entire flaming
region is approximately equal to the volume integral of ¢’ over that same region. Here, ; is an empirical
estimate of the global fraction of that energy emitted as thermal radiation. Typically, a sooty fire radiates
approximately one-third of the total combustion energy.

The radiation equation is solved using a technique similar to a finite volume method for convective
transport, thus the name given to it is the Finite Volume Method (FVM). Using approximately 100 discrete
angles which are updated over multiple time steps, the finite volume solver requires about 20% of the total
CPU time of a calculation, a modest cost given the complexity of radiation heat transfer.

Water droplets can absorb and scatter thermal radiation. This is important in scenarios involving water
mist suppression systems, but also plays a role in all sprinkler cases. The absorption and scattering coeffi-
cients are based on Mie theory. The scattering from the gaseous species and soot is considered negligible
and is not included in the model.

2.7 Solution Procedure

In a given grid cell at the nth time step, we have the density, p”, lumped species mass fractions, Z,, velocity
vector, u”, and the Bernoulli integral, H”. In addition, for each compartment in the computational domain,
we have a background pressure, p”. The temperature is found from the equation of state. These variables
are advanced in time using an explicit second-order predictor/corrector scheme. The basic procedure is as
follows:

Predictor

1. Estimate p, Zy, and p at the next time step with an explicit Euler step. The species mass density is
estimated by
(PZ)a—P"Zg
ot
The asterisk denotes a first order accurate estimate at the next time step. Note that the mass source
terms are computed in the previous time step using the corrected value of the density and species mass
fractions.

+V-p"Zgu" = V- (p"DyVZy,) + (ity + ity )" (2.18)

2. Compute the density from p* =Y, (pZy)* and mass fractions from Z}, = (pZ);,/p*.
3. Compute the temperature, 7", from the equation of state.

4. Compute the divergence, (V-u)*, from Eq. (2.10) using the estimated thermodynamic quantities. Note
that we use the parentheses to emphasize that an estimate of the velocity field, u*, at the next time step
has not been computed yet, only its divergence.

5. Solve the Poisson equation for the pressure term:

(V-u)* —V-u

V2H" = —
ot

—V.-F" (2.19)
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6. Estimate the velocity at the next time step.

* n

4 (;t“ +F +VH" =0 (2.20)

Note that this procedure guarantees that the divergence of the estimated velocity field, V-u*, is identi-
cally equal to the divergence that is derived from the estimated thermodynamic quantities, (V-u)*, in
Step 4.

7. Check that the time step, &, satisfies the stability condition (see Sec. 4.5). If the time step is too large,
it is reduced so that it satisfies the stability constraint and the procedure returns to the beginning of the
time step. If the stability criterion is satisfied, the procedure continues to the corrector step.

Corrector

1. Correct the transported species mass densities at the next time step.

(PZa)"t' = 3 (p"Z8 + p*Z3)
ot/2

+V-p*Zyu =V (p*DyVZy) + (g + iy )" (.21

The background pressure is corrected similarly. Note that the mass source terms are the same as those
added in the predictor step. They are only computed once per time step.

2. Compute the density p" ™! =¥, (pZq )" and mass fractions Z2"! = (pZg )" /p™*1.
3. Compute the temperature, 7"*!, from the equation of state.

4. Time splitting for mass source terms. After the corrector step for the transport scheme, source terms are
computed and stored. The source terms are evaluated using the results from the corrected scalar transport
scheme. The source terms include the heat release rate per unit volume, ¢'”, the net absorption/emittance
of thermal radiation, V -q”, and the mass species source terms, 7y, . In addition, the terms in the
divergence expression, Eq. (B.7), involving the source terms are computed and stored. All of these
quantities are computed at this point in the time step and applied in both the predictor and corrector

steps of the following time step.
5. Compute the divergence, (V-u)"*!, from the corrected thermodynamic quantities.

6. Compute the pressure using the estimated quantities.

(Vou)"™™ = L(V.ur +V-u")

VH* = —
ot/2

—V-F* (2.22)

7. Correct the velocity at the next time step.

un+l _ % (u* +un)

F* 4+ VH* = 2.2
51/2 +F" + 0 (2.23)

Note again that the divergence of the corrected velocity field is identically equal to the divergence that
was computed in Step 5.
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Chapter 3

Mass, Species, and Enthalpy Transport

This chapter describes in detail the equation of state in the low Mach number limit, the finite difference
approximation of the mass and species conservation equations, and the role of the flow divergence as a
surrogate for the enthalpy transport equation. Due to the use of the low Mach number approximation, the
energy conservation equation is not solved explicitly but rather is defined implicitly via the divergence of
the flow field, which contains the combustion and radiation source terms.

3.1 The Equation of State

A distinguishing feature of a CFD model is the regime of flow speeds (relative to the speed of sound) for
which it is designed. High speed flow codes involve compressibility effects and shock waves. Low speed
solvers, however, explicitly eliminate compressibility effects that give rise to acoustic (sound) waves. The
Navier-Stokes equations describe the propagation of information at speeds comparable to that of the fluid
flow (for fire, approximately 10m/s), but also at speeds comparable to that of sound waves (for still air,
300 m/s). Solving a discretized form of these equations would require extremely small time steps in order
to account for information traveling at the speed of sound, making practical simulations difficult.

Following the work of Rehm and Baum [9], an approximation to the equation of state is made by decom-
posing the pressure into a “background” component and a perturbation. It is assumed that the background
component of pressure can differ from compartment to compartment. If a volume within the computational
domain is isolated from other volumes, except via leak paths or ventilation ducts, it is referred to as a “pres-
sure zone” and assigned its own background pressure. The pressure field within the mth zone, for example,
is a linear combination of its background component and the flow-induced perturbation:

p(th):ﬁm(th)+p~(th) (3.1)
Note that the background pressure is a function of z, the vertical spatial coordinate, and the time, ¢. For most
compartment fire applications, p,, changes very little with height or time. However, for scenarios where a
fire increases the pressure in a closed compartment, or where the HVAC system affects the pressure, or when
the height of the domain is significant, p,, takes these effects into account [18]. The ambient pressure field
is denoted py(z). Note that the subscript O denotes the exterior of the computational domain, not time 0.
This is the assumed atmospheric pressure stratification that serves as both the initial and boundary condition
for the governing equations.

The purpose of decomposing the pressure is that for low Mach number flows, it can be assumed that the
temperature and density are inversely proportional, and thus the equation of state (in the mth pressure zone)
can be approximated as
__ pTR

7 3.2)

Zoy
5 —pTRY 2%
P =P ;Wa
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Recall from Sec. 2.3 that Z,, is the mass fraction of lumped species o. The pressure, p, in the state and energy
equations is replaced by the background pressure p,, to filter out sound waves that travel at speeds that are
much faster than typical flow speeds expected in fire applications. The low Mach number assumption serves
two purposes. First, the filtering of acoustic waves means that the time step in the numerical algorithm is
bound only by the flow speed as opposed to the speed of sound, and second, the modified state equation leads
to a reduction in the number of dependent variables in the system of equations by one. The energy equation
(2.8) is not explicitly solved; rather, its source terms are included in the expression for the flow divergence, to
be discussed later in the chapter. When the velocity field satisfies the specified thermodynamic divergence,
the conservative form of the sensible enthalpy equation is satisfied by construction.
The stratification of the atmosphere is derived from the relation
Do — (g (33
V4

where pg is the background density and g is the acceleration due to gravity. Using Eq. (3.2), the background
pressure can be written as a function of the background temperature, Ty (z),

- ¢ Wg ’
) =poeXp|— | =7=dz 34
pod)=peexp (= [ ot 64
where the subscript infinity generally refers to the ground. A linear temperature stratification of the atmo-
sphere may be specified by the user such that Ty(z) = T.. + ['z where T, is the temperature at the ground
and I is the lapse rate (e.g., I' = —0.0098 K/m is the adiabatic lapse rate). In this case p, and py are de-
rived from Egs. (3.4) and (3.2), respectively. It can then be shown that for I" # O the pressure stratification

becomes e R
T 8
P0(2) = pes < OT(Z)> (3.5)

3.2 Mass and Species Transport

The species transport equations are solved using a predictor-corrector scheme. Advection terms are written
in flux divergence (conservative) form. In the predictor step, the mass density in cell i jk at time level n+ 1
is estimated based on information at the nth level:

(PZa )i — (PZa )i
ot

n

——FL . .
+V. (PZa u)?jk =V. (pD(xVZOC)?jk + (mgc/ +mg,/(x)ijk

3.6)

The quantity p?aFL indicates a flux limiter applied to the cell face value, as discussed below in Section
3.2.1. The mass source terms due to chemistry, evaporation, or pyrolysis are computed at the end of the
previous time step and used in both the predictor and corrector steps. The mean chemical source term, i)y,
is discussed in Chapter 5. The bulk subgrid source term, ., is discussed in Chapters 7 and 9 on solid
phase pyrolysis and Lagrangian particles, respectively.

In DNS mode, the molecular diffusivity is based on mixture-averaged binary Fickian diffusion. In
LES mode (default) the diffusivity is taken from the molecular and turbulent viscosities divided by the
turbulent Schmidt number. That is, to save cost we approximate the molecular plus turbulent diffusivity by
(U + t;)/Sc;. The turbulent Schmidt number is constant with default value Sc, = 0.5. The model for the
turbulent viscosity L is discussed in Section 4.2. Optionally, by setting SIMULATION_MODE='LES' On MISC,
the molecular and turbulent transport coefficients are treated separately, pDy, + t; /Sc; (at added cost). The

same applies for the thermal diffusivity.

b,a’
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The corrector step is as follows:

(Pza)?ﬁ;l - % (PZa)iy + (Pza)?jk]
161

n

——FL_\« x i ;
+V-(pZo W)y =V (PDaVZa )i + (e + 1t q) |,

(3.7)

3.2.1 Flux Limiters

A flux limiter is an interpolation scheme for defining mass fluxes at cell faces. Simple linear interpolation
of the cell-centered scalar variables to the cell face would result in a central difference scheme. Such purely
centered schemes are known to generate intolerable levels of dispersion error (spurious wiggles) leading to
unphysical results such as negative densities or mass fractions outside the range of [0,1]. To address this
issue, FDS relies on two schemes: a flux limiter (discussed below) that handles the bulk of the problem,
and a flux correction (see Appendix H) that adds the minimum amount of numerical diffusion to maintain
boundedness.

For uniform flow velocity, a fundamental property of the exact solution to the equations governing scalar
transport is that the total variation of the scalar field (the sum of the absolute values of the scalar differences
between neighboring cells) is either preserved or diminished (never increased). In other words, no new
extrema are created. Numerical schemes which preserve this property are referred to as total variation
diminishing (TVD) schemes. The practical importance of using a TVD scheme for fire modeling is that
such a scheme is able to accurately track coherent vortex structure in turbulent flames and does not develop
spurious reaction zones.

FDS employs two second-order TVD schemes as options for scalar transport: Superbee and CHARM.
Superbee [19] is recommended for LES because it more accurately preserves the scalar variance for coarse
grid solutions that are not expected to be smooth. Due to the gradient steepening applied in Superbee,
however, the convergence degrades at small grid spacing for smooth solutions (the method will revert to
a stair-step pattern instead of the exact solution). CHARM [20], though slightly more dissipative than
Superbee, is convergent, and is therefore the better choice for DNS calculations where the flame front is
well resolved.

To illustrate how flux limiters are applied to the scalar transport equations, below we discretize the
advection terms in Eq. (2.5) in one dimension:

——FL ——FL
(p2); — (pZ)} | PZiy Uiy —PZiyu;

 _
= == =.. (3.8)

Note that the i% suffixes indicates a face value for a particular cell i. A flux-limited scalar value (density
in this case) pre-multiplies the staggered, face-centered velocity to form the scalar advective flux. Recall
that these velocity values are primitive variables in the calculation—they are not interpolated. Consider face
i +% between cells i and i+ 1 and let ¢ denote a general scalar variable, like pZ,. The local (loc) and
upstream (up) data variations are

Ofioc = Pir1— ;i (3.9)

=i if u;>0
6¢up_{ Pig2 — i1 if u; <0 (3.10)

The limiter function B(r) depends on the upstream-to-local data ratio, r = §@up/ 0 P1oc. In FDS, options for
the limiter function include [21]:
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Flux Limiter B(r)

Central Difference 1
Godunov 0
MINMOD max (0, min(1,r))

Superbee [19] (LES default) max (0, min(2r, 1), min(r,2))
CHARM [20] (DNS default)  s(3s+1)/(s+1)%s=1/r
MP5 [22] see below

For the Central Difference, Godunov, MINMOD, and Superbee limiters, the scalar face value is found from

—FL &+ B(r)58Pe if u;>0
Piv1)2= f . (3.11)
¢i+1 — B(l")j6¢10c if Uu; <0
For CHARM, the face value is given by [23]
—FL ¢+ B(r)38¢y if wu;>0
Pirip= 1 , (3.12)
Oix1 — B(r)50¢, if u; <0

The MP5 scheme of Suresh and Huynh [22] is based on the keen observation that three points cannot
distinguish between extrema and discontinuities. The functional form of the limiter is not as simple as the
three-point schemes described above, so we refer the reader to the original paper or the FDS source code for
details. But the basic idea behind the method is to use a five-point stencil, three upwind and two downwind,
to reconstruct the cell face value, considering both accuracy and monotonicity-preserving constraints. An
additional benefit of the MP5 scheme is that it was designed specifically with strong stability-preserving
(SSP) Runge-Kutta time discretizations in mind. The predictor-corrector scheme used by FDS is similar to
the second-order SSP scheme described in [24].

Notes on Implementation

In practice, we set r = 0 initially and only compute r if the denominator is not zero. Note that for d ¢, =0,
it does not matter which limiter is used: all the limiters yield the same scalar face value. For CHARM, we
set both r = 0 and B = 0 initially and only compute B if r > O (this requires data variations to have the same
sign). Otherwise, CHARM reduces to Godunov’s scheme.

The Central Difference, Godunov, and MINMOD limiters are included for completeness, debugging,
and educational purposes. These schemes have little utility for typical FDS applications.

Dealing with Variable Molecular Weights

Maintaining isothermal flow requires

Wp P P
T2 _ - (3.13)
PR RpYagt RYq'
to be constant and uniform at all cells and faces. Therefore, with p and R constant and uniform, we must
maintain

(PZa) P
pied- o

The above condition is automatically satisfied in the cases of using Godunov or Central differencing or
in the case of binary flow (two species). However, if we apply a second-order flux limiter, such as Superbee
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or CHARM, independently to each species in a multi-component (three or more species) flow with variable
molecular weights, then this condition is easily violated.

To handle this situation, in LES mode, FDS will apply a correction to the most abundant species locally.
We first compute the flux-limited face values of the mass density over the mixture-average molecular weight.
Then we compute flux-limited face values of the species densities. Finally, the error in Eq. (3.14) is absorbed
into the most abundant species locally,

TFL WFL
Za R = w, {} _y WSS 3.15
P %% Wy (3.15)

where « is the most abundant species on the face.

3.2.2 Time Splitting for Mass Source Terms

Following the corrector step of the transport scheme, source terms are computed for the next time step. The
source terms are typically related to particle evaporation or combustion, and these processes are computed
at the end of the time step. In the case of combustion, the total mass of a grid cell is not changed; rather
the species mass fractions change. The mean chemical source term, 7/, is discussed in Chapter 5. The
bulk subgrid source term, 7, is discussed in Chapters 7 and 9 on solid phase pyrolysis and Lagrangian

b,
particles, respectively.

3.2.3 Boundary Conditions for Temperature, Species Mass Fraction, and Density

The gas temperature, species mass fractions, and density are computed at the center of each grid cell. At an
exterior boundary, or at the boundary of an interior obstruction, these values must be computed at the face
of the cell that falls at the boundary interface. In general, the temperature at the boundary, T, is computed
first, followed by species mass fractions, Zq v, followed by density, py,. The density is typically determined
from the equation of state:
_ P

RTy Yo (Zaw/Wa)
Here, p,, denotes the background pressure of the gas phase region.

When necessary, the boundary value is linearly extrapolated one half of a grid cell into the “ghost” cell

for use by the gas phase solver. In the sections below, the value at the center of the gas phase cell adjacent to
the boundary is denoted with the subscript “g” (for “gas phase”, not “ghost”), and the value at the boundary
by “w” (for “wall”).

D (3.16)

Solid Boundaries

At a solid boundary, the surface temperature, Ty, is either specified or computed as described in Chapter 7.

For an LES calculation, the convective heat flux at the surface is determined via an empirical heat transfer

coefficient, &, and the convective heat flux at the boundary is written:

T, - T,
on/2

where 0n/2 is the distance between the surface and the center of the adjacent gas phase cell. The convective
heat transfer coefficient, #, is described in Sec. 7.1.2. For a DNS calculation, the convective heat transfer is
determined directly from the computed or specified surface temperature.

There is no transfer of mass at a solid boundary; thus, the boundary value for the species mixture o is
simply

k

—h (Ty—Ty) (3.17)

Z(x,w :Z(x,g (318)
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Open Boundaries

The term “open” denotes a non-solid exterior boundary of the computational domain. Gases are allowed
to flow freely in and out. At these boundaries, the temperature and species mass fractions take on their
respective exterior values if the flow is incoming, and take on their respective values in the grid cell adjacent
to the boundary if the flow is outgoing. This is a simple upwind boundary condition.

Specified Mass Flux

Here, the mass flux of species o, rit}y, is specified or computed as part of the overall solid phase calculation.
To determine the mass fraction of species mixture  at the boundary, Z, ¢, the following equations must be
solved iteratively

Y ity = puitn (3.19)
o

Zoo—2Z
rity = tn P Zorw — (pDa)W“’j;ni/z‘” (3.20)

where u, is the normal component of velocity at the wall pointing into the flow domain and 8n/2 is the
distance between the center of the gas cell and the wall. Together with the equation of state, Egs. (3.19) and
(3.20) are solved iteratively for the unknowns py, u,, and Zy . The surface temperature used in the EOS
depends on the thermal boundary condition.

Mesh Interface Boundaries

In simulations involving more than one numerical mesh, information has to be passed between meshes, even
when the meshes are being processed by separate computers. If two meshes abut each other, and the mesh
cells are aligned and the same size, then one mesh simply uses the density and species mass fractions of the
adjacent mesh as the “ghost” cell values. However, in cases where the mesh cells are not the same size, the
exchange of information must be done more carefully. Consider a case where two meshes meet:

Mesh 1 Mesh 2

Figure 3.1: Mesh interface boundary with 2:1 refinement.

Advective Flux Matchlng We want the total and species mass fluxes between meshes to be the same. Let
the density in cell (1, /,k’) of Mesh 2 be denoted pl( ),k, Assume that this cell abuts two cells in Mesh 1.

The densities in the two abutting cells of Mesh 1 are denoted pl( )k Note that j and k are not the same as j’

and k’. I is the number of cells in the x direction of Mesh 1. The ghost cell quantities in Mesh 1 have an i
index of / + 1. The ghost cell quantities in Mesh 2 have an i index of 0. We want to assert mass conservation
at the mesh interface:
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Z“I Jk Pw Jk Syl 82 = “(()Zj)/k/ w,/k/ 8y 821% (3.21)

.]7

)

To enforce this condition, we obtain p( ) Jxon Mesh 1 and p,; e on Mesh 2 from a flux limiter (see Section
3.2.1) once data has been exchanged between meshes. If both Mesh 1 and Mesh 2 have the same grid
resolution, then two layers of ghost cells are exchanged to enable second-order accuracy for advective fluxes.
First-order upwinding is used at refined mesh boundaries.

Diffusive Flux Matching For a mesh boundary without refinement, the exchange of ghost cell information
is sufficient to achieve matched diffusive fluxes computed independently by each mesh process. However,
for refined meshes, special treatment is required. The strategy employed is to compute the fine mesh fluxes
and average them for the coarse mesh. After the scalar transport update, the scalar values are exchanged
so that the coarse mesh has the necessary fine mesh values to independently compute and average the fine
mesh fluxes for matching. Referring again to Fig. 3.1, the following relationship is enforced at the mesh
refinement boundary:

! (2) (1) Z(Z)l 'k _Z(]}BAR ik o (1) o (1) 9Z4 1% ) «.(2)
a,l,j'k o, ; o
Jik 5x1’jk X O,j’k’

computed term

Note that the value Z((x )1 1 18 directly injected from the coarse mesh as a fine mesh ghost cell value (i.e., no
interpolation is perforrned to the fine mesh ghost cell center; this is a first-order approximation). Similarly,
the coarse mesh diffusivity term (pDa)E‘]).,k, is directly injected to the fine mesh ghost cell to compute the
average interface value.

Special Topic: Vertical Mesh Coarsening in Atmospheric Flows

In atmospheric flows, it may be beneficial to coarsen the mesh in the vertical direction. Matching the heat
flux at the mesh interface is not trivial due to the background pressure stratification and the relative coarse
grid resolution usually applied to atmospheric flow calculations. FDS does not explicitly match the flux.
Instead, it relies on the temperature gradient constructed from the interior (kxG) and ghost cell (kx) values to
be equivalent (additionally, the interpolation of the transport coefficient at the mesh boundary must match,
but this is less of a problem than the temperature gradient). To further complicate matters, FDS always
extracts the gas phase temperature value from the ideal gas law, given the cell species composition, density,
and background pressure.

B P(Z)W(Z) B PBAR(Z)
T(z)= p(z)R  RHO(z)RSUM(z)

At INTERPOLATED boundaries with mesh coarsening (or refinement) the positions of the ghost cell values
do not match positions of the interior gas phase cell values from the neighboring mesh. This is depicted for

(3.23)

our problem in Fig. 3.2. Let SZI(CII%, denote the cell height for the interior gas phase cell on Mesh 1, for
example. To match the temperature gradient at the mesh interface we require

1 1 2 1
1 1 2 1 '
é 5Zl(<k) ; Szl(dq)g é 6Zl(ck3g' é 5ZI(<k()g
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Now, suppose we are filling ghost cell values for Mesh 1. Our goal is to specify the ghost cell value of
the density, p,E,l), such that Eq. (3.24) holds. Plugging Eq. (3.23) into Eq. (3.24), and defining

82ty + 825,
= (3.25)
Zg T OZkiq
we get
1 2 1
(1) By Py Pl Pl
Puc = m Dacr@ | TP N @@ | 7 | T @ (3.26)
RSUM{} Poi) RSUM) Prr) BSUM) Poi) RSUMy)

A similar expression is obtained when viewing the interpolation from Mesh 2.

Note that this interpolation may be thought of as a central difference for the temperature gradient. The
corresponding density variation is nonlinear. The mass fluxes computed by the flux limiter scheme described
above still match at the refined mesh interface and therefore do not require adjustment.

This special treatment of the ghost cell density may be accessed in the source code by searching on the
logical flag ATMOSPHERIC_INTERPOLATION. By default, the procedure is invoked at vertical mesh refinement
boundaries only if sTRATIFICATION=.TRUE. and if the vertical cell spacing bz on any mesh exceeds 2 m.
For smaller grid spacing the spurious temperature effect is not noticeable and it is deemed more appropriate
to keep the temperature variation consistent with the flux limited interface density. Setting the developer
logical flag UsE_ATMOSPHERIC_INTERPOLATION on the wIND line overrides the default behavior.

s M(2) $TMP (KKG) HTk(kzg)
Mesh 2
° o —f—— M(1)3TMP (KK) —~ k(kl)
Mesh Interface —
. e ——— M(1)S%TMP (KKG) HTk(kg
Mesh 1
R M(2)$TMP (KK) —~ k(kZ)

Figure 3.2: Vertical mesh coarsening. Mesh 1 is the fine mesh. Mesh 2 is the coarse mesh. In this example, the
coarsening ratio is 1:2. Solid dots represent interior gas phase unknown values. Open circles represent ghost cell
values.

3.3 The Velocity Divergence

Because of the low Mach number assumption, the velocity divergence (the rate of volumetric expansion)
plays an important role in the overall solution scheme. In the FDS algorithm, the divergence is a surrogate
for the energy equation. The divergence is factored out of the conservative form of the sensible enthalpy
equation (see Appendix B), and when the divergence constraint is satisfied (enforced by the momentum
update and solution of the Poisson equation for pressure) the conservative form of the sensible enthalpy
equation is satisfied by construction.
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For the mth zone, with background pressure p,,, the divergence may be written as

Ip,
Viu=D_pm 3.27
u > (3.27)
where
1 1
P=—— (3.28)
Pm pCPT
and

1

- .
D=—— [¢" +dy —V-q" —u-V(phg) +wpog:]

pcp
1 W h .
X (g~ ) |9 (pDa¥Ye) —w Vlpri) i
o @ p
= T ! /
1 c TdT
iy (W eI L (3.29)
p T\ Wa cpT ’

3.3.1 Mass and Energy Source Terms

The volumetric source terms in the divergence expression require extended discussion. The heat release
rate per unit volume, ¢", and the mass generation rate of species & per unit volume, )/, are detailed in
Chapter 5, Combustion. The flux term, ¢”, is defined in Eq. (2.9). The radiative source term, ¢.’, that
is included in V - q” is discussed in Chapter 6, Thermal Radiation. The bulk heat source from Lagrangian
particles, c]{)” , which accounts for convective heat transfer and radiative absorption, is discussed in Chapter 9,
Lagrangian Particles. The bulk mass source from Lagrangian particles, 7, is also found in Chapter 9.
The source terms are computed in the corrector stage of the time step, f(;llowing the update of the density
and species mass fractions. The terms in Eq. (3.29) involving ¢y, rir/, and i}/, are stored in an array called
D_soURCE and applied in the construction of the divergence expression requifed for the corrected update of

the velocity.

3.3.2 Diffusion Terms

The thermal and material diffusion terms of Eq. (3.29) are pure second-order central differences. For exam-
ple, the thermal conduction term is differenced as follows:

1 Tiv1,jx — Tijx Tijk —Ti1jk
VDo = 5| Kb T T b T g *
1 Tijr1k— Tijk Tijw—Tij1x ]
Sy _ ki jilk 5y - kijik oy | +
1 Tijir1 — Tiji Tijk — Tijx—1 ]
57Z kijk-i—% T - kl‘j,k—% (Sz (330)

The thermal conductivity at the cell interface, denoted by the % cell index, is the average of its values in the
two adjacent cells.
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3.3.3 Corrections for Numerical Mixing

The differencing of the convection terms, u-V(ph) and u-V(pYy), is complex. If not handled carefully,
subtle issues related to numerical diffusion in the scalar transport schemes can cause significant conservation
errors in the implied energy equation. The proper discretization of these terms is discussed in Appendix B.

3.3.4 Computing the Temperature

The mean cell gas temperature, T, is derived from the density and species mass fractions via the equation of
state: _
_ P
= N
PijkR Yoo (Zav,iji/Wer)

Tij (3.31)

3.3.5 Sensible Enthalpy

The sensible enthalpy of the gas is a mass-weighted average of the enthalpies of the lumped species (denoted
by &), which are in turn a mass-weighted average of the enthalpies of the individual gas species (denoted by
n):
T
hs = ZZOC hs7a > hs,a = ZYn hs,n 5 hs,n(T) = /T Cp,n(T/)dT/ (3.32)
o n 0
The values of ks, and c, , for the individual gas species are obtained by table lookup from NASA polyno-
mials [25] or the NIST-JANAF tables [26]. The values are taken to the nearest degree Kelvin.

3.3.6 Computing the Background Pressure Rise

To describe how the background pressure of the mth pressure zone, p,,, is updated in time, consider the
expression for the divergence written in compact notation:

8 ﬁl‘)‘l

V.u=D-P
" ot

(3.33)
The terms D and P are defined by Egs. (3.29) and (3.28), respectively. The subscript m refers to the number
of the pressure zone; that is, a volume within the computational domain that is allowed to have its own
background pressure rise. A closed room within a building, for example, is a pressure zone. The time
derivative of the background pressure of the mth pressure zone is found by integrating Eq. (3.33) over the

zone volume (denoted by Q,,):
Py
pm:</ de—/ u-dS)// Pdv (3.34)
ot Qn oQ, Q

Equation (3.34) is essentially a consistency condition, ensuring that supplying or exhausting air or starting
a fire within a sealed compartment leads to an appropriate change in the divergence within the volume.

3.3.7 Combining Pressure Zones

In the event that a barrier separating two pressure zones should rupture (e.g., opening a door), Eq. (3.34) is
modified so that the pressure in the newly connected zones is driven toward an equilibrium pressure:

peq:Z<pm/QdeV>/;/QdeV%z% (3.35)

m

24



Note that

vV,
/ PdV ~ =2 (3.36)

where V,, is the volume of zone m and 7 is the ratio of specific heats. To drive the pressure within the
connected zones toward each other, a volume flow, V,:‘,, is applied to each zone. This flow is intended to
move gas from zones with the higher pressures toward zones with lower pressures. Eq. (3.34) now becomes:

IPeq peq
= (/dev /{m u-dS—v )//QdeV (3.37)

This equation is solved for V,*. The first term on the left is the change in the equilibrium pressure with time:

ap“‘q </de Z/ -dS>/;/QdeV (3.38)

The summation is over all connected zones, and it is essentially the net change in pressure with time for the
entire connected region. If there is any opening to the exterior of the computational domain, this term is set
to zero and all connected zone pressures are driven toward ambient. The second term on the left forces the
pressure in the mth pressure zone toward the equilibrium. The constant, 7, is a characteristic time for the
pressure to come into equilibrium. Its default value is on the order of 1 s. In reality, room pressures typically
come into equilibrium very rapidly, but air movements associated with rapid changes in pressure can cause
numerical instabilities.

Note: Because of the low Mach number assumption, FDS should not be used for rapid discharge of
pressure vessels.
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Chapter 4

Momentum Transport and Pressure

This chapter describes the solution of the momentum equation. This consists of three major parts: the LES
formulation, the discretization of the flux terms, and the solution of an elliptic partial differential equation
for the pressure.

4.1 Large Eddy Simulation (LES)

In this section, we temporarily return to formal LES filter notation and adopt Cartesian tensor index notation
(repeated suffixes imply summation) in order to precisely define modeled terms. The LES equations are
derived by applying a low-pass filter of width A to the DNS equations. The kernel usually associated with
finite volume LES is a box filter—grid resolved quantities are physically interpreted as cell means. This
interpretation is somewhat misleading (see [27]), but a thorough discussion of filtering is beyond our scope,
so the cell mean interpretation will suffice. In FDS, the filter width is taken to be the cube root of the cell

volume, A = Vl/ . , Vo = 0x 0y 6z. Then for any continuous field, ¢, a filtered field is defined as
x+0x/2  ry+0y/2 pz+6z/2
o(x,y,2,1) / / / ¢y, 2 1) dx'dy' d7 (4.1)
VC x—8x/2 Jy—8y/2 Jz—6z/2

It is also conventional to define a mass-weighted or Favre filter such that ﬁa =po.

4.1.1 The DNS Momentum Equation
In conservative form, the DNS momentum equation for the ith component of velocity is

8pu,~ J B ap aTl]
81 +87xj(PM1MJ)— axi 8){?] +p l+fdl+mb Up i (42)

In our two-phase formulation, f;; represents the drag force due to unresolved Lagrangian particles. The
bulk source term, 71, uy, ;, accounts for the effects of evaporation or pyrolysis. For Eq. (4.2) to be applicable,
the grid resolution should be smaller than the Kolmogorov scale, 7, the length scale of the smallest turbulent
eddies [15],

n=(v/e)" 4.3)

Here, v is the kinematic viscosity and € is the rate of viscous dissipation (the conversion of kinetic energy
to heat by viscosity),

a 1 2 . ”_1 (914,' 8uj
E_lea _2u< lS g(vu) ) > SZJZE <axj+ axi> “4.4)
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In fire scenarios, 1 is usually on the order of one millimeter. DNS is therefore impractical for all but
special research flame calculations.

4.1.2 The LES Momentum Equation

For domain sizes ranging from meters to kilometers, the affordable grid resolution for most LES fire calcu-
lations ranges from centimeters to meters. The goal of the LES is to evolve the cell mean values of mass,
momentum, and energy explicitly, while accounting for the effects that subgrid transport and chemistry have
on the mean fields. To this end, we apply the box filter to the DNS equations to obtain the filtered equations.
As an example, consider the momentum equation. Applying Eq. (4.1) to Eq. (4.2) results in

dpu; 9 _ 9dp dT; o
3 +E(Pulu1)——7xi— Ix; +Pgi+ fai i up i #3)

The cell mean value, pu;uj, is not itself a primitive variable in the calculation—we have no way of computing
the term under the bar to advance Eq. (4.5) in time. We must, therefore, decompose the terms, and this leads
to closure problems.
The next step is simply to apply the Favre filter,
8@7, Jd aﬁ 8?1-,- _ = —7 ~
o T ax (puiy) = =5+ Gx; T P8I Jait i, (4.6)

The first term is now separable, provided we have a solution for p. But we still have no way to compute the
correlation u;u; on the grid. We cannot simply use u;u; as a substitute (this is the old problem of “the mean
of the square does not equal the square of the mean”). Instead, we define the subgrid-scale (SGS) stress:

T = pwu; — i) 4.7)

Substituting Eq. (4.7) into Eq. (4.6) yields
Ipi | 9 . dp Ty 9T

S (Pltill)) = =5~ — 5 — =+ Pgi+ fa + iy liv, 4.
5 +axj(Pu w) =g v, ax, TP + fai+ ) i, (4.8)

Equation (4.8) is what is typically referred to as the LES momentum equation (analogous to the Cauchy
equation—constitutive models have not been applied). All variables are primitive or computable once we
find a suitable closure for the subgrid scale stress, Tf}gs.

Constitutive Relationship

There are a few more modifications we need to make in order to get Eq. (4.8) into shape for FDS. The first
is to decompose the SGS stress and apply Newton’s law of viscosity as the constitutive relationship for the
deviatoric part. Note that 7;; is already the deviatoric part of the viscous stress. We model the total deviatoric
stress as

_ R I
’C;ijev =7+ Tisjgs — gTJ:I%S&j = —2(H +Ht) <Sij — 3(Vu)5,> 4.9)

Note that §;; is the Kronecker delta (§;; = 1 if i = j, §;; = 0 if i # j). The turbulent viscosity, y;, requires
modeling, as discussed below.
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Modified Pressure Term

In LES of low-Mach flows, the isotropic part of the SGS stress must be absorbed by the pressure term.
Define the subgrid kinetic energy as half the trace of the SGS stress,

1

ksgs = ir,j,‘fs (4.10)

and define the modified filtered pressure [15] as
o2
pP=P+ gksgs (4.11)

Upon substitution of Egs. (4.9) and (4.11) into Eq. (4.8), we have

opu; 9 . op a‘L'l-djeV _ -~
9 iy =P _ N~ 4.12
ot + 8)6] (pu u]) 8)6,‘ axj +pg —i_fd7 +mb Up, ( )

Notice that Eq. (4.12) closely resembles the DNS momentum equation, Eq. (4.2). For this reason, we may
relax the filter formalism as we discuss the numerical details of the algorithm. The user should simply
understand that in the LES context when we write 7;; we mean precisely Tf‘jev, and similarly for pressure in
LES p refers to p.

Bulk Mass Source Term

When writing the momentum equation in non-conservative form, which we will do below, we must account
for the introduction of mass from subgrid particles (evaporation of water droplets, for example). Using the
continuity equation, Eq. (2.6), we can rewrite Eq. (4.12) as follows:

_Du;  dp o%y
p Dt N 8xi 8xj

+Pgi+ fai+ il (i — ;) (4.13)
fo.i

The last term in Eq. (4.13) is absorbed into the bulk subgrid force term, fb7l-, which also accounts for drag,
as discussed in Chapter 9 on Lagrangian Particles.

4.1.3 Production of Subgrid Kinetic Energy

The transport equation for the resolved kinetic energy per unit mass, K = %ﬁ,ﬂi, is derived by dotting the
LES momentum equation with the resolved velocity vector. The result is

_DK  _9p _oty
P o = gy gy + (0gi + fo,i)hi
_DK J ~ devi~\ __ —aﬁl dev aﬁl
PE‘FTM([P%‘F% ]”z)—Pafxi‘FTij dx;

+ (Pgi + fo.i)i (4.14)

The terms on the left hand side represent transport. The terms on the right hand side are sources or sinks
of kinetic energy. Of particular interest in LES is the production of subgrid kinetic energy, buried in the
second RHS term. The effect of this term is to transfer energy between the resolved and unresolved scales
of motion. In the classical picture of the “energy cascade”, the net transfer of energy is from large to small
scales, where ultimately the motions are dissipated as heat by viscosity. In LES, however, this term may also
be a source of energy, a phenomenon called backscatter. An issue that makes designing subgrid closures
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for LES challenging is that, far from being the exception, backscatter is ubiquitous and often critical to the
formation of large-scale motions (think of subgrid buoyancy-generated turbulence, e.g., the Rayleigh-Taylor
instability) [28]. Most simple LES subgrid closures take production of subgrid kinetic energy to be equal to
the dissipation of total kinetic energy. Using gradient diffusion for SGS closure, this assumption implies the
following:

T gj:; = —2(1+ 1) <Sij - ;(V'ﬁ)&j) gzj

-1 .
= —2(u + ) (Sij - 3(V'“)5i'> Sij
~ ~ 1 - 1
= —2(M+ ) <SijSij -5V “)2> =-2u <SijSij -3V u)2> =€ (4.15)

Using a model kinetic energy spectrum (see [15]), Eq. (4.15) can be used to derive theoretical values for
model constants, such as the Smagorinsky constant, discussed below. See Appendix L.
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4.2 Models for the Turbulent Viscosity

In LES, the “turbulence model” refers to the closure for SGS flux terms. In FDS, gradient diffusion is the
turbulence model used to close both the SGS momentum and scalar flux terms. We then require a model
for the turbulent transport coefficient: the turbulent (or eddy) viscosity or the turbulent (or eddy) diffusivity.
The turbulent diffusivity is obtained using a constant turbulent Schmidt number (for mass diffusivity) or
Prandtl number (for thermal diffusivity), as discussed below, and so the most important transport coefficient
is the turbulent viscosity, u;. There are several different options available that are described in this section.
The Deardorff model, Sec. 4.2.3, is the default. Its selection as the default was based on comparisons with
a wide variety of full-scale experiments.

4.2.1 Constant Coefficient Smagorinsky Model

Following the analysis of Smagorinsky [29], the eddy viscosity can be modeled as follows:

1

2
p=p@aPIS| i 15— (25,85 (7w (4.16)
where Cs = 0.2 is a constant and A = (0x 3y 8z) 13 is the filter width. This model was used in FDS versions
1 through 5. The value of C; = 0.2 is nominally the value obtained from Lilly’s analysis [30] (production
equals dissipation) for a spectral cutoff filter (implicit filters for energy conserving schemes more closely
resemble a spectral cutoff than a box filter [27]). The constant value is derived theoretically in Appendix I
and also confirmed in tests of decaying isotropic turbulence in the FDS Verification Guide [31].

4.2.2 Dynamic Smagorinsky Model

For the dynamic Smagorinsky model [32, 33], the coefficient C; in Eq. (4.16) is no longer taken as a constant,
but rather computed based on local flow conditions.

4.2.3 Deardorff’s Model (Default)
By default, FDS uses a variation of Deardorff’s model [14]:

e =pCyA/kegs 3 kegs= % ((@—&)* + (=) + (w—W)?) (4.17)

where i is the average value of u at the grid cell center (representing the LES filtered velocity at length scale
A) and 7 is a weighted average of u over the adjacent cells (representing a test-filtered field at length scale
2A):
Uijk T Ui—1jk 4 Wik  Wi—1jk+ Wit jk
e T S
The terms v and W are defined similarly. The model constant is set to the literature value Cy, = 0.1 [15]. The
constant value is also derived theoretically in Appendix I. The algebraic form of subgrid kinetic energy is
based on the ideas presented in the scale-similarity model of Bardina et al. [34]. (Note that Deardorff [14]
solved a transport equation for Kggs.)

(4.18)

Ujjk =
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4.2.4 Vreman’s Model

Vreman’s eddy viscosity model [35] is given by

_ Bg 4.19
He=pc 00 (4.19)
where
Bg = Bi1foa— B+ BuiPsz— B+ BoaBsz — B33 i Bij = Ay, OmiCmj (4.20)
ou;
oy =2 421)

The notation is selected to exactly match Vreman’s paper [35]. The model considers a possible anisotropy
in the filter width in direction m; contraction on m is implied in Eq. (4.20). The basic idea behind Vreman’s
model is to expand the velocity field in a Taylor series and to test filter this field analytically, thus avoiding
the expensive explicit test filtering operations necessary in the dynamic model. Therefore, this model is
inexpensive. Unlike constant coefficient Smagorinsky, however, Vreman’s model is convergent, making it
applicable to highly resolved LES calculations.

The model constant may be related to the Smagorinsky constant, ¢ =~ 2.5C2. Since Vreman’s model
is most applicable to high resolution cases, we base the coefficient off of C; = 0.17, which yields accurate
results for highly resolved decaying isotropic turbulence (see the FDS Verification Guide [31]). The default
Vreman constant is therefore set to ¢ = 0.07.

4.2.5 Wall-Adapting Local Eddy-viscosity (WALE) Model

The Wall-Adapting Local Eddy-viscosity, or WALE, model of Nicoud and Ducros [36] was originally con-
ceived as a method for properly scaling the eddy viscosity in the vicinity of a wall. While the invariant
used in the Smagorinsky model |S| is O(1) near a wall, the invariant designed for WALE correctly scales as
O(y*), where y is the distance from the wall. The WALE model is used for the eddy viscosity in the first
off-wall grid cell. The dynamic turbulent viscosity is written as follows:

SO
W= p(CyA) (4.22)
T (818i7)32 4 (84,84 )3/
where 1 )
S8t = & (8787 +Q20%) + 28707 + 2V o (4.23)
S =88y QL =QiQy; 1 Vs =SSk
The strain and rotation tensors are given by
1 /du; OJdu; 1 /du; Jdu;
Sii= — J Q== ) 4.24
Y 2<8xj+8x,-> Y 2(8xj 8x,-> ( )

Nicoud and Ducros [36] suggest the model constant should be in the range 0.55 < Cy, < 0.60. FDS uses
Cy = 0.60 based on results for decaying isotropic turbulence [31]. It is apparent that WALE may also be
used as a bulk flow eddy-viscosity model. However, this has not been tested in fire applications.
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4.2.6 Thermal Conduction and Gas Species Diffusion
The other diffusive parameters, the thermal conductivity and mass diffusivity, are related to the turbulent
viscosity by

_ Hcp _ M
ki = Pr, ; (pD)t—SCt 4.25)

The turbulent Prandtl number Pr; and the turbulent Schmidt number Sc; are assumed to be constant for a
given scenario. The default value is 0.5 for both. Justification for these values is given in [37] based on
smoke plume simulations.

4.2.7 Numerical Implementation

In the discretized form of the momentum equation, the modeled viscosity is defined at cell centers. For
example, the constant coefficient Smagorinsky model takes on the following form:

Hiji = Pij (CsA) S| (4.26)

where C; is an empirical constant, A = (dxdy 5z)%, and

ou\> v\ 2 ow\% [ou ov\® [Au Iw\® [dv Iw\? 2
() () () o) (B () e

4.27)
The quantity |S| consists of second order spatial differences averaged at cell centers. For example
U Ujjk — Ui—1 jk
— 4.28
ox Ox; (4.28)
gu - 1 <”i,j+61,k Uik Mijk(s_ Mi,jl,k) 4.29)
yo2 Yith Yi-3

The divergence is described in Sec. 3.3.2.

4.2.8 Transport Coefficients for Direct Numerical Simulation (DNS)

There are some flow scenarios where it is possible to use the molecular properties u, k and D directly.
Usually, this means that the numerical grid cells are on the order of 1 mm or less, and the simulation
is regarded as a Direct Numerical Simulation (DNS). For a DNS, the viscosity, thermal conductivity and
material diffusivity are approximated from kinetic theory because the temperature dependence of each is
important in combustion scenarios. The viscosity of the species « is given by

26.69x 1077 (W, T)?

o2 0, (=] kg/(ms) (4.30)

Ue

where 0y is the Lennard-Jones hard-sphere diameter (A) and Q, is the collision integral, an empirical
function of the temperature 7. The thermal conductivity of species « is given by

_ MHaCpa
ke = PR (=] W/ (mK) @31)

Note if Pry is not defined, the value for nitrogen (0.71) is assumed. The viscosity and thermal conductivity
of a gas mixture are given by [38]

_ LabaXaMd® | YokaXa M’ 432
:uDNS - Z X M1/2 ’ DNS — Z X Ml/z .
aaa aao o
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The binary diffusion coefficient of species o diffusing into species 3 is given by

2.66 x 1077 13/2
Dyp =

— =] m?/s (4.33)
2

W(xﬁ Gaﬁ QD

where Wy =2(1/Wy +1/Wg) ™!, 64 = (04 +0p) /2, and Qp is the diffusion collision integral, an empiri-

cal function of the temperature, T [39]. It is assumed that nitrogen is the dominant species in any combustion

scenario considered here, thus the diffusion coefficient in the species mass conservation equations is that of
the given species diffusing into nitrogen

(PD)apxs = P Dao (4.34)

where species 0 is nitrogen.
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4.3 Coupling the Velocity and Pressure

This section explains how the momentum equation is written in finite difference form, and how the solution
of the momentum equation requires the solution of an elliptic PDE for the pressure.

4.3.1 Simplifications of the Momentum Equation

The momentum equation in conservative form is written:

d(pu
(g)t)-l—Vpuu—l—Vp:pg%—fb—i-Vfij (4.35)
First, we start with the non-conservative form of the momentum equation introduced above (see Eq. 4.13)
du
p E%—(u-V)u +Vp=Pg+fh+V-T,-j (4.36)

Note that all momentum exchange with Lagrangian particles is represented by the force term, f,. Next, we
make the following substitutions:

1. Subtract the hydrostatic pressure gradient, py(z)g, from both sides. Note that Vp = pog+ Vp, and py(z)
is the density profile of the ambient atmosphere.

2. Apply the vector identity: (u-V)u=V|u|?/2 —u x o.
3. Divide all terms by the density, p.

4. Decompose the pressure term:

1 p 1
—Vp=V () —pV (> 4.37)
p p p
5. Define H = |u|?/2+ p/p.
Now the momentum equation can be written
Ju 1 _ 1
Fa Fp

Note that the subscripts A and B for the vector F denote Advective and Baroclinic. As will be seen in the
following sections, it is convenient to group the various terms of the momentum equation into these two
terms.

4.3.2 Finite-Difference Approximation of the Momentum Equation
As discussed in the previous section, it is convenient to write the momentum equation in the form:

d
8—?+F+VH:O . F=F,+Fg (4.39)

The advective and baroclinic terms, F and Fg, are expanded as:

_ 1 0Ty 0Ty  OTy '
FA’X_Wwy_VwZ_P((p_pn)gX+fx+ ax dy * 8z> ’
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9Ty N Ty, N 8ryz> :

1
Fay=uo,—wa,——( (p—pa ,
A,} uwZ w @ p <(p p )gyJFf)+ ax ay az

a (1

1 d oT, 0 J (1
FA,Z = wa_uwy - B <(P _pn)gz +fz+ ;;x + a;y + TZZ) 5 FB,Z = _ﬁi <P> (4-42)

The term VH is referred to as the pressure gradient, even though, as discussed above, H is not actually a
pressure. Its discretization is:

du Hiy 1 jk— Hiji
Ay P ALY S L) 4.43
8v Hi '+1k_Hi'k
Y+ F gt VR 4.44
8[ + 7ljk+ 6y ( )
8W Hi'k+1 —Hl' ik
—+F, . VR 4.45
at + 2, ‘]k+ 6Z ( )

where H; j;. is taken at the center of cell i jk, u;jx and F, ; j are taken at the side of the cell facing in the forward
x direction, v; jx and Fy ;i at the side facing in the forward y direction, and w;j; and F_; jx at the side facing in
the forward z (vertical) direction.

For the discretization of F 5, the components of the vorticity (@,, ®,, ®;) are located at cell edges point-
ing in the x, y and z directions, respectively. The same is true for the off-diagonal terms of the viscous stress
tensor: T,, = Ty, Ty; = Ty, and T,y = T,,. The diagonal components of the stress tensor, Ty, Tyy, and T,;, and
the external force components, f;, fy, and f;, are located at their respective cell faces.

1 1
Faxijk = 5 (W,-+%, gk Ovijke T Wil ey %ij,k—l) ~5 (m%, gk Ozijle TVigl ik %i,j—hk)

1 Txji+1,jk — Tx,ijk | Tayijk — Twyij—1.k | Txzijk — Txzi,jk—1
- Sijk+ 5 + 5 + 5 (4.46)
Pitl jk X y Z
1 1
Fayjijk = 5 \ Uiy ke Dz T Uiy ik D=1,k ) — 5 Wi j+ & Priji Wi k1 @xijk—1
1 Tyxijk — Tyxi—1jk | Tyvij+1k — Tyyijk | Tyzijk = Tyz,ijk—1 447
Pij+lk X y b4
1 1

Fazije =5 \Vijard ekt Vi jo e Orij=1k ) = 5 \Wijard Ovijie Uiy gt Oriet,jk
2 2 2 2 2 2

1 Tovijk — Toxi—1jk | Tayijk — Tayij—Lk | Tazijkt+l — Tzijk
— P fzij + L 5 ) 5 4 ;L] 5 YstJ— 1, + oLy 6Z )L (448)
.. 1
ijk+3 y
The components of the vorticity vector are discretized:
Wij+1k — Wijk  Vijk+1 — Vijk
Oy ijk = 5 — (4.49)
y 6z
Ujjk+1 — Uijk Wit jk — Wijk
wy,ijk = — (450)
0z Ox
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Vitl,jk — Vijk Ui j+1k — Wijk

. = 4.51
Zijk Sx Sy ( )
The components of the viscous stress tensor are discretized:
4 Vijk — Vi,j—1k Wijk — Wij k—1
Tux,ijhke = Mijk <3(V' ) —2 5y -2 52 (4.52)
4 Wije = Uin1,jk Wik — Wijk-1
Tyyijk = Mijk < (V-u)ijp—2— Sx’ & k2 (4.53)
4 Uijk — Uizl jk o Vijk = Vij-Lk
Tozijk = Mijk <3(V' u)j—2—2 5 L - ” (4.54)
X
U P Wi jtik — ui]k Vi1, ]k Vijk
Txy,ijk = Tyxijk = ‘uiJr%,jJr%,k ( 5)’ > (4.55)
Uijk+1 — Uijk Wit jk — Wijk
Txz,ijk = Tox,ijk = “H%j,lﬁ% < 5z + Sx > (4.56)
. . Vijk+1 —Vijk = Wi j+1,k — Wijk
Tyzijk = Toyijk = ,u,-’j+%7k+% < 52 + 5y > 4.57)
The components of the baroclinic term, Fg, are discretized:
FB,x,ijk _ _Pz+1,Jkthk Dijk Pi+1,jk L < _ > (4.58)
Pijk + Pi+1,jk Ox \ Pit1jk  Pijk
Fiyije = _ Pij+1,kPijk T Pijk Pij+1k 1 < B ) (4.59)
Pijk + Pij+1k 0y \Pij+1k  Pijk
FB,z,ijk _ _pu,k-H Pijk T Dijk Pijk+1 L ( . > (460)
Pijk + Pijk+1 0z \ Pijk+1  Pijk

Notice the somewhat unusual discretization of the term 5 V(1/p), which is needed to be consistent with the
discretization of the other two terms in Eq. (4.37):

1 Div1jk—Pijk _ 1 (ﬁi+1,jk B ﬁljk)
(Pijk+ Pi+1,jk) /2 ox Ox \ Pit1,jk  Pijk
_ﬁi+1,jkpijk+l5ijkpi+1,jk1( o 1) @61)
Pijk + Pi+1,jk Ox \ Pit1,jk  Pijk

4.3.3 The Poisson Equation for Pressure

Before the components of velocity can be advanced in time, an elliptic partial differential equation (known
as a Poisson equation) must be solved for the pressure term, H. This equation is formed by taking the
divergence of the momentum equation:

d(V-u)
at

Note that the perturbation pressure p appears on both sides of Eq. (4.62). The value of p in Fy is taken
from the last computed H. The pressure on the left hand side (incorporated in the variable H) is solved

V’H = —

—V-(Fa+Fp) (4.62)
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for directly. The reason for the decomposition of the pressure term is so that the linear algebraic system
arising from the discretization of Eq. (4.62) has constant coefficients (i.e., it is separable) and can be solved
to machine accuracy by a fast, direct (i.e., non-iterative) method that utilizes Fast Fourier Transforms (FFT).
As will be discussed below, the Poisson equation is solved multiple times, each time driving the old and new
values of p closer together.

The discretized form of the Poisson equation is

Hiy jk —2H;jc+ Hi - ji n Hiji1,—2Hij+H;j1k . Hijjv1 —2H;ji + Hij g

Ox?2 oy? 6z
Foip—Feivje Bap—Fij1x  Fop—Fix1 0
_ i axx,t jk Lyij ayyll _ & 5;” —E(V-u)zjk (4.63)

This elliptic partial differential equation is solved using a direct FFT-based solver [16] that is part of a library
of routines for solving elliptic PDEs called CRAYFISHPAK'. To ensure that the divergence of the fluid is
consistent with the definition given in Eq. (3.27), the time derivative of the divergence is defined

B (V)7 = (V-u)y;
5,V Wik = & 5 & (4.64)
at the predictor step, and then
5 Vw3 (V) (V-w

at the corrector step. By construction, the thermodynamic divergence defined in Eq. (3.27) is identically
equal to the divergence defined by

Uijk — Ui—1,jk | Vijk —Vi,j—1,k , Wijk — Wijk—1
+ +

Veu) o, —
(V- w)ije Sx 3y oz

(4.66)

The equivalence of the two definitions of the divergence is a result of the form of the discretized equations,
the time-stepping scheme, and the direct solution of the Poisson equation for the pressure.
The following sections describe how the boundary conditions for the pressure equation are specified.

Open Boundary Conditions (General)

An open boundary is where fluid is allowed to flow into or out of the computational domain depending on
the local pressure gradient. The boundary condition for the pressure depends on whether the local flow is
incoming or outgoing. In either case, it is assumed that the quantity, H = j/p + |u|?/2, remains constant
along a streamline. It is also assumed that the pressure perturbation at the boundary is a user-specified input,
Pext> that is zero by default. The Poisson solver for H requires a Dirichlet condition at an open boundary;
that is, its value is specified at the external boundary of the mesh. As an example, consider the boundary,
X = Xmin- The boundary value of H is given by the following expressions depending on the direction of the
flow across the external cell face:

< | |
[l;lex; T3 (ﬁ%.jk + ‘7%,]‘1( + Wijk) outgoing

BXS(IK)=Hy =9 (4.67)
]:;: T3 (U2 +v2+w2) incoming

ICRAYFISHPAK, a vectorized form of the elliptic equation solver FISHPAK, was originally developed at the National Center
for Atmospheric Research (NCAR) in Boulder, Colorado.
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BxS is the name of the array sent to the pressure solver. The bar over the velocity components indicates an
average over the respective faces of the grid cell adjacent to the boundary. The subscript e denotes user-
specified far field velocity and density values. Typically, the far field velocity is zero, but for simulations
involving an external wind, these values can be specified accordingly.

Open Boundary Conditions (Wind)

If the user specifies a wind sPEED, a slightly different opEN boundary condition is invoked. The outflow
boundary condition is the same as that shown in Eq. (4.67). At the inflow boundary, the mean viscous and
convective forces are assumed small, and a simplified momentum equation is used to develop a boundary
value for H, namely, du;/dt = —dH /dx;. For example, the value of H at the lower x boundary, H Lk is set
so0 as to approximate a Neumann boundary with a specified velocity component normal to the boundary:

BXS(J,K) = Hy o = Hil j+ - (4.68)

where u.(z,t) is the prescribed external wind field velocity component at height z and time 7. Note that the
tangential components of the velocity vector specified by the wind field are also applied on external domain
boundaries as discussed in Sec. 4.4.5.

Solid Boundary Conditions

Boundary conditions at a solid surface fall into three distinct categories:
1. External boundary where the entire face of the mesh is either solid or a forced flow.
2. External boundary where there is a mix of open and solid surfaces.

3. Internal solid obstructions.

Case 1: FDS uses a direct Poisson solver that requires that one specify either Neumann (specified normal
gradient) or Dirichlet (specified value) boundary conditions at the exterior of the mesh. If an entire face
of the mesh is a solid or forced flow boundary, we can use the Neumann boundary condition for the
entire face. For example, at the x = x,,,, boundary we can specify the normal gradient of H:

n n * n
Hi'yy = Hp i I U ik — Up jk

BXF(J,K) = 5 = —Fl——"5

(4.69)
where Bxr is the name of the boundary condition array sent to the pressure solver, H; j lives in the
center of the ghost cell to the right of the boundary, H; j; lives in the center of cell to the left of the
boundary, F"; ik is the x-component of F at the vent or solid wall at the start of the time step, and ;. ik is
the user-specified value of the x-component of velocity at the next time step.

Note that for Neumann pressure boundary, there are several options for computing the boundary force
term (it could even be set to zero). What matters is, whatever value is used for the force here, the same
value must be used in the velocity predictor and corrector steps, Eqs. (4.88) and (4.89). We choose to
compute the boundary force term using the previous value of the normal pressure gradient, just as we
would for an immersed boundary surface:
wi MR HD
whjk ox ot

(4.70)
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For the corrector step:

% * n+l 1/ % n
Hivp =M pe Mg =Wt

BXF(J,K) = = _ -
(J7 ) Sx x,1, jk 5[/2

4.71)

The normal velocity component at the next time step, u?J]fkl, is exactly (to machine accuracy) the specified

value. If the boundary is a solid wall, then this value starts and remains zero. If the boundary is a forced
flow vent, then this value follows the user-specified time history.

Case 2: At exterior mesh faces with a mix of solid and open boundaries, we must apply Dirichlet boundary
conditions at all cells, meaning that H is specified rather than its gradient. Consider the same mesh face
as in Case 1. As with the previous case, we first modify the flux term using a previously computed value
of the pressure and the desired time derivative of the velocity component:

k—1 k1 «
ko Hln+1,jk - Hln,jk Ur ik — u;l,jk 472
xjk — Sx - St 4.72)
Next, the value of H is specified at the mesh boundary:
Hn,{cfl +Hn,k7} s
ook Lk I+1, jk X [ sk—1 X
BXF(J.K) = H,Y, | = Iy 2o () .73)

The superscript £ is an iterative index. We use the interface value of H from the previous iteration to
estimate its value at the current. The term, u}kfk_ 1, is a first-order estimate of the desired normal velocity
component at the next time step, u;. The purpose of the second term on the right hand side of Eq. (4.73)

is demonstrated by summing Eq. (4.72) and Eq. (4.73) which leads to:

u*,k—l ut ”7kl —Hf’{f,;l
* n 1,jk - 1,jk n.k 1+§7jk 5]
U o =uj o+ ————"=-0t|F.; ., + 4.74)
1, jk 1,jk 2 x,1,jk 5)6/2
Very loosely, this converges according to
M*J(_l ur
*,k v | oo (Mg T MLk
Uy jx — ”I,jk‘ ol — 4.75)

This iterative process continues until

u;’;‘k —uy jk’ falls below a specified tolerance. By default, the

tolerance is dx/2. For the corrector step, this procedure is the same, except the boundary condition for
the pressure term is:

. H*,(cfl —I—H*’k7-1 Sx -

BXF(J,K) = Hlj‘%’jk - w 55 (uﬁ,{l’k L u}lj,j) (4.76)

Case 3: FDS uses a simple, direct-forcing immersed boundary method (IBM) [40] for block Cartesian
geometries. Internal solid obstructions are represented as masked grid cells, but the no-flux condition
(4.69) cannot be directly prescribed at the boundaries of these blocked cells. However, by solving the
pressure equation several times within a time step, the normal component of velocity can be driven to
within some specified tolerance of the desired value. At the start of a time step, the components of F
are computed at all cell faces that do not correspond to walls. At those cell faces that do correspond to
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solid walls but are not located at the exterior of the computational grid, we prescribe (for example at the
cell face where u; ;. “lives™):

nk—1 nk—1 n
nk Hi+l7jk _Hijk Ui — Ui
Fr o= — - 4.77)
1] ox ot

at the predictor step, and

ko _Hiikl,]}c _H;}f : _ ”?j?:] —3 ( Uk+”z/k> 4.78)
xijk Ox ot/2 '

at the corrector step. Note that the superscript n refers to the time step and k refers to the iteration
of the pressure solver. Note that u; i and u”*1 are approximate because the true value of the velocity
time derivative depends on the solutlon of the pressure equation, but since the most recent estimate of
pressure is used, the approximation is fairly good. Also, even though there are small errors in normal
velocity at solid surfaces, the divergence of each blocked cell remains exactly zero for the duration of
the calculation. In other words, the total flux into a given obstruction is always identically zero, and the
error in normal velocity is usually at least several orders of magnitude smaller than the characteristic
flow velocity. When implemented as part of a predictor-corrector updating scheme, the no-flux condition
at solid surfaces is maintained fairly well.

Boundary Conditions at Mesh Interfaces

Dirichlet boundary conditions are applied at the interface between two meshes, which means that H, rather
than VH, is specified at the interface. Consider the interface between two non-overlapping meshes that abut
at a common x boundary. The value of H in the center of the rightmost cell of the left mesh is denoted Hj j,
and the value of H in the center of the leftmost cell of the right mesh is H; j. The interface value of the left
mesh is denoted H, e and the interface value of the right mesh is denoted H Lk

At the start of a glven time step n, the normal component of velocity at the 1nterface of each respective
mesh, " 1k and u07 jk> are forced to take on the same value, their average from the previous time step. In the
predictor phase of the time step, the values are updated independently to provide a first-order estimate at the
next time step:

HY Hp'y
, _ I+5,jk 3J
e = e 5t< 1Jk+25x/2) ; M17Jk_n111_r>110u1 ik (4.79)
H", —HT"
— 1,jk l,jk ) 4
G = B 5’<x°fk+ Tapn ) Pt = Nim gy (4.80)

Ideally, these estimated values, ”1 i " and “0 e should be the same, but they are typically not because the
respective pressure fields are only guaranteed to be continuous at the interface, not differentiable (smooth).
The common value of the pressure field at the interface boundary is:

m m
H27/k_HI+ Jk T 2 +T§t
The purpose of the second term on the right hand side of Eq. (4.81) is seen by substituting HI”jr " from
2
Eq. (4.81) into Eq. (4.79) which leads to:

*,m—1 *,m—1 -1 1 m
m _ o i~ Uk st (Hp' +H0 )2 = Hpy 480
Up jk = UI,jk — 2 I jk 5x/2 (4.82)

1
I 85 @8

Uy s —Ug
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The extra term on the right hand side drives u;‘;’;{ halfway toward ué%, and vice versa. This iterative process

*,m *,m
Up jx — U, jk

For the corrector phase of the time step, the procedure is the same, except the boundary condition for
the pressure term is:

continues until falls below a specified tolerance. By default, the tolerance is 0x/2.

m—1 m—1
1,jk 0,jk ’ Ljk = e 1jk :

H" =H",6 = —
3.k = Tk 2 261

The factor of 1/2 instead of 1/4 on the last term is due to the structure of the corrector velocity step:

_n _x n+1,m—1 n+1,m—1 m—1 m—1 m
witm W T Uy — Uy jk ot ( . (Hl,jk +H )/2_H1,jk> (4.84)

Yk =T 2 — g |t 5x/2
Note that throughout this iterative procedure, MPI calls are made to exchange values of # and H in the
neighboring cells.

4.3.4 Iterative Procedure for Updating Velocity

The Poisson solver in FDS produces an exact solution of Eq. (4.63) on each mesh. There are three problems
with this solution, however:

1. The solution, H, is continuous at mesh interfaces, but the finite-difference of its gradient is not. This
means that the normal component of velocity at the mesh interface will not agree at the next time step.

2. At solid internal boundaries, the normal component of velocity is not exactly zero because the normal
component of F is set equal to the previous value of the gradient of H. The no-flux boundary condition
is only exact at external boundaries.

3. The perturbation pressure, p, that is included in F is from the previous time step. Thus, after solving the
Poisson equation, the value of p implicit in H will not equal the value in F.

One solution to these three problems is to solve the Poisson equation multiple times, each time updating
the lagged value of pressure until the normal component of velocity at internal solids and mesh boundaries
converges within a specified tolerance, and until the old and new values of the perturbation pressure, p,
converge to within a specified tolerance.

Following is a step by step procedure for advancing the velocity components. This same procedure is
followed, with a few noted exceptions, in both the predictor and corrector stages of the time step.

1. The overlapping normal components of velocity that co-exist at the mesh interface are replaced by their
average. Consider two meshes joined side by side in the x direction. The component u; = u; i lives on
the right boundary of the left hand mesh, and uo = ug_ji lives on the left boundary of the right hand mesh.
Define the discrete “patch-averaged” field @t which is identical at all overlapping mesh points. To do this
we simply average the coincident values of the normal velocity component at the mesh interfaces. For
instance, considering the same side-by-side meshes as before,

1
Uy =g = 3 (uuk + u(),jk) (4.85)

for all patch boundary cells j and k. Here, for simplicity, we are only considering the case in which the
cell sizes are equivalent for the adjoining meshes (coarse-fine mesh interfaces are possible).
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2. Compute Fx (@) as described in Sec. 4.3.2.
3. Add the baroclinic term F(1) = Fx (@) +Fg (1) as described in Sec. 4.3.2.
4. Compute the normal component of F at solid surfaces from Eq. (4.77) or Eq. (4.78).

5. Solve the Poisson equation for the pressure H as described in Sec. 4.3.3. At the predictor stage:

VZHn:_ <V-u*V~u”V'(l—l”un)> —F(ﬁn) (486)

ot

At the corrector stage:

V2 <2V-un+1 ~V-u' =V (0* —u*) - V-u" - V- (0" —u")

s ) —F(u*) (4.87)

The extra terms in the time derivative, V- (@ —u") and V- (0" —u*), “correct” the divergence error.
The benefit to averaging the normal components of velocity at mesh interfaces is that F is the same
on each side of the interface, since all force terms are determined using the patch-averaged field. This
also means that stress tensors computed at a mesh interface (which are buried in F) are symmetric; this
symmetry is a requirement for angular momentum conservation. Thus, the patch-averaging procedure
prevents the production of spurious vorticity at mesh interfaces.

6. Estimate the velocity field at the next time step. For the predictor step:
uth = @ — S (F(ﬁ") + VH"*) (4.88)

At the corrector step:
1
w = <ﬁ" a8t (F(ﬁ*) +VH! )) (4.89)

Note that for both stages, the normal components of velocity at the interface are no longer expected to
match because the individual pressure fields do not match exactly at the interface.

7. Check the convergence criteria. The default velocity tolerance is
luj —ug| < 0.56x (4.90)
and the default convergence criteria for the pressure, p = p(H — |u|?/2), is
V- (p* =P V(1/p)| < 20/8x (4.91)
If the criteria are not met, return to Step 3.

This iterative scheme works well for most multiple mesh configurations, but it is excessively slow in the
case of tunnel geometries, where potentially dozens of meshes might be aligned end to end to make up the
tunnel. In such circumstances, there is an optional pre-conditioning scheme for the solution of the Poisson
equation described in Appendix O.
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4.4 Velocity Boundary Conditions

This section describes how the tangential component of velocity is specified at solid surfaces, mesh in-
terfaces, or open boundaries to the outside atmosphere. The normal component of velocity is not speci-
fied directly at these boundaries, but rather indirectly via the pressure boundary condition, as described in
Sec. 4.3.3.

4.4.1 Smooth Walls

In finite-volume LES, when the momentum equation is integrated over a cell adjacent to the wall it turns
out that the most difficult term to handle is the viscous stress, 7,,, because the wall-normal gradient of the
stream-wise velocity component cannot be resolved; the SGS stress at the wall is identically zero. We have,
therefore, an entirely different situation than exists in the bulk flow at high Reynolds number where the
viscous terms are negligible and the SGS stress is of critical importance. The fidelity of the SGS model
still influences the wall stress, however, since other components of the SGS tensor affect the value of the
near-wall velocity and hence the resulting viscous stress determined by the wall model. FDS models 7,, with
a logarithmic velocity profile [15] described below.

An important scaling quantity in the near-wall region is the friction velocity, defined as u; = \/7,/p.
From the friction velocity we can define the non-dimensional stream-wise velocity u™ = u/u; and non-
dimensional wall-normal distance y* = y/dy, where 8, = V/u; = p/(puz) is the viscous length scale. In
FDS, the law of the wall is approximated by

ut =yt for y" < 11.81 (4.92)

1
ut = E1ny+ +B for y*>11.81 (4.93)

where K = 0.41 is the von Kdrmén constant and B = 5.2. The region 5 < y* < 30, where both viscous
and inertial stresses are important, is referred to as the buffer layer. Following the work of Werner and
Wengle [41], the solution in this region is approximated by matching the viscous region and log regions at
yt =11.81.

For the purposes of adapting the log law model to FDS we suppose that the first off-wall velocity
component represents the profile sampled at a distance 6y/2 in the wall-normal direction—stream-wise
components of velocity are stored at the face center on a staggered grid. The density and molecular viscosity
are taken as the average of the neighboring cell values and uniform on the cell face where the stream-wise
velocity component is stored.

4.4.2 Rough Walls
For rough walls FDS employs the log law presented in Pope [15],

+_ Loy Bt
W =—ln (§> +B(sT) (4.94)
where st = /8, is the roughness length in viscous units and s is the dimensional roughness. The distance
to the wall, y, is taken as 8y/2 for the first off-wall grid cell. The parameter B varies with s* but attains
a constant value B, = 8.5 in the fully rough limit. In FDS, we implement B as the following piece-wise
function:
B+ (1/x)In(s™) for st <5.83
B=1{ Buux for 5.83 <s™ <30.0 (4.95)
B> for s >30.0

where Byax = 9.5.
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4.4.3 Near-Wall Eddy Viscosity Model

The WALE model (see Sec. 4.2.5) is used as the near-wall eddy viscosity model; that is, WALE is used
to compute the eddy viscosity for any Cartesian cell adjacent to a solid boundary. There are two reasons
for this. First, the test filtering operation needed for the subgrid kinetic energy in our implementation of
Deardorff’s model is not well defined near a wall. Second, with the WALE model the eddy viscosity goes
to zero at the correct rate, v, = O(y*), without the need for an explicit damping function.

4.4.4 Wall Damping of the Turbulent Viscosity

An alternative to the WALE model is to use Van Driest damping?. The turbulent viscosity v = t;/p may
be thought of as a “mixing length” squared divided by a time scale. For example, in the Smagorinsky model
the mixing length is mix = Cs A and the time scale is the inverse of the strain rate invariant 1/|S|. Thus, the
turbulent kinematic viscosity has units of length?/time.
To achieve the correct decay of the Reynolds stresses near a wall, Van Driest [42] proposed the following
modification:
fin = CA[1-e7" /4] (4.96)

where A is a dimensionless empirical constant equal to 26. The term in brackets is referred to as the Van
Driest damping function. In FDS, due to difficulties defining a consistent test filter for use with either the
Deardorff or the dynamic Smagorinsky turbulence model near the wall, at corners, and inside cavities, the
turbulent viscosity of the first off-wall cell is obtained from the Smagorinsky model with Van Driest damping
applied to the mixing length as shown in Eq. (4.96) with y* = (8y/2)/8, and Cs = 0.2. See Sec. 4.4.1 for
an explanation of terms. The viscosity near the wall is then given by

Vi = Linix |S] (4.97)

where the strain rate, |S|, is defined in Eq. (4.16).

4.4.5 Open Boundaries (General, Wind)

An open boundary is where the fluid is allowed to enter or exit the computational domain based on local
pressure gradients, like at an open window or door of a building. Typically, the gradients of the tangential
components of velocity are set to zero at an open boundary. That is, the “ghost cell” values of the tangential
velocity components are set equal to their values in the first grid cell. However, if the user specifies a wind
field (¢ (z,7),ve(z,1)), then the tangential components of velocity are set to their respective far-field values
at all inflow boundaries. At outflow boundaries, the standard zero-gradient condition is applied.

4.4.6 Mesh Boundaries

At the interface between two meshes, the tangential components of velocity are taken directly from the
neighboring mesh via an MPI exchange.

ZVan Driest damping was the default wall model in FDS Version 6
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4.5 Time Step and Stability Constraints

In explicit schemes, stability criteria may often be understood in terms of using the time step to maintain
physically realizable conditions. Below we examine the necessary conditions for stability in the presence of
advection, diffusion, and expansion of the velocity and scalar fields.

4.5.1 The Courant-Friedrichs-Lewy (CFL) Constraint

The well-known CFL constraint given by

CFL = StM ~ 1 (4.98)
Ox
places a restriction on the time step due to the advection velocity. Physically, the constraint says that a fluid
element should not traverse more than one cell within a time step. For LES, this constraint has the added
advantage of keeping the implicit temporal and spatial filters consistent with each other. In other words, in
order to resolve an eddy of size dx, the time step needs to be in concert with the CFL. If one were to employ
an implicit scheme for the purpose of taking time steps say 10 times larger than the CFL limit, the smallest
resolvable turbulent motions would then be roughly 10 times the grid spacing, which would severely limit
the benefit of LES. In most cases, if one wishes the simulation to run faster, a better strategy is to coarsen
the grid resolution while keeping the CFL ~ 1.
The exact CFL needed to maintain stability depends on the order (as well as other properties) of the
time integration scheme and the choice of velocity norm. Three choices for velocity norm are available in
FDS (set on M15sC):

CFL_VELOCITY_NORM=0 (corresponds to L. norm of velocity vector)

ul I Iwl

L — Ll
5, — max 5 By’ 62 +|V-ul (4.99)

cr1_veELocITY_NorRM=1 (DNS and LES default, most restrictive, corresponds to L; norm of velocity vector)

[l _ Jul vl

5c = 5t 5y+5—z+\v-uy (4.100)

crL_viELocITY_NorM=2 (VLES default, L, norm of velocity vector)

u
ll&ll = /(0822 + (v/8y) + (w/82)2 +|V - (4.101)
CF1L_VELOCITY_NORM=3 (SVLES default, least restrictive, corresponds to L. norm of velocity vector)
u ul v |w
H5x|| = max <|5l,|5)’/,|52|> (4.102)

The addition of the magnitude of the velocity divergence to the velocity norm is discussed below in
Sec. 4.5.3. Notice that cFL_VELOCITY_NORM=3 omits this restriction and should therefore only be used for
incompressible flows.

46



4.5.2 The Von Neumann Constraint

The Von Neumann constraint is given by

VN = tmax [(1t/p),Dq] Z

i

1
—ZZ 5 (4.103)
We can understand this constraint in a couple of different ways. First, we could consider the model for the
diffusion velocity of species ¢ in direction i, Vi Yy = —Dq0dYy/0dx;, and we would then see that VN is
simply a CFL constraint due to diffusive transport.

We can also think of VN in terms of a total variation diminishing (TVD) constraint. That is, if we
have variation (curvature) in the scalar field, we do not want to create spurious wiggles that can lead to an
instability by overshooting the smoothing step. Consider the following explicit update of the heat equation
for u in 1D. Here subscripts indicate grid indices and Vv is the diffusivity.

W =+ ‘;"2’ () = 2u! +ufy)) (4.104)
Very simply, notice that if 6¢v/8x* = 1/2 then u/™' = (u? | + u}, 1)/2. If the time step is any larger we
overshoot the straight line connecting neighboring cell values. Of course, this restriction is only guaranteed
to be TVD if the u field is “smooth”, else the neighboring cell values may be shifting in the opposite
direction. Unfortunately, in LES there is no such guarantee and so the VN constraint can be particularly
devilish in generating instabilities. For this reason, some practitioners like to employ implicit methods for
the diffusive terms.

4.5.3 Realizable Mass Density Constraint

In an explicit Euler update of the continuity equation, if the time increment is too large the computational
cell may be totally drained of mass, which of course is not physical. The constraint p"*! > 0 therefore leads
to the following restriction on the time step:

pn

ot
< u’-Vpt+4pV.u”

(4.105)

We can argue that the case we are most concerned with is when p” is near zero. A reasonable approximation
to (4.105) then becomes (time location suppressed, summation over Z is implied)

P
ﬁ,-(pﬁ—;o)%—pv'u

Equation (4.106) basically adds the effect of thermal expansion to the CFL constraint and provides a reason
to prefer CFL_VELOCITY_NORM=1 as the basis for the time step restriction.

-1
or < [ +V. u] (4.106)
Ox;

4.5.4 Realizable Fluid Volume Constraint

Mass conservation tells us that the time rate of change of a fluid element with mass pV does not change:

d(pV)
=0. 4.107
m ( )
Using continuity, Eq. (4.107) rearranges to
1dv
==—, 4.108
V dt ( )
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where V(¢) is the time-dependent volume of the fluid element. If V-u < 0, the fluid element is under
compression. In fire dynamics this usually occurs due to cooling (heat loss by radiation, for example).
Equation (4.108) highlights the physical interpretation of the velocity divergence as the rate of volumetric
expansion of the fluid per unit volume.
Equation (4.108) also implies a time step constraint. Consider an explicit update of Eq. (4.108) for the
fluid volume:
Vil =y V(Y ) (4.109)

If the fluid element is in compression (the divergence is negative), positivity of the fluid volume requires the
time step to be limited by
At < —(V-u)l, (4.110)

Note that this is the analog of the positive mass density constraint when the divergence is positive and
provides the rationale for using the absolute value of the divergence |V -u| in the final version of the CFL
constraint shown below.

4.5.5 Heat Transfer Constraint

Note that the heat flux, ¢/, has units of W/m?. Thus, a velocity scale may be formed from (g /py)'/,
where py, is the gas phase density at the wall. Anytime we have a velocity scale to resolve, we have a
CFL-type stability restriction. Therefore, the heat transfer stability check loops over all wall cells to ensure
8t < (8x/2)/(4!/pw)'/?. This check is an option. It is not done by default.

4.5.6 Adjusting the Time Step

By default, the CFL is increased or decreased to remain between 0.8 and 1. To be clear, the CFL constraint
is now given by
CFL = StM (4.111)
Ox
In DNS mode, the time step is also adjusted to maintain VN between 0.4 and 0.5. If either the CFL or VN
is too large then the new time step is set to 90% of the allowable value. If both CFL and VN are below their

minimum values then the current time step is increased by 10%. See the User’s Guide [3] for details.
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Chapter 5

Combustion (Chemically Reacting Flows)

The combustion model determines the mean chemical mass production rate of species & per unit volume,
iy, in the species transport equation, Eq. (2.5). In general, i1, requires a closure model because the
flame thickness is on the order of one millimeter while the grid spacing is typically on the order of tens of
centimeters. This chapter describes a turbulent batch reactor model for 72 capable of handling a range of
mixing conditions and chemical kinetics. In the non-premixed, fast chemistry limit, which is valid for the
vast majority of FDS applications, the reactor model reduces to a simple “mixed is burnt” approximation
called the Eddy Dissipation Concept (EDC) [43, 44].

The combustion model also determines the heat release rate per unit volume, ¢”, which is a quantity
of fundamental importance in fire physics and typically the largest contribution to the velocity divergence,
Eq. (3.29). Once 7)) has been determined, the heat release rate follows by summing the mass production
rates for each species times their respective heats of formation. Details are discussed below in Section 5.2.7.

Before discussing the combustion model, we first discuss of our lumped species approach (Sec. 5.1),
which reduces the computational burden of the full chemical system by combining species into groups that
transport and react together. In other words, we reduce the number of transport equations we need to solve,
which significantly increases the speed of the computation.

In Sec. 5.2, we begin the discussion of our generalized combustion model which is designed to handle
both fast and slow chemistry and a range of mixing conditions. For fire, this method holds the promise
for improved prediction of carbon monoxide and soot. Each computational cell is treated as a partially-
stirred batch reactor with a characteristic mixing time. Once reactants are mixed, the available reaction
mechanisms range from infinitely fast chemistry to Arrhenius rate laws and reversible reactions. Our basic
mixing-controlled, fast chemistry combustion model is presented in Sec. 5.2.4. Sec. 5.3 discusses several

options for modeling extinction.

5.1 Lumped Species Approach

In the typical FDS problem the primitive species are lumped into reacting groups, and we consider the
simple reaction
Fuel + Air — Products 5.1

We refer to the Fuel, Air, and Products in Eq. (5.1) as lumped species. The lumped species approach is a
simplified reaction progress variable approach [45] in which all the progress variables are mass fractions.
This avoids any complications related to boundedness and ill-defined initial and boundary conditions.
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5.1.1 Relationship between Lumped and Primitive Species

In a simple hydrocarbon reaction, the reactants are the fuel, oxygen, and nitrogen and the products are
carbon dioxide, water vapor, and nitrogen. For methane, the primitive species mass fractions are given by
the composition vector

Y = [Yen, Yo, Y, Yco, Yi,o]” (5.2)

Lumped species are groups of primitive species which only exist in the flow in certain proportions. For
example, Air can be assumed to be a lumped species composed of 21 % O3, 79 % N3 by volume, plus trace
amounts of water vapor and carbon dioxide. The key assumption made in lumping primitive species is that
the new species groups transport (implying equal diffusivities) and react together.

In terms of primitive species, a one-step methane reaction may be written as

CH4+20,+7.52N; — CO2+2H;0+7.52N, (5.3)
This is equivalent to
9.52(0.2102+.79N;)+ CHy — 10.52(0.095C0O, 4+ 0.19H,0+0.715N>) 5.4
Air, Z; Fuel, Z, Prodlzgts, 73

where 9.52 moles of Air react with 1 mole of Fuel to produce 10.52 moles of Products. Notice that the
primitive species have been grouped by volume fraction into lumped species and the lumped species sto-
ichiometric coefficients are the sum of the primitive species coefficients from Eq. (5.3). Note that 9.52 x
0.21 is only approximately equal to 2. In practice the atom balance requires machine precision. To alleviate
this issue, FDS internally normalizes the lumped species volume fractions and makes any necessary adjust-
ments to the specified lumped stoichiometric coefficients. The lumped species mass fractions are denoted
Zi, i=1,...,Nz, where Nz is the number of tracked species. The first tracked species, Zi, is typically the
background species, Air.
The linear transformation from lumped species to primitive species is given by

Y =AZ 5.5

where A is the transformation matrix (N, rows X N, columns). Each column of A represents a different
lumped species. The elements of A are the mass fractions for each primitive species in a given lumped
species:

Vo iWeo

N %vﬂiwﬁ

where vVy; are the volume fractions of primitive species ¢ in lumped species i and W, are the molecular
weights. If we want the primitive species in Eq. (5.4) and, as an example, say we have Z = [0.3 0.2 0.5,
we can transform from lumped species to primitive species via

(5.6)

Ao

Yo, 0.2330 0 0 0.0699
N, 0.7670 0 0.7248 0.3 0.5925
Y= | Yo, | = 0 1 0 0.2 | = | 0.2000 (5.7
Yco, 0 0 0.1514 0.5 0.0757
Y0 0 0 0.1238 0.0619

To transform back to lumped species from primitive species we can use:
Z=BY ; B=(ATa)" AT (5.8)

provided A has full rank and Y is realizable (i.e., the forward transformation is also possible).
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5.1.2 Default Hydrocarbon Combustion Chemistry

The default reaction equation in FDS, known as “simple chemistry,” is defined as follows:

\%] (1)0271 O, + UN,,1 N, + VH,0,1 H, O+ VCo,,1 COQ) + v, C,H,O,N, —>
—_———

Background, Z; Fuel, Z;
V3 (Vco,,3CO2 + vi,03H2 O+ VN, 3N2 + Vo 3 CO + vs 3 Soot)  (5.9)

~
Products, Z3

Here, the volume fraction of primitive species o in lumped species i is denoted by v ; and the stoichiometric
coefficients for the lumped species i are denoted by v;.

Carbon monoxide and soot yields are zero by default. The user can specify the CO and soot yields (yco
and ys respectively). The CO yield, and similarly for soot, is the mass of CO produced per mass of fuel

reacted: .
mass CO in Products

p— . 1
yco mass of Fuel reacted (5.10)

In this reaction system, Air (Background) is lumped species 1, Fuel is lumped species 2, and Products is
lumped species 3. To find the stoichiometric coefficients of CO and soot within the products lumped species,
FDS uses

W,
VaUcon = — Vi W—Cloyco (5.11)
Wi
Valsp = —Vj—t 5.12
Vs 2 IWsyS (5.12)

The remaining coefficients come from an atom balance.

Example Consider a methane—air reaction where methane has a specified CO yield of yco = 0.1 and a
Soot yield of ys = 0.01. The default FDS reaction system lumps these species into Products. Note that, by
default, Air is primarily composed of oxygen and nitrogen but includes trace amounts of carbon dioxide and
water vapor. For this reaction the transformation matrix, A, is

Air Fuel Products

CH; 0.000000 1.000000 0.000000
N, 0.762470 0.000000 0.719891
0O, 0.230997 0.000000 0.000000
CO, 0.000591 0.000000 0.142935
CO 0.000000 0.000000 0.005584
H,O 0.005941 0.000000 0.131032
C  0.000000 0.000000 0.000558

The preceding table shows that the addition of carbon monoxide and soot increases the number of primitive
species in the reaction from five to seven. The number of lumped species, however, remains at three—the
composition of Products has changed to include to the two additional species. Note that FDS prints the A
matrix in the cHID. out file so that the user can double check the reaction system.
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5.2 Turbulent Combustion

Modeling chemical reactions in turbulent flow is mathematically challenging because the length and time
scales associated with the reactions may be orders of magnitude below what can be spatially and temporally
resolved by the simulation. When the fuel and oxidizer are initially unmixed (diffusion flame) and the
kinetics are fast compared with mixing, the simple Eddy Dissipation Concept (EDC) model [43, 44] is
sufficient. However, for more complex reactions—such as carbon monoxide and soot formation—where
reaction and mixing time scales may overlap, we require a more generalized approach.

To this end, we have developed a simple mixing environment method to close the mean chemical source
term, ri7)y, in Bq. (2.5). For pure diffusion flames our method is similar to EDC, but the method is not
limited to diffusion flames. Each computational cell is thought of as a turbulent batch reactor. At the start
of a time step, each cell has an initial concentration of species (reactants, products, inerts) that exist with
some degree of mixing. Generally, the rate of mixing is dominated by turbulence. The mixing time, Tpix,
is discussed in Sec. 5.2.1. The mixing/reacting evolution equation and its numerical solution are described
in Sections 5.2.2 and 5.2.3. Once mixed, species can react based on specified kinetic parameters—reactions
may be infinitely fast (Sec. 5.2.4) or governed by an Arrhenius rate law (Sec. 5.2.5).

5.2.1 Reaction Time Scale Model

In this section we provide an expression for the mixing time based on the local state of the flow field. The
basic idea behind the model we propose here is to consider the three physical processes of diffusion, subgrid-
scale (SGS) advection, and buoyant acceleration and to take the fastest of these processes (locally) as the
controlling flow time scale [46].

It is important to consider the behavior of an SGS model as the LES filter width (cell size) varies. The
mixing times for diffusion, SGS advection, and buoyant acceleration scale differently with filter width and
if we look to the limits of the filter scales an interesting picture emerges. Referring to Fig. 5.1, let us move
from left to right along the horizontal axis following the thick black line which represents our time scale
model for a hypothetical flow condition.

First, notice that the reaction time scale must be greater than or equal to the chemical time scale, Tchem,
which is of the order of the traversal time of the flame thickness, Tepem ~ 8/s1, where 8 = Dg/sp, Dg is
the diffusivity of the fuel, and s is the flame speed. At a slightly larger scale, we expect the mixing time
to vary as the square of the filter width because the mixing is controlled by molecular diffusion. In this
regime, denoted 74, the numerical solution is a DNS. This scaling law is valid while A is less than the
Kolmogorov scale, 717, the length scale of the smallest turbulent eddies (for this discussion we assume the
Schmidt number (Sc) is of order unity). For a sufficiently high Reynolds number flow (such that an inertial
subrange exists), as the filter width increases beyond the Kolmogorov scale we encounter a regime, marked
Tu, Where turbulent advection controls the rate of mixing. Here the mixing time varies as the two-thirds
power of the filter width [15]. This is the regime where most LES submodels are valid (It is important to
appreciate that fire differs from turbulent combustion in that the assumption of locally high Re is frequently
invalid).

Now, let us imagine what should happen to the mixing time as the filter width increases beyond the
inertial subrange to a length scale larger than the height of the flame itself (actually a possibility in wildfire
modeling). We would not expect the inertial range scaling to continue up through the so-called “energy-
containing” range of turbulent length scales. Rather, for fires we expect buoyant acceleration to control the
mixing at these relatively coarse scales. A time scale based on a constant acceleration goes as the square root
of the filter width, as shown by the regime marked 7 in the diagram. This shift in scaling may appear minor
given the log-log nature of the plot, but the effect of the acceleration-based time scale is indeed significant
for large cell sizes. Finally, note that the flame height presents a limit to the reaction time scale, here denoted
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Figure 5.1: Reaction time scale model.

Tame» since all fuel must be consumed within a single cell.

Of course, the relative importance of the physical processes will depend on the flow. For example, if
gravity is weak, the 7, line shifts up and may not affect the reaction time before the flame time scale is
reached. If the flow is highly turbulent, the inertial range scaling may be more dominant, which would be
indicated by a lowering of the 1, line. Or, for highly turbulent jet flames 7g,me may be reached before the
acceleration time scale has any effect. Perhaps more typical for low strain fires, if an inertial subrange does
not exist (if the Reynolds number is too low relative to the Froude number), then the 7, line in Fig. 5.1 moves
up out of the picture and we are left with diffusion and buoyancy to control the mixing.

The bold solid line in Fig. 5.1 is mathematically represented by

Tmix = maX(Tchemymin(Tda Ty, Tg, Tﬁame)) (5.13)

The mathematical details of the submodels are as follows:

A2
C.A
T = (5.15)
V/(2/3)ksgs
1, = \/2A/g (5.16)

where Dk is the diffusivity of the fuel species. Note that kg is the unclosed subgrid kinetic energy per unit
mass which by default is taken from the model for the turbulent viscosity (see Sec. 4.2, Eq. (4.17)). The
advective time scale constant is calibrated to match the Heskestad flame height correlation [11] and is set to
C. = 0.4. The acceleration time scale 7, is the time required to travel a distance A starting from rest under a
constant acceleration, g = 9.81m/s.



5.2.2 Time Integration for Mixing and Reaction

Let the cell mean mass fraction of species ¢ be denoted as Yo (t). Assume that any small parcel of gas within
the cell exists in one of two states: completely unmixed or completely mixed. Let ¥ (¢) denote the mass
fraction of species « in the mixed reactor zone, initially equal to the cell mean, ¥ (0) = ?09 = ?a(O). For
convenience, we define {(¢) as the unmixed fraction of mass within the cell. As shown in Appendix F, the
unmixed fraction evolves by the following simple ordinary differential equation (ODE):

¢

=— 5.17
dr Tinix ( )

with the solution
C(t) = Goe ™!/ (5.18)

The initial condition, ), may be specified, modeled algebraically, or taken from the update of a passive
scalar transport equation. Currently, FDS takes {y = 1 as default, an appropriate assumption for a turbulent
diffusion flame.

At any point in time, the composition of the computational cell may be determined by combining the
unmixed and mixed portions:

Yo(t) = {(1)Yg + (1 (1) Yalt) (5.19)

Differentiating (5.19) in time and using (5.17) we see that our model for the chemical source term needed
in (2.5) is given by N
T dYy 4 dYy

Mo =P~g =P |7 (?a—?8)+(1—§)? (5.20)

Note that the unmixed fraction is comparable to the complement of the fraction of “reacting fine structures”
in other EDC formulations [47, 48], but in our model this fraction evolves in time. A comparison between
our model and that of Panjwani et al. [48] is developed further in Appendix G. An alternate derivation of
(5.19) and (5.20) in terms of moments of the transport equation for the PDF is given in Appendix F. This
derivation highlights that the implicit mixing model is a variant of the interaction by exchange with the mean
or IEM model [49], which we refer to as the interaction by exchange with the mixed mean or IEMM.
Rather than work with the evolution equation (5.20) for the cell mean mass fraction, ?a(t), it is more
convenient to work with an analogous equation for the mass fraction within the mixed reactor zone, Y ().
This equivalent evolution equation is derived as follows. It is assumed that the total mass within the grid cell
is constant over a time step. The composition in the mixed reactor zone changes by two processes: mixing
(mass is transferred from the unmixed zone to the mixed zone) and chemical reaction. We denote this mass
by pV., where p is the initial cell mass density and V. is the cell volume. The unmixed mass is denoted U (¢)
and the mixed mass is denoted M(¢). Given (5.18), the following equations describe the cell mass evolution:

pVe=U(t)+M(t) (5.21)
U(t)=¢(t)pVe (5.22)
M(t) = (1-E(1) pVe (5.23)

Within the mixed reactor zone, let 71y (¢) denote the mass of species o. The mass fraction of ¢ in the mixed
zone may then be written as

(5.24)
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This concentration is important because Arrhenius rate laws are based on the mixed composition only. The
ODE governing the mixed species mass is

=V M2
dr g T
~,dU dy,
0 [0
=Y\~ 4+ M=
* dr + dr
§Yy df,
=V, 1-¢)—% 5.25

The first term on the RHS accounts for mixing. The second term represents chemical kinetics. Note that in
the second step we have utilized the fact that the unmixed composition remains constant (at the initial cell
mean) throughout the time step. The third step follows from (5.17), (5.22), and (5.23).

5.2.3 Numerical Solution via Time-Splitting

In this section, we discuss the numerical solution of (5.25). Let A* represent the kth sub-time step in the
integration (less than or equal to the LES time step &¢); t* = 0 at the start of the reactor integration. The
integration is time split such that mixing is done first, followed by reaction. A simple explicit update of
(5.25) over the sub-time interval ¢ to t* + AtX is given by

tig, = 1 (1) = [ (1" + ArF) = L (1) Yg pVe (5.26)
Yy =il /M* 27
Yo (i + M%) = Yy + AT, (5.28)

The superscript * indicates a post-mixing value. The first step, (5.26), is an analytical solution for the mixing
step (first term in (5.25)), obtained using (5.18). The mixing time scale Tpix, needed in (5.18), is computed
once per LES time step using (5.13) and held constant during the reactor integration. The mixed mass,
M* = M(t* 4+ At%), is evaluated at the end of the sub-interval using (5.23). For fast chemistry, we take
only one sub-step (Ar*=! = 8¢). At the end of the time integration, the mixed zone composition, ¥ (87), is
combined with the unmixed mass to obtain the final cell composition.

The method to determine Af/; (the change in mass fraction of @ due to chemical reaction) in (5.28)
depends on the complexity of the reaction system. In the next section, we first discuss the simplest case of
infinitely fast chemistry. Then we discuss finite-rate chemistry.

5.2.4 Infinitely Fast Chemistry
Single Reaction

For a single reaction, the change in fuel is based on the limiting reactant [44]:

A ~ o~ VEW
AYr = —min <YF’ Yy FF> ; for all reactants, & (5.29)
Vo Wy

The minimum is taken in Eq. (5.29) to ensure that the reactant species mass fractions remain realizable.
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This approach is used for the vast majority of large-scale fire applications—the so-called “mixed is
burnt” assumption, where the mean chemical source term for the Fuel, F, is modeled using the Eddy Dissi-
pation Concept (EDC) of Magnussen and Hjertager [43, 44]:

in(Yg,Y
it — —pmin(e Ya/s) (5.30)

Tmix
Here, Yr and Y4 are the cell mean mass fractions of Fuel and Air, respectively, and s is the mass stoichio-
metric coefficient for Air.
Multiple Reactions

For multiple reactions with infinitely fast chemistry, the reaction rate is treated as a second-order (assuming
two reactants) Arrhenius reaction with zero activation energy. The Arrhenius constant is set to a large value.
Further discussion of the time integration for these cases is given in Appendix D.

5.2.5 Finite-Rate Chemistry (Arrhenius Reaction)

Consider a simple one-step forward reaction:
aA+bB — cC+dD (5.31)

The rate expression for species A with a mixed zone concentration of C in mol/cm? and rate constant & is

dc
TtA = —kC{Ch (5.32)

Consider a set of N, reactions with fuel F. The reaction rate (mol/(cm’s)) for F in the ith reaction is

rri = —ki [ [Ca™ (5.33)

For the ith Arrhenius reaction, the rate constant, k;, depends on the temperature, 7', the temperature exponent,
n;, the pre-exponential factor, A;, and the activation energy, E;:

ki = A; T" e EailRT (5.34)

Note that the units of E, are J/mol and units of A are ((mol/ cm?)! X4/, Note that ¥ ay is the order of the
reaction. The units of A take the appropriate form to ensure the units of Eq. (5.33) are mol/ (cm3 S).
The reaction rate for species ¢ of the ith reaction is based on the ratio of stoichiometric coefficients:

Foi = (v‘”> .y (5.35)

VF,i

The change in concentration for species o within the mixed reactor zone is then:
— =) Fai (5.36)

FDS only transports lumped species and only lumped species can be consumed or created. Note, however,
that any of the primitive species may participate in a reaction rate law.

It is more convenient for FDS to work in terms of mass fractions, Y. The concentrations (mol — &/ cm’)
and mass fractions (kg-a/kg) are related by Cq = Yy p/(Wy x 1000), where the density, p, has units of
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kg/m?3. To simplify the calculations within FDS, density and molecular weight are pulled out of the product
concentrations on the right hand side of Eq. (5.33) and combined with the other constants to form A’:

. 1 kmol 10° cm?
A§ =A; <H[Wa x 1000] ”“-') X (103 mol> X ( s > x Wg (5.37)

Using A}, the reaction rate in mass units becomes

Cni —E @i kg F
rp; = —A} pEaes T e E/RT TTy e =] <ni°’3s> (5.38)
The mass rate of reaction per unit volume for species « in the ith reaction is
/ vOC iWa / kg o
;= : ES — 5.39
r(x,l (VF,iWF> rF,z [ ] <m3s> ( )
Last, the rate of change in composition for species ¢ in the mixed reactor zone becomes
d¥y 1« , kg a
e _ o= 5.40
dl, p ;r(x,z [ ] < kgS ( )

See Appendix D for a discussion on the algorithm used to ensure species remain bounded.

Third Body Reactions

At low pressures, it is common to see so-called third body reactions. These reactions require the presence
of some other molecule, M, for heat dissipation [50]. The reaction scheme is usually written as

A+B+M—C+M (5.41)

The Arrhenius rate law has a first-order dependence on the concentration of M. Since M may be any other
molecule, we take Cyj = p/(RT) = p/(W x 1000) [=] mol/cm?. Some molecules may be more or less
efficient as a collision species. This non-unity effect may be specified in the input file. If non-unity species
are present, then the concentration of M is taken as the sum of all the individual species concentrations times
their weighting factor (if all species have a weighting factor of 1, then the result is Cyy).

Equilibrium Chemistry

Consider the reversible chemical reaction

aA+bB L cC+dD (5.42)
r

At equilibrium, the forward and reverse reaction rates are equal, r; = r,. The rate constants for each direction
are the ks in Eq. (5.32). The equilibrium constant is defined as K = k; /k,. The equilibrium constant is
computed via

K(T) = Cyj exp(~AG,, (T)/(RT)) (5.43)

where Vv, is the net reaction order (for Eq. 5.42 v, =a+b—c—d) and

G =dGy+cGe—bGy—aGy (5.44)

rxn —

Note that the Gibbs free energy as a function of temperature is defined for any FDS database that uses NASA
polynomials. Gibbs free energy can be specified for user defined species.
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Time Integration for Finite-Rate Chemistry

For reactions other than single step, mixing controlled chemistry, a fourth-order explicit integrator with
error control is used. The time integration follows the procedure outlined in Egs. (5.26) and (5.28), but
multiple subiterations are generally needed. The change in composition over the sub-interval in the mixed
reactor zone, AYO,*, is usually obtained by integrating an Arrhenius rate law (we say “usually” because a
combination of fast and finite-rate chemistry is permissible). More detail on the numerical methods of the
integrator, including a method to combat stiff chemistry, can be found in Appendix D.

5.2.6 Finite-Rate Chemistry (Detailed Chemical Mechanism)

A chemical mechanism represents different chemical pathways using multiple species and reactions. Typ-
ically, these mechanisms are available in Chemkin or Cantera YAML formats. Such a mechanism can be
represented as:

N i N ”
Y vixje Y viX;,i=1273 N (5.45)
j=1 j=1

Here, X; represents the chemical symbol of the jth species (i.e. CHy,Hz,0); v}i and v}/l- are the stoichio-
metric coefficients of the jth species in the ith reaction; N5 and N; are the total number of species and total
number of reactions, respectively. The rate of change of the molar concentration (kmol/m?/s) of each
species can be represented using the following system of ordinary differential equations (ODEs):

N
? ==Y bi Vi i (5.46)
d i=1
The right-hand side of the above equation represents contributions from each reaction to the jth species.
Here, Cy is the molar concentration (kmol/m?) of the kth species; b; is the reaction rate modification coeffi-
cient of the ith reaction due to third-body effects and pressure; vy; = v,:i . v,/d; and r; is the reaction progress
rate of the ith reaction.

Ny , N "
ri=kpi [T(C)" —kei [ T(C) " (5.47)
1 =1

Here, ky; and k,; are the forward and reverse reaction rate coefficients, respectively. The k¢ ; can be cal-
culated using Eq. (5.34), and the k,;; can be calculated by obtaining the equilibrium constant, as shown in
Eq. (5.43).
The reaction rate modification coefficient, b;, varies depending on the type of reaction.
b; = 1, for elementary reaction
= N, for third body reactions (5.48)
= Ntalloft,i, for fall-off reactions

For third-body reactions, presence of (or collision with) a third body (any other molecule) modify the reac-
tion rate. If the third-body efficiency of species j in reaction i (denoted as o;;) is provided, then

Ny
Nwi = Y, &%;C; (5.49)
j=1

If the third-body efficiency is not provided, the default value of ¢;; is 1.0.
For fall-off reactions, reaction rates depend on both pressure and temperature:
b

Niall—off,i = TpiFi (5.50)
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Here, P, is the reduced pressure, calculated as follows:

= = N (5.51)
Here, kiow,; is the low pressure limit reaction rate, calculated using an equation similar to Eq. (5.34). The
Alow,i> Mow,i» and Eg 0w, ; should be available in the mechanism file for the given fall-off reaction.
klow,i = Alow,i TMow,i @~ ajow,i/RT (5.52)
And, F; is the fall-off blending factor:

F; =1, for Lindermann fall-off reaction

log[P. 21 (5.53)
= exp { 1+ [n — ;(%Lgr[ll]”j—,]: c)] } log[Feent] | , for Troe fall-off reaction
Where,
T T T-
Feent = (1 _ATroe) exp <_T3> + ATroe exXp < T ) +exp ( ;) (554)

Here, Atwe, T1, T, and T3 are the specified parameters in the mechanism file. Additionally, d = 0.14,
¢=—0.4—-0.6710g(Feent), and n = 0.75 — 1.2710g(Feent)-

Please note, the SRI fall-off reaction is not yet implemented and will be incorporated in the future.
Also, other pressure-dependent reactions, except fall-off reactions, are not yet implemented and will be
incorporated if the need arises.

To solve the reactive system, we assume a constant pressure reactor. For that, the concentration ODEs
in the form of Eq. (5.46) need to be solved along with a ODE of temperature given by:

o~ = o, JZ hiW;0; (5.55)
Here, p is the density (kg/m?), ¢, is the specific heat of the mixture (J/(kgK)), A is the absolute enthalpy
that includes enthalpy of formation (J/kg), W; is the molecular weight (kg/kmol) of species j, and @ is the
species production rate given by Eq. (5.46). To solve the system of ODEs, we first convert the mass fraction
of species to molar concentrations using C; = Y;p /W;. Then, CVODE from Sundials [51] is used to solve
the system of ODEs by supplying an analytical Jacobian. The details of analytical Jacobian formulation is
provided in the Appendix E.

5.2.7 Heat Release Rate

At the end of the LES/DNS time step, 6¢, the mixed reactor zone mass fraction of species alpha is computed
using the change in fuel concentration for each of the N, reactions:

N Va,i W, .
Ya(81) =Y GIZ0 ) AT 5.56
oc( ) + Z (VF . W F,i ( )
The new cell mean mass fraction is found be evaluating Eq. (5.19) at the end of the time step:
Yo (81) = §(80) YO+ (1 —(8t)) Vo (1) (5.57)
The heat release per unit volume, defined as ¢ = — Y, iy Ah? o 18 then found by summing the species
mass production rates times the respective heats of formation:
(Fa(dr) - 7¢)
J"=—p Z 5 Ahga (5.58)
o t
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5.3 Extinction

A limitation of the default mixing-controlled reaction model described above is that it assumes fuel and oxy-
gen always react regardless of the local temperature, reactant concentration, or strain rate. For large-scale,
well-ventilated fires, this approximation is usually sufficient. However, if a fire is in an under-ventilated
compartment, or if a suppression agent like water mist or CO; is introduced, or if the strain between the fuel
and oxidizing streams is high, burning may not occur.

FDS uses simple empirical rules—which ignore strain—to predict local extinction within a given grid
cell based on resolved species concentrations and the mean cell temperature. There are two options for
predicting extinction, both of which are based on the concept of a critical flame temperature. The basic
theory behind the critical flame temperature is described in Beyler’s chapter of the SFPE Handbook [52]
even though he never explicitly uses this term. In fact, it is mentioned only a few times in the Handbook,
and each time it has a slightly different interpretation.

5.3.1 Critical Flame Temperature

A diffusion flame immersed in a vitiated atmosphere will extinguish before consuming all the available
oxygen. The classic example of this behavior is a candle burning within an inverted jar. With this picture
in mind, consider a control volume characterized by a bulk temperature, 7, a mass, m, and an oxygen mass
fraction, Y,,. Complete combustion of the oxygen within the control volume would release a quantity of

energy given by: A
Q =mY,, <r> (5.59)

0,
where AH /r,, has a relatively constant value of approximately 13100 kJ/kg for most fuels of interest in fire

applications [53]. Under adiabatic conditions, the energy released by the reaction of the available oxygen
and the corresponding stoichiometric amount of fuel would increase the bulk temperature of the gases to T;:

Q=mc,(Tl;—T) (5.60)

The average specific heat of the gases can be calculated based on the composition of the combustion products

as:
1 Ty

)= ——— Yocpo(T))dT’ 5.61
P (Tf—T)za:T aCpall’) (5.61)
Equating Eqgs. (5.59) and (5.60) yields:
& (- T)
Y, = Foe s 5.62
[0} AH/]"OZ ( )

The critical flame temperature (CFT), as interpreted within FDS, is based on the limiting oxygen index
(LOI), the oxygen volume fraction in the oxidant stream at the point of flame extinction. The adiabatic
flame temperature corresponding to a stoichiometric mixture of fuel and oxygen at the LOI can be derived
using Eq. (5.62):

AH/ r02> oy XotWo,

% C Xoi W, + (1 Xor) Wa,

Beyler’s chapter of the SFPE Handbook [52] includes X,, and Ty, for several common fuels. For other fuels,
a default values are used. These values are given in the FDS User’s Guide [3].

TOI — Too + YOI < (5.63)
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Figure 5.2: Extinction criteria for the 'EXTINCTION 1' model.

5.3.2 Extinction Based Mainly on Oxygen Concentration

The first of two optional extinction models (referred to as 'exTINcTION 1' in the FDS input file) linearizes
Eq. (5.62) to form a limiting oxygen concentration' that is a piecewise-linear function of the cell bulk
temperature, T; . (see Fig. 5.2):

Tor—Tijk
Xo (B)  Tw<Th

0 Tijk > Tr

Xo, tim(Tijk) = (5.64)

If X, ijk < Xo, 1im» local extinction is assumed and iz} = 0 and ¢’ = 0 for that grid cell at that time step.

At an ambient temperature of 20 °C, the default limiting oxygen volume fraction is 0.135. This value is
consistent with the measurements of Morehart et al. [54], who measured the oxygen concentration near
self-extinguishing flames. They found that flames self-extinguished at oxygen volume fractions of 12.4 %
to 14.3 %. Note that their results are expressed as volume, not mass, fractions. Beyler’s chapter in the
SFPE Handbook references other researchers who measured oxygen concentrations at extinction ranging
from 12 % to 15 %.

The 'extINcTION 1' model is intended for relatively coarse fire simulations where the grid cell cannot
resolve details of the flame structure or capture flame temperatures. The “free-burn” temperature, T,, in
Eq. (5.64) is needed for simulations in which the characteristic grid cell size, dx, is much larger than 1 cm.
In such cases, the combustion occurs within a fraction of the grid cell and its energy cannot raise the cell
bulk temperature to the critical value. Its default value is 600 °C. Measurements of Pitts [55], Bundy [56],
and others, have shown that the upper layer oxygen concentration drops to zero in flashover compartment
fire experiments when the temperature increases above approximately 600 °C.

I'The extinction model is written in terms of the oxygen volume fraction, Xo,, because usually experimental results are reported
as such. However, within the numerical algorithm, all values are converted into mass fraction, Yo, .
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5.3.3 Extinction Based on Both Fuel and Oxygen

The second optional extinction model in FDS, referred to as 'ExTINCcTION 2', considers both the oxygen
and the fuel content of a given grid cell at the start of a time step. If the potential heat release from the re-
actants cannot raise the temperature of the cell above the empirically determined critical flame temperature,
Tcrr, combustion is suppressed. Consider the simple reaction Fuel + Air — Products. The mass fractions
of lumped species Fuel, Air, and Products in the mixed portion of the grid cell at the beginning and the end
of the reaction part of the time step are [ZE,ZR,ZS} and [Zg,Za,Zp], respectively. The Products include the
products of combustion as well as diluents like argon or water vapor from droplet evaporation. Define a
modified form of the equivalence ratio:

70 7207
SF)— A 2A (5.65)

d)_m1n<1,Zg = Zg
where s is the mass stoichiometric coefficient for Air (mass of Air required per mass of Fuel consumed).
The extinction criterion assumes that excess fuel acts as a diluent, but excess air and a proportional amount
of products do not. Hence, a large computational cell that is mostly air with a small amount of fuel is likely
to burn, whereas a cell that is mostly fuel with little air will not. To achieve this, a fraction of the total mass
of the grid cell equal to (1 — @)(Z% +Z3) has been removed from the calculation of the enthalpy. With this
amount of mass removed, the extinction criterion is given by:

ZRhe(T) + § ZR ha(T) + @ Zp he(T) < Zp he(Terr) + [Ze — (1 — 8) Zp] hp(Tcrr) (5.66)

where T is the pre-reaction mean cell temperature and Tcgr is the critical flame temperature. Note that /iy (T')
represents the chemical plus sensible enthalpy; thus, the left-hand-side includes the combustion heat release.
If the inequality, (5.66), holds, combustion is suppressed—the combustion heat release is not sufficient
to raise the product mixture above its critical flame temperature. Notice that the right-hand side of the
inequality contains no air because all excess air has been removed from consideration. In other words, for
an infinitely fast reaction, Zx — (1 — ¢)Z% = 0.

This extinction model can be applied to multiple reaction schemes. The critical flame temperature
criterion is applied to the entire reaction. In other words, the individual reactions are allowed to occur, and
the enthalpy inequality (5.66) is applied to the initial and final species mass fractions. If insufficient energy
has been released, all reactions are suppressed and the species mass fractions are returned to their original
values at the start of the time step.

If multiple fuels are present in the simulation, the critical flame temperature is taken as a weighted
average of the CFTs of the multiple fuels that might be present within the grid cell at the start of the time
step.

5.3.4 Auto-Ignition Temperature

As a convenience to users, FDS is designed so that there is no need to create an ignition source to initiate
combustion—fuel and air burn on contact until the combustion becomes unviable as discussed above. How-
ever, in certain fire scenarios this assumption leads to spurious burning of fuel gas at the boundary of an
oxygen-starved compartment. To prevent this, it is possible to turn off the assumption of piloted ignition
by way of an auto-ignition temperature. If the cell temperature is below the user-specified auto-ignition
temperature (AIT) for all fuels in the cell, combustion is suppressed. The auto-ignition temperature for each
fuel is zero by default; thus, the user does not need to specify an ignition source when using the default
combustion model because fuel and oxygen burn on contact.
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Chapter 6

Thermal Radiation

Gas phase thermal conduction and radiation are represented by the divergence of the heat flux vector in the
energy equation, V - @”. This chapter describes the equations that govern the radiative component, ¢

6.1 Radiation Transport Equation

The Radiative Transport Equation (RTE) for an absorbing, emitting, and scattering medium is [57]

s-VI(x,8) = —k(x,A) [ (x,8) — 0s(x,4) [ (x,8) +

Energy loss by absorption  Energy loss by scattering

os(x,1)
B(x, A =
Bix4) i i

Emission source term

D(s',s) I (x,s') ds’ 6.1)

In-scattering term

where I (x,s) is the radiation intensity at wavelength, A; s is the direction vector of the intensity; and
K(x,A) and o;(x,4) are the local absorption and scattering coefficients, respectively. B(x, ) is the emission
source term, describing how much heat is emitted by the local mixture of gas, soot and droplets/particles.
The integral on the right hand side describes the in-scattering from other directions. The in-scattering and
scattering terms are detailed in Sec. 6.3.

In practical simulations, the spectral dependence of the RTE cannot be resolved accurately. Instead, the
radiation spectrum is divided into a relatively small number of bands and a separate RTE is derived for each
band. For instance, the band specific RTE for a non-scattering gas is

s-VI,(x,8) = B,(X) — k,(X) I,(x,8), n=1..N (6.2)

where [, is the intensity integrated over the band n, and k;, is the appropriate mean absorption coefficient
for the band. When the intensities corresponding to the bands are known, the total intensity is calculated by
summing over all the bands

N
I(x,8) =Y L(x,s) (6.3)
n=1
6.1.1 Radiation Source Term
The emission source term for radiation band 7 is
By (X) = ,(X) Ip n(X) (6.4)
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where I , is the fraction of the blackbody radiation at temperature 7' (x):

Ib,n (X) = Fn (z/mim A'max) O-T(X)4/7T (65)

and o is the Stefan-Boltzmann constant. The calculation of factors F, is explained in Ref. [58]. The
calculation of the absorption coefficients, x,, is discussed in Appendix C.

Even with a reasonably small number of bands, solving multiple RTEs is very time consuming. For-
tunately, in most large-scale fire scenarios soot is the most important combustion product controlling the
thermal radiation from the fire and hot smoke. As the radiation spectrum of soot is continuous, it is pos-
sible to assume that the gas behaves as a gray medium. The spectral dependence is then lumped into one
absorption coefficient (N = 1) and the source term is given by the blackbody radiation intensity [59]

_oT(x)*
oo

Iy(x) (6.6)
This is the default mode of FDS. For optically thin flames, however, where the yield of soot is small com-
pared to the yields of CO, and water vapor, the gray gas assumption can lead to an over-prediction of the
emitted radiation. From a series of numerical experiments using methane as the fuel, it has been found that
six bands (N = 6) provide an accurate representation of the most important radiation bands of the fuel, CO;,
and water vapor [60]. Table 6.1 through Table 6.9 list the band limits for various fuel species. The location
of the bands have been adjusted to accommodate most of the features of the fuels spectra. If the absorption
of the fuel is known to be important, separate bands can be reserved for fuel, increasing the total number of
bands, N. The number of additional bands depends on the fuel, as discussed in Appendix C.

6.1.2 Radiation Contribution to Energy Equation

The radiant heat flux vector q/ is defined

qQ'(x)= [ I(x,s)s dQ (6.7)
4
The interaction between the electromagnetic radiation and the gas molecules and soot particles contributes
to the gas phase energy equation through the source term which, under the gray gas assumption, can be
written as

—V-a4r(x)(gas) = x(x) [U(x) —4xh(®)] : U= | I(xs)dQ (6.8)

This term then appears as a gas phase loss term in the radiation transfer equation. For N bands, the contri-
bution to the radiative source term in the energy equation is

N
—V-q/(x)(gas) = Z’I K(X)Un(x) —47B,(x) 5 Uy(x)= i In(x,s) dQ (6.9)

In words, the net thermal energy gained by a grid cell from the radiation field is the difference between that
which is absorbed and that which is emitted.

6.1.3 Correction of the Emission Source Term

In calculations of limited spatial resolution, the source term, I, defined in Eq. (6.6) requires special treat-
ment in the flaming region of the fire. Typical FDS calculations use grid cells that are tens of centimeters
in size, and consequently the computed temperatures constitute a bulk average for a given grid cell and
are considerably lower than the maximum temperature in a diffusion flame. Because of its fourth-power
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Table 6.1: Limits of the spectral bands for methane (CHy).

o (1/em) 10000 3800 3400 2400 2174 1000 50
6 Band Model 1 2 3 4 5 6
. . Soot CO, CHy4 | CO, | H,O,CHy | H,O
Major S
AJ0F Species COs, H,0 | H,0, Soot | Soot | Soot | Soot | CO»
A(um) 100 2.63 294 417 470 10.0 200

Table 6.2: Limits of the spectral bands for ethane (C,Hg).

o (I/em) 10000 3800 3350 2550 1650 1090 50
6 Band Model 1 2 3 4 5 6

. . Soot CO, C,Hg CO, C,Hg H,O
Major S

AJor Species CO, H,0 | H,0, Soot | Soot | CO, H20, Soot | H»0, Soot | CO», C-Hg
A(um) 100 2.63 299  3.92 6.06 0.17 200

Table 6.3: Limits of the spectral bands for ethylene (C,Hy).

o (l/em) 10000 3800 3375 2800 1650 780 50
6 Band Model 1 2 3 4 5 6

. . Soot CO, C,Hy CO, C,Hy H,0
Major S

AJor Species CO2, H>0 | H,0, Soot | Soot | CO, H20, Soot | H»0, Soot | CO,
Aum)  1.00 2.63 296 3.57 6.06 12.82 200

Table 6.4: Limits of the spectral bands for propylene (C3Hg).

o (1/cm) 10000 3800 3250 2600 1950 1175 50

6 Band Model 1 2 3 4 5 6
Soot CO, CsHg CO, CsHg CsHg, H,O
CO,, H,O | H,0, Soot | Soot | CO, Soot | H,O, Soot CO,

Major Species

A (um) 1.00 2.63 3.08 3.85 5.13 8.51 200

Table 6.5: Limits of the spectral bands for propane (C3Hsg).

o (l/cm) 10000 3800 3350 2550 1650 1175 50
6 Band Model I 2 3 1 5 6
. . Soot CO, CsHg CO, CsHg H,0
Major S
yorspecies CO,. H,0 | H,0, Soot | Soot | CO, H,0, Soot | H,0, Soot | CO,
A(um) 1.0 2.63 299  3.92 6.06 851 200
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Table 6.6: Limits of the spectral bands for heptane (C7H ).

o (1/cm) 10000 3800 3250 2550 1775 1100 50
6 Band Model 1 2 3 4 5 6

Soot CO, C7H;6 CO, C7Hj6 H,0
CO,, H,O | H,0, Soot | Soot | CO, Soot | H,O, Soot | CO,
A (um) 1.00 2.63 3.08 3.92 5.63 9.09 200

Major Species

Table 6.7: Limits of the spectral bands for toluene (C;Hg).

® (1/cm) 10000 3800 3200 2550 2050 1200 50

6 Band Model 1 2 3 4 5 6
Soot C02 C7Hg C02 C7Hg C7H8, HZO
CO,, H,O | H,0, Soot | Soot | CO, Soot | H,O, Soot CO,

Major Species

A (um) 1.00 2.63 312  3.92 4.88 8.33 200

Table 6.8: Limits of the spectral bands for methanol (CH3;OH).

o (1/cm) 10000 3825 3200 2600 1675 1125 50
6 Band Model 1 2 3 4 5 6
Major Species Soot CH;OH | CH3;0H CO, CH;0H | CH30H, H,O
CO,, H,O | CO,, Soot Soot CO, Soot | H,O, Soot CO,
A (Um) 1.00 2.61 3.12 3.85 5.97 8.89 200

Table 6.9: Limits of the spectral bands for methyl methacrylate (MMA).

o (1/cm) 10000 3800 3250 2650 2050 1250 50
6 Band Model 1 2 3 4 5 6
Major Species Soot CO, MMA CO, MMA MMA, H,O
CO,, H,O | H,0, Soot | Soot | CO, Soot | H>O, Soot CO,
A (um) 1.00 2.63 3.08 3.77 4.88 8.00 200
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dependence on the temperature, the source term must be modeled in those grid cells where combustion
occurs. Elsewhere, the computed temperature is used directly to compute the source term. It is assumed
that this “flaming region” is where the local, nominal radiative loss is greater than a specified lower bound,
x:¢" > 1 kW/m?>. In this region, the global radiative fraction model is used. The emission source term is
multiplied by a corrective factor, C:

1
o Ld (M' ik T Kijk Uijk> Vijk
Ig(x)=C x) ; C=min | 100, max |0.1, J ij
' Lygy>1 (4 Kijk O 7;.‘}]() Viik

(6.10)

When the source term defined in Eq. (6.10) is substituted into Eq. (6.8), the net radiative emission from the
flaming region becomes the desired fraction of the total heat release rate. Note that this correction factor is
bounded below by 0.1 and above by 100. These bounds are somewhat arbitrary, meant to prevent spurious
behavior at the start of a simulation.

The radiative fraction, Y, is a useful quantity in fire science. It is the nominal fraction of the combustion
energy that is emitted as thermal radiation. For most combustibles, J; is between 0.3 and 0.4 [61]. However,
in Eq. (6.10), x; is interpreted as the fraction of energy radiated from the flaming region. For a small fire with
a base diameter less than approximately 1 m, the local J; is approximately equal to its global counterpart.
However, as the fire increases in size, the global value will typically decrease due to a net re-absorption of
the thermal radiation by the increasing smoke mantle [62].

To account for the possibility that different fuels may have different values of radiative fraction, ) is
defined on a per-reaction basis, similar to the approach discussed by Gupta et al. [63]. If multiple ¥, values
are given, FDS will generate a local x; by weighting the reaction specific ¥, values by the local reaction
rates.

6.2 Numerical Method

This section describes how V- q/ (the radiative loss term) is computed at all gas-phase cells, and how the
the radiative heat flux ¢ is computed at solid boundaries.

6.2.1 Angular Discretization

To obtain the discretized form of the RTE, the unit sphere is divided into a finite number of solid angles. The
coordinate system used to discretize the solid angle is shown in Figure 6.1. The discretization of the solid

z

Figure 6.1: Coordinate system of the angular discretization.

67



angle is done by dividing first the polar angle, 6, into Ny bands, where Ny is an even integer. Each 6-band
is then divided into Ny (0) parts in the azimuthal (¢) direction. Ny (6) must be divisible by 4. The numbers
Ng and Ny () are chosen to give the total number of angles Nq as close to the value defined by the user as
possible. Ng is calculated as
No
No =Y Ny(6) (6.11)

i=1
The distribution of the angles is based on empirical rules that try to produce equal solid angles §Q! = 47 /Nq.
The number of 8-bands is

Ng = 117 NJ/** (6.12)
rounded to the nearest even integer. The number of ¢-angles on each band is
Ny(6) = max {4,0.5Nq [cos(67) —cos(67)] } (6.13)

rounded to the nearest integer that is divisible by 4. 6~ and 6" are the lower and upper bounds of the
6-band, respectively. The discretization is symmetric with respect to the planes x =0, y =0, and z = 0. This
symmetry has three important benefits: First, it avoids the problems caused by the fact that the first-order
upwind scheme, used to calculate intensities on the cell boundaries, is more diffusive in non-axial directions
than axial. Second, the treatment of the mirror boundaries becomes very simple, as will be shown later.
Third, it avoids so called “overhang” situations, where s-1i, s - j or s - k changes sign inside the control angle.
These “overhangs” would make the resulting system of linear equations more complicated.

In the axially symmetric case these “overhangs” cannot be avoided, and a special treatment, developed
by Murthy and Mathur [64], is applied. In these cases Ny (6;) is kept constant, and the total number of angles
is No = Ng x Ny. In addition, the angle of the vertical slice of the cylinder is chosen to be the same as 6¢.

6.2.2 Spatial Discretization

The grid used for the RTE solver is the same as for the hydrodynamic solver. The radiative transport
equation (6.2) is solved using techniques similar to those for convective transport in finite volume methods
for fluid flow [65]; thus, the name given to it is the Finite Volume Method (FVM). More details of the model
implementation are included in Ref. [66].

The thermal radiation spectrum is first divided into bands, as described in section 6.1. The procedure
outlined below is applied for each band of a wide band model, and thus the subscript n has been removed for
clarity. The unit sphere is then discretized, as described in section 6.2.1. Finally, the computational domain
is divided into numerical grid as described in section 2.2. In each grid cell, a discretized equation is derived
by integrating Eq. (6.2) over the volume of cell i jk and the control angle 8/, to obtain

/5 ) / 5-VI(x,s) dV dQ = /6 ) / K(x) [I(x) —I(x,5)] dV dQ (6.14)
Vi Vi

The volume integral on the left hand side is replaced by a surface integral over the cell faces using the
divergence theorem.

/ / (s-n)I(x,s)dA dQ — / / K(x) [I(x) — I(x,8)] dV dQ 6.15)
3Q! JAji 801 Jvij
Assuming that the radiation intensity /(x,s) is constant on each of the cell faces, the surface integral can be
approximated by a sum over the cell faces. Assuming further that /(x,s) is constant within the volume V;
and over the angle 5Q!, and that k(x) and /,(x') are constants within the volume V;, we obtain

6
ZAm Irln /Ql(s-nm)dQ: Kijk [Ib7i,ik_ll‘ljk:| V,,k 5Ql (616)
m=1
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Iil " radiant intensity in direction /

I, radiant intensity at cell face m

I ik radiant blackbody intensity in cell

50! solid angle corresponding to direction [
Viik volume of cell i jk

A area of cell face m

n, unit normal vector of the cell face m

Note that while the intensity is assumed constant within the angle 5/, its direction covers the angle §Q'
exactly.The local incident radiation intensity is

Uijk = lekagz’ (6.17)

In Cartesian coordinates!, the normal vectors n,, are the base vectors of the coordinate system and
the integrals over the solid angle do not depend on the physical coordinate, but the direction only. These
integrals are denoted as

Dﬁn:/ (s-1,)dQ (6.18)
Q!

and the discrete equation becomes
2 m Kz]k b,ijk — ijk ijk ( . )

The cell face intensities, I/, appearing on the left hand side of (6.19) are calculated using a first order upwind
scheme. Consider, for example, a control angle having a direction Vector s. If the radiation is traveling in
the positive x-direction, i.e., s -i > 0, the intensity on the upwind side, I/, is assumed to be the intensity in
the neighboring cell, Il._1 o and the intensity on the downwind side is the (unknown) intensity in the cell

itself 1/ Il andll and I’ :

ke The discrete RTE can now be written using the upwind intensities 7/ Dk

xu?

ALl DL AT Uk !+
AylyluDl +A, I ijk yd+
AL, DL +A I, D,
= i Dok Viji O — KijinijVijk 5 (6.20)

Zzu ijk

where the D-terms on the LHS are integrals (6.18) evaluated on upwind and downwind sides of the cell. In
the rectilinear mesh, D!, = —Di , and the equation can be simplified further. In addition, the integrals over
the solid angle can be calculated analytically

/ i)dQ = // i)sinf dod¢ = //cosq)sm@smO dode¢
5056

= % (sing™ —sing ™) [AB — (cos 6™ sin6" —cos O sin6 )] (6.21)

D;:/ (sl-j)dQ:/ / sin¢ sinOsin 0 do do
o 5056

!In the axi-symmetric case equation (6.16) becomes a little bit more complicated, as the cell face normal vectors n,, are not
always constant. However, the computational efficiency can still be retained.
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_1 (cos¢p™ —cosp™) [AO — (cos O sin6" —cos O sin6 )] (6.22)

2
Dé:/ (sl-k)dQ:/ / cos@sin@ dOd¢
o 59 /56
1 . 2 a2
— 580 | (sin6*)* = (sin6")’] (6.23)
5Q! = / dQ = / / sin6 d6 do (6.24)
Q! 5¢ /5606

Equation (6.20) for the unknown intensity Iiljk is written in the form

iy = ady, +ayl, + .l + by (6.25)
where
ajj = Ad| D] + Ay D)+ AL DL + Ky Vijp SO (6.26)
o= AdD;| (6.27)
y = A|Dj] (6.28)
:=A:|Dl| (6.29)
biix = Kiji Io.ijic Viji 6L (6.30)

Here i, j and k are the base vectors of the Cartesian coordinate system. 8, 6, ¢ and ¢~ are the upper and
lower boundaries of the control angle in the polar and azimuthal directions, respectively, and A@ = 6" — 6~
andAg =" — ¢,

The solution method of (6.20) is based on an explicit marching sequence [67]. The marching direction
depends on the propagation direction of the radiation intensity. As the marching is done in the “downwind”
direction, the “upwind” intensities in all three spatial directions are known, and the intensity Il.’jk can be
solved directly from an algebraic equation. In the first cell to be solved, all the upwind intensities are
determined from solid or gas phase boundaries. In theory, iterations are needed if the reflections or scattering
are important, or if the scenario is optically very thick. Currently, no iterations are made.

6.2.3 Spatial Discretization in Cut Cells

In the case of complex geometry where irregular cut-cells may exist (see Sec. 12) an unstructured version
of the RTE in Eq. 6.19 is adopted

n
Y Ay I} Dy = Kijk [Ib,ijk - Iiljk} Vi 69, (6.31)
f=1

where A are the n cut-face areas. These include both gasphase cut-faces, which are Cartesian grid aligned,
and in-boundary cut-faces, which can have any orientation. The D ¢-terms are calculated as

D = /Q (s'my)dQ (6.32)
:/ / [cos@sinO Xy +sin@sinOFs+cosOZf|sin® dO d¢
50.Js0

=D&+ D\ ;+D.zy,
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with D!, Dé, and Dé defined as above and (X7, $¢,Zy) is the unit normal vector of the relevant face. If Dil- >0

the faces are upwind for a given angular direction, D;-u, and downwind otherwise, le 4~ Equation 6.20 can
then be rewritten as

ZAfd Ui Dlg = KijiTo.ijiVie 89 — il Vije Q. (6.33)

In this case the upwind cut-face intensities, I/ ,, come from the upwind value for gasphase cut-faces (as with
the Cartesian solution) and from the boundary conditions for in-boundary cut-faces. The downwind cut-face
intensities, I,’l 4» use the cell value, Il.ljk.

Adopting the previous notation, the equation for intensity becomes

z]k l,k Zanu L+ b,jk (6.34)
where
“fjk = Zd,And (D)% +D£)7nd + D! 2] + Kiji Viju Q! (6.35)
n
by = A [DL Fni + Dl D + D 2 (6.36)
b = Kijk To.ijk Vije 6 (6.37)

6.2.4 Boundary Conditions

The boundary condition for the radiation intensity leaving a gray diffuse wall is given as

eoTs 1—¢
Olw, -—F Iy(s) s -ny| dQ2 (6.38)
T T s-ny <0

Iy(s) =

where I, (s) is the intensity at the wall, € is the emissivity, and T,, is the wall surface temperature. In
discretized form, the boundary condition on a solid wall is given as

T4 .y
=20 Ty ) (6.39)

T
Dl <0

where Df:v = Jor (s-my,) dQ. The constraint Dé/v < 0 means that only the “incoming” directions are taken into
account when calculating the reflection. The net radiative heat flux on the wall is

ZI’ / s-ny) dQ = le D), (6.40)

where the coefficients D!, are equal to +D!, j:D; or D!, and can be calculated for each wall element at the
start of the calculation.

The open boundaries are treated as black walls, where the incoming intensity is the blackbody intensity
of the ambient temperature. On mirror boundaries the intensities leaving the wall are calculated from the
incoming intensities using a predefined connection matrix:

Lo =1 (6.41)

w,ij

Computationally intensive integration over all the incoming directions is avoided by keeping the solid angle
discretization symmetric on the x, y and z planes. The connection matrix associates one incoming direction
I' to each mirrored direction on each wall cell.
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6.3 Absorption and Scattering by Small Droplets and Particles

The attenuation of thermal radiation by liquid droplets and small particles is an important consideration,
especially for water mist systems [68]. Droplets and particles attenuate thermal radiation through a combi-
nation of scattering and absorption [69]. The radiation-spray interaction must therefore be solved for both
the accurate prediction of the radiation field and for the particle energy balance. If the gas phase absorption
and emission in Eq. (6.1) are temporarily neglected for simplicity, the radiative transport equation becomes
"PS"M / ®(s,s') I, (x,8') dQ
T i

(6.42)
where K, is the particle absorption coefficient, o, is the particle scattering coefficient and I , is the emission
term of the particles. ®(s’,s) is a scattering phase function that gives the scattered intensity fraction from
direction 8’ to s.

$- VI3 (%,5) = — [ Kp(%,A) + 0p (%, A) | 11 (%,8) + Kp (%, 4) Iy p(x,2) +

6.3.1 Absorption and Scattering Coefficients

Radiation absorption and scattering by particles depends on their cross sectional areas and radiative material
properties. For simplicity, we assume that the particles are spherical in shape, in which case the cross
sectional area of a particle is w72, where r is the particle radius. If the local number density distribution
of particles at location x is denoted by n(r(x)), the local absorption and scattering coefficients within a
spray/particle cloud can be calculated from:

Ky (X, A) = /0 " n(r(x)) Qulr 1) T dr (6.43)

Go(x,A) = /0 " a(r(x)) Qs A) T dr (6.44)

where Q, and Qg are the absorption and scattering efficiencies, respectively. For the computation of the
spray/particle cloud radiative properties, spherical particles are assumed and the radiative properties of the
individual particles are computed using Mie theory.

Based on Refs. [70] and [71], the real particle size distribution inside a grid cell is modeled as a mono-
disperse suspension whose diameter corresponds to the Sauter mean (d3;) diameter of the poly-disperse
spray. This assumption leads to a simplified expression of the radiative coefficients

KP(XJL) :AP(X) Qa(r32,4) (6.45)
O-P(Xaﬁ‘) :AP(X) Qs(’"32yl) (6.46)

These expressions are functions of the total cross sectional area per unit volume of the droplets, A;,, which is
computed simply by summing the cross sectional areas of all the droplets within a cell and dividing by the
cell volume. For practical reasons, a relaxation factor of 0.5 is used to smooth slightly the temporal variation
of A,,.

P

6.3.2 Approximating the In-Scattering Integral

An accurate computation of the in-scattering integral on the right hand side of Eq. (6.42) would be extremely
time consuming and require a prohibitive amount of memory because the individual intensities in each
location would have to be stored. Instead, a simplified form of Eq. (6.42) can be derived:

5 VI (%,8) = — [5(%, ) + (%, A)] [ (%,8) + Kp (X, A) To p(X, A) + GPE:;’MU(X,A) (6.47)
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where U (x) is the total intensity integrated over the unit sphere and &, is an effective scattering coefficient.
The derivation of Eq. (6.47) is given in Appendix K. This simplified equation can be integrated over the
spectrum to get the band specific RTE’s. The procedure is exactly the same as that used for the gas phase
RTE. After the band integrations, the spray RTE for band n becomes:

S+ VIy(X,8) = — [Kpn (%) + Tpn(X)] £(%,8) + Kpn (%) o pn(X) + ‘wUn(x) (6.48)
where the source function is based on the average particle temperature within a cell.
6.3.3 Forward Fraction of Scattering
The effective scattering coefficient in Eq. (6.47) is defined:
_ 4m
Gp(x,A) = = (1 —xf(x,/l)) Gy (%, 1) (6.49)

where J; is the fraction of the total intensity originally within the solid angle §Q! that is scattered into the
same angle, & Q! The computation of ) has been derived in Ref. [72]. It can be shown that here yr becomes:

1 rl flpr
xe(rA) = Lz/ / / p Py(6p, 1) — dyy dy dy’ (6.50)
O Jut Jut S [(1 = 2)(1 =) — (pty — 2]

where L, is a cosine of the scattering angle 6, and Py(6,,A) is a single droplet scattering phase function

2% (1S1(6,) 1 +152(6,) )

P8y 2) = ——0 o ayer

(6.51)

S1(6,) and S»(6,) are the scattering amplitudes, given by Mie-theory. The integration limit, y’, is a cosine
of the polar angle defining the boundary of the symmetric control angle, §Q'
2

! !
u' =cos(6") N (6.52)

The limits of the innermost integral are
Hpo = MU ++/1=u2/1—p? 1 pyg=pp —/1—p2/1—p”? (6.53)

6.3.4 Solution Procedure

The absorption and scattering coefficients, k}, and G, are not repeatedly calculated during the simulation.
Instead, they are tabulated at the beginning of the simulation for each band and a range of different Sauter
mean diameters, r3;. The averaged quantities, now functions r3; only, are stored in one-dimensional arrays.
During the simulation, the local properties are found by table look-up.

In the band integration of k, and &), a constant “radiation” temperature, 71,4, is used to provide the
wavelength weighting (Planck function). T;,4 should be selected to represent a typical radiating flame tem-
perature. A value of 1173 K is used by default.

The absorption and scattering efficiencies, Q, and Qs, and the scattering phase function Py(6,,1 ), are
calculated using the MieV code developed by Wiscombe [73]. The spectral properties of the particles can be
specified in terms of a wavelength-dependent complex refractive index. Pre-compiled data are included for
water and a generic hydrocarbon fuel based on diesel fuel and heptane. For water, the values of the imaginary
part of the complex refractive index (related to the absorption coefficient) are taken from Ref. [74], and a
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value of 1.33 is used for the real part. For fuel, the droplet spectral properties are taken from Ref. [75],
which includes measurements of the refractive index of a diesel fuel and a comparison of the values with
those of heptane. The diesel properties are used for the real part of the refractive index. For the complex
part, the heptane properties are used to avoid the uncertainty associated with different types of diesel fuels.
Usually, the radiative properties of the particle cloud are more sensitive to the particle size and concentration
than to values of the refractive index.

6.3.5 Heat Absorbed by Droplets and Small Particles

The droplet contribution to the radiative loss term is
¢ = —=V-q; (x)(droplets) = i, (x) [U(X) — 47, p(x)] (6.54)

For each individual droplet, the radiative heating/cooling power is computed as

Kp(X) [U(X) — 471, p(x)] (6.55)

where m,, is the mass of the droplet and py(x) is the total density of droplets in the cell.

6.4 Absorption by Large, Non-Scattering Particles

FDS uses Lagrangian particles to represent objects that are not resolvable on the numerical grid, but are still
relatively large compared to liquid droplets. For example, vegetation is modeled as a collection of large,
opaque, non-scattering particles. For more discussion of the radiation absorption by large particles, see
Sec. 9.6.
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Chapter 7

Solid Phase

FDS assumes that solid surfaces consist of multiple layers, with each layer composed of multiple material
components that can undergo multiple thermal degradation reactions. Heat conduction is assumed only in
the direction normal to the surface. Each reaction can produce multiple gas and solid species. This chapter
describes the heat conduction equation for solid materials, plus the various coefficients, source terms, and
boundary conditions, including the computation of the convective heat flux ¢ at solid boundaries.

7.1 The Heat Conduction Equation for a Solid

The one-dimensional heat conduction equation for the solid phase temperature Ti(x,7) is applied in the
direction x pointing into the solid (the point x = 0 represents the surface)'

T, 0 0T, o
PsCs 297 ox <ksax> +4; (7.2)

Sec. 7.1.3 describes the component-averaged material properties, ks and pscs. The source term, ¢.’, consists

of chemical reactions and radiative absorption:

45 = dse T (7.3)
Sec. 7.2 describes the term qi”c, which is essentially the heat production (loss) rate given by the pyrolysis
models for different types of solid and liquid fuels. Sec. 7.1.1 describes the term qg’ !, the radiative absorption
and emission in depth.
The boundary condition on the front surface of a solid obstruction is
T, g,

—ks==(0,1) = g+ (7.4)
where g is the convective and ¢/ the radiative flux. If the radiation is assumed to penetrate in depth, the
surface radiation term, ¢/, is set to 0. Sec. 7.1.2 describes the convective heat transfer to the solid surface.

On the back surface, there are two possible boundary conditions: (1) if the back surface is assumed to
be open either to an ambient void or to another part of the computational domain, the back side boundary

'In cylindrical and spherical coordinates, the heat conduction equation is written

dTy 10 aTy o I, 1 9 [, dT; 11
1 RO P S O @D

FDS offers the user these options for cases where the obstruction surface is not flat, but rather cylindrical or spherical in shape. This
option is useful in describing the behavior of small, complicated “targets” like cables or heat detection devices.
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condition is similar to that of the front side, or (2) if the back side is assumed to be perfectly insulated, an

adiabatic condition is used
oT;

sgz

The numerical solution of the solid phase heat equation is presented in detail in Appendix M.

—k 0 (7.5)

7.1.1 Radiation Heat Transfer to Solids

If it is assumed that the thermal radiation from the surrounding gases is absorbed within an infinitely thin
layer at the surface of the solid obstruction, then the net radiative heat flux is the sum of incoming and
outgoing components, ¢, = . ;. — 41 ou:

il =¢ / Iy(s') | ny| dO (7.6)
s’ ny <0

Glow =€0Ty (1.7

However, many common materials are not opaque; thus, the radiation penetrates the material to some finite
depth. The radiative transport within the solid (or liquid) can be described as a source term in Eq. (7.2). A
“two-flux” model based on the Schuster-Schwarzschild approximation [58] assumes the radiative intensity
is constant inside the “forward” and “backward” hemispheres. The transport equation for the intensity in
the “forward” direction is

1dI(x)

2 dx
where x is the distance from the material surface and K is the component-averaged absorption coefficient:

= (I —1I"(x)) (7.8)

Nm
KS — Z Xa KS,(X (79)
a=1

A corresponding formula can be given for the “backward” direction. Multiplying Eq. 7.8 by 7 gives us the
“forward” radiative heat flux into the solid
1 dgf(x)
2 dx

The radiative source term in the heat conduction equation is the sum of the “forward” and “backward” flux
gradients

=i (0T - ¢ () (7.10)

_ 460 4

Gor(¥) = = i (7.11)
The boundary condition for Eq. 7.10 at the solid (or liquid) surface is given by
4 (0) = drin+(1-€)4, (0) (7.12)

where ¢, (0) is the “backward” radiative heat flux at the surface. In this formulation, the surface emissivity
and the internal absorption are assumed constant.
The two-flux model has not been adapted for cylindrical or spherical geometry.

7.1.2 Convective Heat Transfer to Solids

The calculation of the convective heat flux depends on whether one is performing a direct numerical simu-
lation (DNS) or a large eddy simulation (LES). For DNS, the convective heat transfer is calculated directly
from the resolved gas and solid phase variables. For LES, there are a variety of empirical options.
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Direct Numerical Simulation

In a DNS calculation, the convective heat flux to a solid surface ¢/ is obtained directly from the gas temper-
ature gradient at the boundary

q“:f al:7kTw_Tg
¢ on on/2
where k is the thermal conductivity of the gas, n is the spatial coordinate pointing into the solid, dn is the

normal grid spacing, T; is the gas temperature in the center of the first gas phase cell, and Ty is the wall
surface temperature.

(7.13)

Empirical Natural/Forced Convection Model

In an LES calculation, the convective heat transfer coefficient, 4, is taken as the maximum of its free (natural)
and forced forms:

k 2L
CI/C/ =h (Tg - Tw) ; h= Z max <NufreeaNuf0rced7 61’1) (7.14)

where T, is the gas temperature in the gas phase cell adjacent to the surface, T, is the wall (surface) temper-
ature, L is a characteristic length, and k is the thermal conductivity of the gas. For planar surfaces, L is taken
as 1 m and for spheres and cylinders, L is taken as the diameter, D. The last argument on the right-hand side
corresponds to the limit for DNS cases. For Lagrangian particles the assumption is that D < én and so the
equation for 4 becomes:

k
h= I max (Nufree, NUforced ) - (7.15)
For free (natural) convection, the Nusselt number is a function of the Rayleigh number:

:2g|Tg—Tw|L3 o k

v
Ra : ; —
(Ty +Ty)vo p pcp o

(7.16)

The following expressions are simplifications of those given in Ref. [76] under the assumption that Pr =0.7.

(0.82540.324Ra!/®) ® Vertical plate or cylinder?
0.54Ral/4 Horizontal hot plate facing up or cold plate facing down, Ra < 107
Nugroe — 0.15Ra!/3 Horizontal hot plate facing up or cold plate facing down, Ra > 107
0.52Ral/? Horizontal hot plate facing down or cold plate facing up
(0.60 +0.321Ra/ 6) > Horizontal cylinder
2+40.454Ral/* Sphere
(7.17)
For forced convection, the Nusselt number takes the form:
Nuforced = Co+ (C1Re" —C) Pr'  ; Re = p|‘uu]L ; m=1/3 (7.18)

The values of the coefficients are given in Table 7.1.

To avoid the artificial dissipation caused by averaging velocity components in a diverging flow, the
impinging jet heat transfer model uses the staggered cell’s maximum velocity components to define the
velocity scale in the Reynolds number, but otherwise uses the forced convection Nusselt correlation with
slightly modified default constants, C; = 0.55 and n = 0.8. As with the forced convection model, custom

2The heat transfer coefficient for a vertical plate or cylinder is simplified to & = 1.31 (AT)l/ 3 [77] in cases where the back side
of a solid obstruction is outside the computational domain and the gas temperature is assumed to be ambient.
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Table 7.1: Coefficients used for forced convection heat transfer correlations [76]

Geometry Cy C (653 n Re
FlatPlate 0 0.0296 O 0.8 <108
Cylinder 0 0989 0 0.330 04—-4
Cylinder 0 0911 0 0.385 4—-40
Cylinder 0 0683 0 0.466 40— 4000
Cylinder 0 0193 0 0.618 4000—40000
Cylinder 0 0.027 0 0.805 40000—400000
2 0

Sphere 0.6 0.5

coefficients may be used, as discussed in the FDS User Guide [3]. If the impinging jet model is implemented
by the user, Nujypinge gets added to the list of max arguments in Eq. (7.14).
p UimpL

Nuimpinge = Co+ (C1Refy,, —C2) Pr" 3 Rejmp = " ; m=1/3 (7.19)

Optional Near-Wall Model

This section describes an optional model for the heat transfer coefficient which may be more appropriate for
well-resolved LES calculations. This model has been validated for low Reynolds number heated channel
flow [78] and has been used in a model to predict upper layer temperature in airplane cargo compartments
[79].

Wall models aim to mimic the sudden change from molecular to turbulent transport close to the walls
using algebraic formulations without resolving the smallest length scales. The theory follows dimensional
analysis based on the idea that shear at the wall is constant. Accordingly, non-dimensional velocity can be
defined as a function of non-dimensional length scale. In FDS, the wall model for velocity is implemented
based on the law of the wall with a semi-log fit connecting the limits of the viscous and log regions (see
Sec. 4.4).

By analogy to the near-wall model for velocity, the non-dimensional temperature is defined as

TH = Te—Tw (7.20)
I;
where Ty is the first off-wall gas-phase cell temperature. The model profile is given by
TT =Pry" for y" <11.81 (7.21)
T = P—;tlny+ +Br for y">11.81 (7.22)

where Pr and Pr are the molecular and turbulent Prandtl numbers (Pr; = 0.5 by default in FDS), and k¥ =0.41
is the von Kdrmén constant. The temperature scale, T, is defined by

-1
pcqicu (7.23)
plUr

TI;

where g, p, ¢, and u; are the convective heat flux at the wall, the gas density, the specific heat, and the
friction velocity, respectively.
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The second term, Br, on the right hand side of Eq. 7.22 is a function of the molecular Prandtl number
and can be determined experimentally. Mathematically, this term is the integration constant stemming from
the relation between velocity and temperature gradients. Physically, it represents the resistance to the heat
and momentum transport close to the wall. FDS uses the experimental correlation proposed by Kader [80]

Br = (3.85Pr'/3 —1.3)24+2.12 InPr (7.24)

The convective heat transfer coefficient (k) is obtained from the definition of # and T™:

-1
QC pc[)uf
h= = 7.25
(G-1)  T° 7
7.1.3 Component-Averaged Thermal Properties
The conductivity and volumetric heat capacity of the solid are defined as
Nm Nm
ks = Z Xq ks,(x 5 PsCs = Z Ps,o Cs,a (7.26)
a=1 a=1

where Ny, is the number of material components forming the solid, X, is the volume fraction of component
o, and ps ¢ is the component density:
Ps,c = Ps Yo (7.27)

where p; is the density of the composite material and Y, is the mass fraction of component . The solid
density is the sum of the component densities

Nm
Ps = Z Ps,a (7-28)
a=1

and the volume fraction of component & is computed as

N,

Ps,o : ps,ﬁ

Xy = Poo il (7.29)
“ pa //;1 Pp

where pg, is the true density of material . Multi-component solids are defined by specifying the mass
fractions, Yy, and densities, py, of the individual components of the composite.

79



7.2 Pyrolysis Models

This section describes how solid phase reactions and the chemical source term in the solid phase heat con-
duction equation, qg”c (see Eq. (7.3)), are modeled. This is commonly referred to as the “pyrolysis model”,
but it actually can represent any number of reactive processes, including evaporation, charring, and internal
heating. The process (enforcing consistency in material heats of formation and temperature dependent heats
of reaction) via which FDS ensures energy conservation when solid phase reactions are specified, is detailed

in Appendix P.

7.2.1 Specified Heat Release Rate

Often the intent of a fire simulation is merely to predict the transport of smoke and heat from a specified
fire. In other words, the heat release rate is a specified input, not something the model predicts. In these
instances, the desired heat release rate is translated into a mass flux for fuel at a given solid surface, which
can be thought of as the surface of a burner:

1) G 1
it = £ duser (7.30)
AH,

Usually, the user specifies a desired heat release rate per unit area (HRRPUA), ¢/, plus a time ramp, f (1),

and the gas phase heat of combustion, AH,. The mass flux of fuel from the surface to the gas, riz{, can then be
computed. A special subset of this approach is where the user also specifies a heat of combustion, density,
and thickness for the burning material. If the default simple chemistry model described in Sec. 5.1.2, with
its single combustion reaction, is being used and there are multiple materials burning, one or more materials
might have a different heat of combustion, AH_ s1iq, than the gas-phase combustion reaction. To account for
this, FDS adjusts sz so that the solid phase has the appropriate mass loss rate, g yiq-

AH,
T soia = 11— (7.31)
¢,solid

7.2.2 Scaling the Burning Rate by the Heat Flux

This approach, called Spyro, is a modified version of the specified heat release rate discussed in the prior
subsection. Spyro uses data from one or more cone calorimeter or similar experiments where a sample is
exposed to fixed incident radiative flux while mass loss and/or the heat release rate is measured. Data can
come from either inert gasification tests or tests where pyrolyzed material is allowed to burn. A detailed
justification of the approach can be found in Appendix Q.

Spyro assumes that the general shape of the mass loss rate or heat release rate curve for a material
sample is constant and that the curve’s magnitude and duration is a function of the incident heat flux to the
sample and the sample thickness. With this assumption the burning rate for a cone test at one exposure and
tested thickness can be scaled to a different exposure and thickness, i.e., the as modeled sample thickness
and the incident heat flux predicted during an FDS simulation. The algorithm operates as follows:

1. Each set, i, of supplied test data requires the cone flux, ¢.,,,.. the thickness tested in the cone Ax;, and
a time ramp, f;(), that is applied to ¢/.,. Note that each f;(z) should start at = 0 corresponding to

user:
ignition since the time up to ignition is handled by the 1-D heat transfer model. For each set of data:
ref

(a) Determine the thickness scaling factor s; for data set i as s;; = % where Ax,.r is the material

thickness being modeled in FDS and Ax; is the as tested material thickness.
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(b) Determine the incident flux over time, ¢/, f,i(t)' For an inert gasification test this is simply the
imposed radiative flux:

rer (1) = doone: (7.32)

For a cone calorimeter test, this is the imposed radiative flux minus that portion of the imposed
flux,, I;(7) , that is absorbed by the flame plus heat feedback from the flame:

qlr/ef,i(t) = qgone,— (1 - Fl(t)) + q.;{'lame,- (t) (7.33)
This value of ‘7}/'1 ame; (t) is determined using an empirical approach discussed in Appendix Q.

(c) Integrate the incident flux over time to create a curve of the energy delivered to the surface as a
function of time and then invert the curve to give time vs. the energy delivered to the surface,
tiEj//)-

2. For each wall cell using the Spyro method where the ignition temperature has been reached:
(a) For each thickness provided in the input data, integrate the FDS predicted incident flux, ¢}, using

the scaled time step Atycqreq = S1,iAL.

(b) For each supplied f;(t), use the corresponding thickness scaled incident flux to get the equivalent
time for that test data, i.e., compute ;E").

(c) For each supplied f;(t), look up gy, . ;(t:).
(d) For each supplied f;(¢), determine quser fi(t;). If E; exceeds the range of f;(¢), then scale the last
provided data point in f;(¢) as fi(¢ ) qf”ﬁ to obtain ¢,

(e) Interpolate the q'Xxj to Ax,.r using Ax; to obtain the HRRPUA for applied for the grid cell.

7.2.3 Solid Fuels

Solids can undergo simultaneous reactions under the following assumptions:

* instantaneous release of gas species
* local thermal equilibrium between the solid and gaseous components
* no condensation of gaseous products

* no porosity effects’

Each material component may undergo several competing reactions, and each of these reactions may pro-
duce some other solid component (residue) and gaseous species according to specified yield coefficients.
These coefficients should sum to 1, but yields summing to less than 1 can account for products that are not
explicitly included in the simulation.

The mass per unit volume of material component ¢, ps «(X,?), evolves in time according to the solid
phase species conservation equation

a Nr.u
gst"” ==Y rap+Sa (7.34)
o

3 Although porosity is not explicitly included in the model, it is possible to account for it because the volume fractions defined
by Eq. (7.29) need not sum to unity, in which case the thermal conductivity and absorption coefficient are effectively reduced.
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where NV ¢ is the number of reactions for material &, rqp is the rate of reaction B in units of kg/ m’s, and
S« is the production rate of material component o as a result of the reactions of the other components. The
reaction rates are functions of solid and gas phase conditions and calculated as a combination of Arrhenius
and power functions:

E

ng, of n,

ap = Pudl Aap o <_> Xoy ()]s T, (735)
Reactant dependency Oxidation function Power function

Arrhenius function

The first factor describes the dependence of the reaction rate on the concentration of the reactant itself, with
n, o being the partial reaction order. The second factor is the Arrhenius function which is commonly used
to describe the reaction kinetics, i.e. the dependence of the reaction rate on the material temperature. The
chapter on pyrolysis in the FDS Verification Guide describes methods for determining the kinetic parameters
Aqp and Eyg using bench-scale measurement techniques. Note that the units of A, depend on the order of
the reaction, that is, the value of n, g, and must be consistent with the reaction rate having units of kg/ m’s.
For first-order reactions (n o5 = 1) the units of Ay are simply 1/s.

The third factor can be used to describe the dependence on the local oxygen concentration Xo, (x) and the
heterogeneous reaction order, ngp, o5- The oxygen concentration profile within practical materials depends
on the competition between diffusion and reactive consumption. As FDS does not solve for the transport of
gaseous species within condensed phase materials, a simple exponential profile is assumed and the user is
expected to specify the characteristic depth at which oxygen would be present.

The local oxygen volume fraction at depth x is calculated from the gas phase (first grid cell) oxygen
volume fraction Xo, ¢ as follows. First, the surface value of the oxygen mole fraction, Xo, , is determined
such that the rate of oxygen mass transfer into the solid is balanced by the rate of consumption of the oxygen
within the solid phase reactions. The scheme to compute Xo, ¢ is iterative and uses a Newton method, which
we discuss below after a few more terms have been introduced. Once Xo, ¢ is known, the value of oxygen
mole fraction in-depth is computed by

Xo, (x) = Xo, trexp(—x/Lg ap) (7.36)

where L, 4 is the characteristic depth of oxygen diffusion. Specifying L, 43 = 0 m means that the reaction
takes place only at the surface of the material. The default value is L, 5 = 0.001 m.

The fourth factor is a power function for temperature.

The production term Sy, is the sum over all the reactions where the solid residue is material &

N, N, o
So = Z Z Vo' To'B (where Residuey/g = Materialy) (7.37)
a'=1p=1

where V,, o is the yield of component & from reaction 8 of component &'. The volumetric production rate

of each gas species, 7, is
Nm Mo

I’i’lg:, = Z Z Vy.aB Tap (7.38)
o=1p=1

It is assumed that the gases are transported instantaneously to the surface, where the mass fluxes are given
by*

L
.1 . 111
iy, = /0 iy, (x) dx (7.40)
“In cylindrical and spherical coordinates, the mass fluxes are
= ! /Rom i) (x)rdr 5 nitl) = L /Roul il (x) r? dr (7.39)
v Rout JRi, 14 »Y R%ut JRin v
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where L is the thickness of the solid.
If the material reaction involves oxygen, then we balance the rate of mass flux from reaction m’(’)’2 with
the rate of mass transfer of oxygen into the solid,

- I/
i, = hm(Yo,r—Yo,e) — Yo,r=Yo,e+ h—OZ (7.41)

m
where Ay, is the mass transfer coefficient computed from the heat transfer coefficient as i/ Cp(Tﬁ]m). The
mass flux of oxygen will be a negative value, so this formula reduces the surface value of oxygen from the
gas phase cell value and hence limits the oxygen available for the material reaction. The Newton method
uses the value of Yo, r from the previous time step as an initial guess and usually converges in a few iterations.

The chemical source term in the heat conduction equation is

Nm

Nra
Glex) ==Y Y rap(x)H, op (7.42)
a=1B=1

where H; 45 is the heat of reaction.

7.2.4 Liquid Fuels

Consider a liquid consisting of one or more components. The evaporation rate of each evaporating liquid
component, ¢, is governed by the following relation:

Ya,sv - Y%g) - B= Za/(Ya/,sv - Ya/7g)
B ' 1— Za/ Ya’,sv

hm is the mass transfer coefficient, psi, is the density within a thin surface layer, B is the Spalding mass
transfer number, Y sy is the “surface vapor” mass fraction of component « at the liquid surface, and Yy ; is
the mass fraction of component o in the center of the grid cell adjacent to the liquid surface. The composition
of the surface layer is obtained using Raoult’s law with the Clausius-Clapeyron equation for the equilibrium
vapor pressure. The volume fraction of component ¢ at the surface is:

hy oW, 1 1 Xa.svW,
Xa,sv = Xaj exp [_ v,a¥Va ( N >] : Yoc,sv _ a,svo (7‘44)
) R Ts Tb,a Za’ Xa’,SVWa’ + (1 - Za’ Xa’,sv)Wair

Here Xy ¢ is the volume fraction of component o in the liquid, Ay ¢ is its heat of vaporization, Wy, is its
molecular weight, T, o is its boiling temperature, and 7 is the surface temperature. The mass transfer
coefficient is given by

(7.43)

n'”lgc =hy Pfilm ln(l —i—B) <Ya.,sv =+

= S0P g 0,037 SclRe! 3 o= MM g Pum [l L (7.45)
L Pritm Dfiim Mfilm
Sh is the Sherwood number and D is the mole-weighted gas phase diffusivity:
Yo XasvDa
Deim = SV (7.46)
T e Xasy

where Dy, is the diffusivity of species o into air evaluated at the film temperature. The Reynolds number is
based on the gas velocity in the gas cell adjacent to the surface, ||u||, the length scale, L, and the density and
viscosity of the surface film. The length scale, L, is 1 m for a liquid pool unless specified otherwise. The

film density is
Po

7.47
RTﬁlm (Za Ya,sv/Wa + (1 - Za Ymsv)/Wair) ( )

Pfilm =
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It is assumed that the composition of the film layer consists of evaporated liquids and air.

In practice, a liquid fuel may have multiple components, like gasoline or kerosene, but for the sake
of reducing CPU time, all liquid components can be assumed to evaporate to form a common lumped gas
species whose mass fraction is denoted Z;. In this case, the effective mass fraction of gas species « is
assumed to be proportional to its value at the liquid surface:

YO! ,SV
B P
The assumption of an assumed lumped gas species is not mandatory—one can evaporate each liquid com-
ponent to form a unique gas species.

For simplicity, the liquid fuel itself is treated like a thermally-thick solid for the purpose of computing
the heat conduction. There is no computation of the convection of the liquid within the pool. Obviously,
this assumption has consequences. One of which is related to the fact that the evaporation rate expression
(7.43) is applied only to the surface liquid layer. However, it is possible that an interior liquid layer may
possess a temperature, Ty, in excess of the boiling temperature of an individual liquid component, T, o. If
this is the case, an additional amount of component « is boiled off from the surface so as to drive the liquid
temperature back toward the boiling point of component ¢. This addition to the surface mass flux takes the

form:
iy — P (W(Ty) —(Th )0
* hy Ot :

where py o is the mass per unit volume of liquid component ¢, (T') is the enthalpy of the liquid, & is the
layer thickness, &y o is the heat of vaporization of component a, and 8¢ is the time step.

(7.48)

h(T) = /0 ' cs(T")dT’ (7.49)

7.2.5 Shrinking and Swelling Materials

The layer thickness is updated according to the ratio of the instantaneous material density and the density of
the material in its pure form. In case of several material components, the amount of swelling and shrinking
is determined by the maximum and sum of these ratios, respectively. In each time step, the size of each
condensed phase cell is multiplied by the following factor:

Ps.a . Ps.a
max ( ) if maxg (22 ) > 1
5= AT L b (7.50)
Y, (’; if maxg (%) <1

Correspondingly, the densities are divided by the factor § to conserve mass.
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Chapter 8

Aerosols

A gas species in FDS can be defined as an aerosol species. This enables a series of aerosol behaviors that
includes deposition, settling, spray scrubbing, and condensation (for liquid aerosols). This chapter describes
the aerosol behaviors in FDS.

8.1 Aerosol Deposition

By default, FDS assumes that soot is transported just like all other gaseous species. That is, the soot particles
are small enough that their settling velocity is small compared to the fire-driven flows of the gas containing
the soot. Near surfaces, however, other mechanisms can affect the soot, which results in its deposition
onto surfaces. The removal of soot via deposition can impact the visibility for egress and the time for
smoke detectors to activate. In forensic fire reconstructions, the amount of soot deposited on surfaces can
be correlated to post-fire observations. The deposition of particulates is also important for computing the
dispersion characteristics of aerosol toxicants like ash, radionuclides, or other particulate matter.

However, there is an option to treat any gas phase species as an aerosol that can be deposited on surfaces.
Aerosol deposition is determined by applying an empirical deposition velocity to aerosols near surfaces.
There are a number of phenomena that cause deposition: thermophoresis (where temperature gradients
push the aerosol toward or away from the surface), gravitational settling, diffusive deposition (where the
aerosols move along the boundary layer concentration gradient), and turbulent deposition (essentially impact
deposition due to a turbulent boundary layer). Other phenomena, such as electrical fields, can also result
in deposition but are not considered in FDS due to their relatively small contribution in compartment fire
scenarios.

The total aerosol deposition velocity to surfaces, ugep, is determined by assuming the deposition phe-
nomena are independent, computing a deposition velocity for each mechanism, and then summing them [81]

Udep = Ug + Ugh + Udy (8.1

where u, is the gravitational settling velocity (for cells near upward-facing surfaces), uy, is the thermophoretic
velocity, and ug, is the combined diffusion-turbulence velocity. If the aerosol is located in a gas-phase cell
adjacent to a wall, then the aerosol (represented by the subscript &) is removed from the gas-phase and
deposited onto the surface by imposing the following boundary condition

Mep.o = P Yo Udep (8.2)

Using this boundary condition, the aerosol surface density that accumulates on surfaces is tracked, and the
amount of aerosol that deposits to a surface is removed from the adjacent gas-phase cell. Note that the
subscript a refers to a species that contains soot or aerosol, whereas the subscript ‘a’ in the remainder of the
section refers to the condensed phase soot or aerosol properties, such as mass or density.
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8.1.1 Gravitational Settling
The gravitational settling velocity is given by [82]

Cn
= om,——— 8.3
T e s &
where m, is the particle mass, ¥4 is a shape factor, u is the dynamic viscosity of air, r, is the particle radius,
and Cn is the Cunningham slip correction factor given by [82]

Cn=1+1.257Kn+04Kne /K0 (8.4)

where Kn is the particle Knudsen number given by the ratio of the mean free path of the gas to the particle
radius. Kn is computed as [83]

Kn = & (8.5)

ra

where A is the mean free path of gas molecules which is computed as [84]

T
x_ug‘/zppg (8.6)

For each aerosol species in the gas phase, a gravitational settling velocity is calculated and imposed on the
convective term in the species transport equation (Eq. 2.5). This approach is similar to the drift flux model
for smoke transport described in Hu et al. [85]. The gravitational settling velocity is also included in the
total deposition velocity to deposit aerosols onto upward-facing flat surfaces, as described above.

8.1.2 Thermophoretic Deposition
The thermophoretic velocity is computed as

Uth = Tg a (8.7)

This requires the wall temperature gradient, which is only resolved in a DNS simulation. For an LES
simulation, the temperature gradient is computed from the wall heat transfer coefficient.

dr  h(T—Ty)

8.8
T o (8.8)
Ky is the thermophoretic velocity coefficient and is calculated using the following correlation [86]
2Cs(ax+C¢Kn) C
K = s (@+GKn) Cn (8.9)

(143Cyn Kn)(1+2a+2CKn)

where Cg = 1.17 is the thermal slip coefficient, « is the ratio of the gas conductivity to the particle conduc-
tivity, Cp, = 1.146 is the momentum accommodation coefficient, and C; = 2.2 is the thermal accommodation
coefficient.

For each aerosol species in the gas phase, a thermophoretic velocity is calculated and imposed on the
convective term in the species transport equation (Eq. 2.5). This approach follows the drift flux model for
smoke transport described in Hu et al. [85].
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8.1.3 Turbulent Deposition

The diffusion-turbulence deposition velocity depends upon the flow regime (diffusion, diffusion-impaction,
or inertia-moderated). The deposition velocity for these regimes is given below [87].

0.086 Sc™ 7 u, Tt <0.2
ug =14 35x1074t 2 u, 02<1t<229 (8.10)
017u; T+ >229

where Sc is the particle Schmidt number, or the ratio of the kinematic viscosity to the Brownian diffusion
coefficient of the particle (v/Dg), u is the wall friction velocity computed by the wall model, and 7+ is the
dimensionless stopping distance given by [88]

2 2
r*:’wu’ﬁ;pg 8.11)
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8.2 Aerosol Agglomeration

Agglomeration is the process via which small aerosol particles become larger aerosol particles due to colli-
sions that cause the smaller particles to stick together and become larger particles. The FDS implementation
of aerosol agglomeration is based on the agglomeration model in VICTORIA [89], a US NRC software
package for modeling radioactive aerosol transport during severe accidents. The agglomeration mechanisms
in FDS include Brownian, gravitational, and turbulent (sheer and inertial). The agglomeration is governed
by the equation below.

dN

S = % /0 " ®(w,m— ©)N(©)N(m — ©)do — N(m) /0 “o(0,mN(@)do —R(m)+S(m)  (8.12)

In the above equation ® is an agglomeration kernel, N(m) is the number density of particles of size m, R
is a removal term (e.g. outflow, oxidation), and S is a source term (e.g. from combustion). The equation
states that the rate of formation of particles of size m is the rate that two particles whose combined size is
m collide, minus the rate at which particles of size m collide with other particles and become a larger size,
minus removal of particles of size m, and plus the generation of particles of size m. The selected approach for
solving the agglomeration equation is to bin the particle sizes into multiple bins and transform the integrals
over particle size into summations over particle bins. By defining the maximum, #1,,,,, and minimum, #1,,;,,
particle mass and the number of bins, M, one can define the average bin mass, x, as shown below [90].

Mpmax /M 2m;
s = ( > M =SMmi_ , Xj = (8.13)

Nypin 1+s

Using this binning, the agglomeration equation becomes:

Vi & & 1 o
T3Py (1 ~3 j,k> NP KN N —N; 1, @(jONe = Ri S, (8.14)
= ]: =

where 1), shown below, is a function for apportioning the new particle mass, m;,, = x; + x;, between
adjacent particle bins.
Xit1—Xi

Mk —Xi—1
Xi—Xi—1

(8.15)

s
A i <mj <X

n g
X1 <mjp <X

The agglomeration kernel is given by the sum of the Brownian (Br), gravitational (Gr), shear (Sh), and
inertial (In) agglomeration terms.

B(m, @) = Ppe (1, ©) + Dee(m, ) + |/ Dsiy(m, )2 + Pia (m, )2 (8.16)

Brownian agglomeration occurs when the random walks of particles brings them into contact with one
another. It is computed as [89]:

Pp, = 47ky T (B(m) +B(®)) (rm + re) Fu(m, ) (8.17)

where Fu is the Fuchs factor and B is the particle mobility.

Cn
Bm) = S (8.18)
-1 O
1 _ m+ro 8kpT (1 1 2\/m
Fu(m, ) <gska(B(m)+B(a)))\/ pa <m +w>> + (1 + M) (8.19)
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_— (rm+am)” — (rh+ak) - (8.20)

3rmam

2koTm
/4

ay = B(m) (8.21)

Gravitational agglomeration results from heavier particle falling onto larger particles. The efficiency of these
collisions are governed by a sticking factor, € assumed to be one, and a collision efficiency, epk [89]

D (m, ®) = esepk (1, ©) (rm + 70) Jug (M) — 1 ()] (8.22)
min (rm,ra,)2

8PK(m,w) = m (823)

ug(m) = gmB(m) (8.24)

Shear agglomeration results from particles of different speeds moving along streamlines that bring them into
contact with one another [89].

8pre
Dgp (m, @) = esep (m, w)%é (rm + rm)3 \/E (8.25)

where ¥ is a shape factor, assumed to be one, and € is the turbulent kinetic energy dissipation rate.
Inertial agglomeration results from particles departing from the flow streamlines due to their inertia and
coming into contact with other particles [89].

3.3 1/4 —
512pﬂ8> Jug (1m) — ug ()] (8.26)

P, (m, ©) = sepi (m, ©) Y& (rm~+ro)* ( 151 P
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8.3 Aerosol Scrubbing

Scrubbing is the removal of aerosols from the gas phase. In FDS, aerosols can be scrubbed by water sprays.
The correlations used to define the scrubbing efficiency are based on the containment spray scrubbing model
in MELCOR [91]. The rate of aerosol scrubbing in a grid cell is based on the volume of the grid cell swept by
a droplet over a timestep and the removal efficiency, €, for that droplet. The fraction of a grid cell’s volume
swept during a time step, F, is determined by the projected surface area of the droplet and its velocity:

. min (C?trlz,, (5Xi5yj'52k)2/3) upAty (8.27)
8X[5yj8Zk

where r), is the droplet radius, C is the weighting factor for the droplet, u, is the droplet velocity, and A,
is the time step for the current path segment of the droplet (droplet movement may be evaluated using a
smaller time steps than the global time step, Az if the droplet will cross a cell boundary over the global time
step).

The removal efficiency is given by the product sum of an interception efficiency, €;,, and an impaction
efficiency, €;,,. Both result from summing viscous, vis, and potential flow, pot, behaviors.

ra\ 2 3 1
Einvis = <1 + a> 1- + (828)
2 (1

3
" i) 2(eg)

2
Einpor = (1 +:> . (1 +:> (8.29)
p p

0 Stk < 1.214
8im,vis == s (830)
(H%) Stk > 1.214
0 Stk < 0.0834
Eim,por = 831)

2
(sa?ﬂi).s) Stk > 0.2

Where Stk is the Stokes number. For other values of Stk, €, o 1s interpolated. The viscous and potential
values are combined as:

Ex vis + Sx.pot (Rep/60)
& = — : 8.32
! 1+ (Re,/60) (832)
The total efficiency is given as:

e=1—(1—¢€y,)(1—&m) (8.33)

The rate of removal is then given by:

FeY,p

A=—"= 8.34
Ar (8.34)
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8.4 Aerosol Condensation

If a gas species with liquid properties is defined as an aerosol, FDS will compute condensation and evapo-
ration for that species. This is accomplished by defining two tracked species: one non-aerosol species for
the gas phase, and a second aerosol species for the condensed phase. Condensation and evaporation will be
computed both in the gas and on any solid surface in the domain.

8.4.1 Gas Condensation

If a condensable vapor species is present in a gas cell, a check is made on the equilibrium vapor fraction
of the cell using Eq. (9.30) where T, is assumed to be the cell temperature. If the mass fraction in the cell
exceeds the equilibrium fraction then condensation will occur. If the mass fraction in the cell is less than the
equilibrium mass fraction, then evaporation will occur.

The evaporation rate is computed using the mass transfer coefficient as defined in Eq (9.31) through
Eq (9.32). The surface area for evaporation is determined by the total number of condensed water droplets
in the cell which is computed from the mass of water vapor present and the user defined particle diameter
for the aerosol species.

The condensation rate is computed assuming the same mass transfer coefficient as evaporation. Since it
is possible that there is no existing droplets to condense on, a cell with no existing condensed vapor uses an
assumed concentration of nucleation sites/cm? that are assumed to have the same diameter as the condensed
species.

The total mass evaporated or condensed is added to the bulk mass source terms, 7, for the condensed
and vapor phase species. The bulk energy source term, ¢y, is taken as the mass source term multiplied
by the heat of vaporization, &, where condensation results in positive energy source term and evaporation
results in a negative energy source term.

The contribution to divergence is added to the b_sourck term following Eq (9.36). Since the condensed
and vapor phases have the same molecular weight, the first term in the equation is zero.

For the condensed phase, the radiation absorption is computed following Sec. 6.3.

8.4.2 Wall Condensation

Condensation and evaporation for a wall cell follows a similar process to a gas cell. The process begins with
an equilibrium vapor check where 7}, is assumed to be the wall temperature. The rate of evaporation and
condensation is based on a wall function [92].

u
vy =B (Vy—Ya) (8.35)
dep,o
+:pur5n/2 (8.36)
u
Yy =Scyte ™+ (2.12In(y") + (3.855¢!/? — 1.3) +2.121n(Sc)) e /T (8.37)
0.01 (Scy*)*
r— 201 (Sey7) (8.38)
145Sc’y*
The total mass evaporated or condensed is added to the deposition wall mass source terms, mgepv o+ The

energy required is added to a wall condensation energy source term that accounts for the heat of vaporization
and the enthalpy change going from the gas temperature to the wall temperature.

Gaep.oc = Maep.a(o(Tw) +hs.a(Tg) — hsa(Tiv)) (8.39)
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For the p_sourck term only the first term in Eq (9.36) applies since all the phase change energy comes from
the wall cell.
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Chapter 9

Lagrangian Particles

Lagrangian particles are used to represent a wide variety of objects that cannot be resolved on the numerical
grid. Liquid droplets are the most common example. This chapter outlines the treatment of the transport; size
distribution; and mass, momentum and energy transfer to and from Lagrangian particles. The formulation
presented here closely follows the dispersed discrete-element formulation presented in [93].

9.1 Particle Transport in the Gas Phase

In the gas phase momentum equation, Eq. (4.36), the force term f, represents the momentum transferred
from particles to the gas. It is obtained by summing the force transferred from each particle in a grid cell
and dividing by the cell volume, V:
v [P
f, = VZ ECdAp@ (up—u)|u, —u| — — (u, —u) 9.1)
where Cy is the drag coefficient, A, is the particle cross-sectional area, r, is the particle radius, u, is the
particle velocity, my, is the particle mass, u is the gas velocity, and p is the gas density. The subscript “b”
stands for “bulk,” meaning that the particles in the cell represent a bulk mass dragging on the gas.
The particle acceleration is given by
du, 1 pCyApc

_ _ _ 2
a g 2 my (up —u)[u, —u 9.2)

The particle position, X, is determined from the equation

dx,

A
The exact solution procedure of the above model is presented in Appendix J. The drag coefficient (default
based on a sphere) is a function of the local Reynolds number that is based on the particle diameter, D (2r})

9.3)

24/Rep Rep < 1
Ca=1{ 24(0.85+0.15Re}%7) /Rep 1< Rep < 1000 (9.4)
0.44 1000 < Rep
p lu, —u|2r,
Rep = ————F—F (9.5)
w(T)
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where p(T) is the dynamic viscosity of air at temperature T [93]'. For cylindrical particles, the following
correlation was derived from data presented by Schlichting [94]:

10/Re%® Rep < 1
Cag=1{ 10(0.64+0.4Re}®) /Rep 1< Rep < 1000 (9.6)
1 1000 < Rep

For thin disk shaped particles, the following correlation was derived from data presented in Hoerner [95]:

c L2037 11T
4= RCD 1+1/RCD’

.7

where the particle diameter, D, for square Cartesian particles is taken as the hydraulic diameter, All,f.
Additional corrections are made to account for drag reduction due to the wake effect [96] and deforma-

tion of the droplet [97].

9.1.1 Using Lagrangian Particles to Represent Vegetation

For some applications, it is convenient to use Lagrangian particles to represent stationary vegetation, like
grasses or leaves, or airborne vegetation, like burning brands. Typically, these different types of vegetation
are grouped into different classes of fuel “elements”, each of which is represented by a single representative
particle in each grid cell. Each representative particle contributes to the bulk force term:

fy, = Zfb,e 5 fb,e = %Cd Cs,e ﬁe Oc (up,e - ll) |up,e - ll| + mg,,e (up,e - ll) (9.8)
e

The terms with subscript “e” refer to a particular class of fuel elements and are determined geometrically
or empirically. The shape factor, Csg, is the ratio of the particle’s projected cross sectional area, Ap ¢, to its
surface area, Ap 5. A perfect sphere has a shape factor of nr? J4mr? = 1/4, but for actual vegetation, the shape
factor is assigned an empirical value that accounts for both shape and orientation. Pine needles, for example,
project a different cross sectional area depending on their orientation. The drag coefficient, Cy, is empirically
derived and takes into account both the geometry and shadowing effects of closely packed objects. It is
typically expressed as a constant rather than a function of the Reynolds number. f. is the volume fraction;
that is, the ratio of the volume occupied by solid mass to the overall volume of the vegetation, sometimes
referred to as the packing ratio. o, is the surface to volume ratio of a single particle. mgje is the mass
generation rate per unit volume of that particular vegetation element.

A convenient way to describe the geometric properties of vegetation is by specifying the surface to
volume ratio, o, the volume (packing) ratio, ., and an assumed shape, like a sphere or cylinder. The
volume fraction is sometimes expressed as a mass per unit volume, or bulk density, m" = p. ., where p; is
the density of the solid. With this information, and the following relations:

"
npeVp —m . Aps
ﬁe = = ;o O =

C _@
s,e v De Vp

s 9.9)

we can convert the drag force expression in Eq. (9.8) to its equivalent in Eq. (9.1) where the single particle
element is represented as np spheres or cylinders occupying a grid cell volume, V. In the model, it is
sufficient to have only one weighted particle per grid cell per fuel element to represent all of the actual
particles of that vegetation class.

INote that the 0.85 in the second line of Eq. (9.4) has been inserted to ensure continuity of the functional relationship at Rep = 1.

94



One further simplification of Eq. (9.8) is made by lumping terms into a single frontal area density

NpeAp,c

Ke = Cs7e Be Oc = v

(9.10)
K. can also be thought of as an absorption coefficient for the purpose of computing thermal radiation ab-
sorption. In practice, k. is not determined from Eq. (9.10). Rather, it is obtained by measuring the relative
amount of sunlight that penetrates a slab of vegetation of thickness, L:

W =e %l 9.11)

Here, W is the relative area of “white” of the shadowgraph formed by sunlight passing through the vegeta-
tion. It can also be thought of as the fraction of blue sky one sees when looking through a tree canopy of
thickness L. It is often referred to as the frontal area index or frontal area fraction, not to be confused with
the frontal area density, K.

9.1.2 Drag Reduction

Typically, Lagrangian particle models assume that the particles are independent of each other. If the spray
is dense enough, however, the individual particles influence each other through aerodynamic interactions.
These effects cannot be captured by the current Eulerian-Lagrangian model for two reasons. First, the
Lagrangian particles occupy no volume in the Eulerian space. Second, the separation lengths would be of
subgrid scale in most practical simulations. The aerodynamic interactions start to have an effect when the
average particle spacing is less than 10 diameters [98, 99]. This corresponds to a particle volume fraction,
a, of approximately 0.01. Volume fractions as high as this can sometimes be achieved inside water mist
sprays. If the spray is even more dense, particle-particle collisions or four-way coupling would need to be
considered.

In a configuration where two particles with the same diameter are directly in line, the reduction of the
drag force on the second particle is assumed to be: [96]:

F
Ca =Cap R (9.12)

where Cy is the single particle drag coefficient and F /F is the hydrodynamic force ratio of the trailing
particle to an isolated particle:

F

K

Re 1 Re 1
e (Cewst)| o

where Re is the single particle Reynolds number, L is the distance between the particle centers, and W is the
non-dimensional, non-disturbed wake velocity at the center of the trailing particle

- Ca0 Re 1

The average separation distance between particle centers, L/D, is calculated from the local particle volume
fraction, «, as follows:

L/D = (n/6a)* (9.15)

This simple approximation assumes that particles are uniformly distributed in each computational cell [100].
In reality, the spray is not mono-disperse and the separation distance between the interacting particles varies.
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In the simulation, the drag reduction factor in Eq. 9.12 is only used when the local droplet volume fraction
exceeds 1 x 1072,

An alternative approach to drag reduction was provided by Prahl et al. [98] who studied the interaction
between two solid spheres in steady or pulsating flow by detailed numerical simulations. According to their
study, the above equation underestimates the drag reduction significantly at small drop-to-drop distances.
The inflow pulsations were found to reduce the effect of the drag reduction. At large distances, the two
results are similar, the Ramirez-Mufioz correlation showing more drag reduction. This is not surprising
since the velocity profile of a fully developed axi-symmetric wake behind an axi-symmetric body is used
in developing the drag reduction correction in Egs. 9.13 and 9.14. At short distances, the wake is not fully
developed and the assumption does not hold.

9.2 Liquid Droplet Size Distribution

The cumulative volume distribution for a liquid spray is represented by a combination of log-normal and
Rosin-Rammler distributions [101]:

b In(D' /Dy o.5))2
2 i exp (22N ap' (D <Dyos)
0
K(D)= (9.16)

1 —exp (0.693 (52 ,5>Y) (D> Dyo3s)

where D, 5 is the median volumetric droplet diameter (i.e., half the mass is carried by droplets with diame-
ters of Dy o 5 or less), and y and o are empirical constants equal to approximately 2.4 and 0.48, respectively.”
Alternatively, the user may specify any form of size distribution using tabulated input data.

The median droplet diameter is a function of the sprinkler orifice diameter, operating pressure, and
geometry. Research at Factory Mutual has yielded a correlation for the median droplet diameter [102]

D
V03 o Wes 9.17)

where d is the orifice diameter of the nozzle. The orifice Weber number, the ratio of inertial forces to surface
tension forces, is given by

Pp uf) d

o

where p,, is the liquid density, u, is the discharge velocity, and o is the liquid surface tension (72.8 X
1073 N/m at 20 °C for water). The discharge velocity can be computed from the mass flow rate, a function
of the operating pressure and orifice coefficient known as the K-factor. FM reports that the constant of
proportionality in Eq. (9.17) appears to be independent of flow rate and operating pressure. Three different
sprinklers were tested in their study with orifice diameters of 16.3 mm, 13.5mm, and 12.7 mm, and the
constants were approximately 4.3, 2.9, and 2.3, respectively. The strike plates of the two smaller sprinklers
were notched, while that of the largest sprinkler was not [102].

In real sprinkler systems, the operating pressure is affected by the number of open nozzles. Typically,
the pressure in the piping is high when the first sprinkler activates, and decreases when more and more
sprinkler heads are activated. The pipe pressure has an effect on flow rate, droplet velocity and droplet size
distribution. FDS does not predict the variation of pipe pressure; it should be specified by the user. The
following dependencies are used to update the droplet boundary conditions for mass flow, droplet speed,
and median diameter:

We = (9.18)

fipos p!/2 5 upecp'/? 5 DygsecpT!/3 (9.19)

2The Rosin-Rammler and log-normal distributions are smoothly joined if ¢ = 2/(v/2x (In2) y) = 1.15/7.
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Figure 9.1: Cumulative Volume Fraction and Cumulative Number Fraction functions of the droplet size distribution
from a typical industrial-scale sprinkler. The median volumetric diameter, Dy g 5,is 1 mm, o = 0.48 and y = 2.4.

The droplet diameters are randomly chosen from the given size distribution. The cumulative number fraction
(CNF), F,, is determined from the cumulative volume fraction, Fy, as follows

DF (D) dF,
FH(D): e ) ap/ / / D’3 Dap . F= - (9.20)

Figure 9.1 displays the Rosin-Rammler/log-normal function and the resulting cumulative number fraction.
The selection of droplet diameters makes use of a stratified sampling technique to ensure that the droplets

span the entire range of sizes, even with a relatively small number of droplets. Without the stratification, the

tails of the distribution can be poorly represented. The procedure for selecting droplet sizes is as follows:

1. Suppose that the mass flow rate of the liquid is i, that the time interval for droplet insertion is oz, and
that the number of droplets inserted each time interval is V.

2. Divide the droplet diameter range into a number of bins of equal width.
3. Randomly choose N integers, n;, ranging from 1 to the total number of bins.

4. Choose N uniformly distributed real numbers between 0 and 1 and calculate N random droplet diame-
ters:
Di - Fn_l Fn(Dni,min) + %(07 1) (Fn(Dn,-,max) - Fn(Dn,-,min)) (9-21)

where 7 (0, 1) is a uniformly distributed real number between 0 and 1 and Dy, min and D, max are the
minimum and maximum diameters of bin n;.

5. Compute weighting constants for each droplet C; = F;(Dy,; max) — Fn(Dy; min)-

6. Compute a global weighting constant, C, to maintain the overall mass balance:
N 3
4 D;
16t =CY Ci=mpy| = 9.22
m l:Zl i3 Pp ( 2 ) ( )
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The mass and heat transferred from each droplet will be multiplied by the weighting factor C.

9.3 Spray Initialization

The droplets are introduced into the simulation along a spherical surface whose diameter is a specified stand-
off distance from the nozzle orifice. It is assumed that the droplets have fully atomized by this stage. The
longitude of the initial droplet position, 0 < 8 < 27, is randomly chosen from a uniform distribution. The
latitude, 0 < ¢ < 7, is randomly selected from the following distribution:

2
f(9) =exp [—B (M) ] (9.23)

Note that ¢ = 0 is the south pole of the sphere. The parameter ¢n;, = 0 by default. The parameter u
controls the location of the peak of the distribution and may be used to approximate a hollow cone nozzle.
By default, 4 = ¢nin = 0. However, if ¢nin, > 0, unless otherwise specified, u is set to the average of ¢y
and @max. The spread parameter, 3, is 5 by default. If B = 0 the distribution is uniform. As 8 becomes large,
the distribution approximates a delta function at p. All the droplets are given the same initial speed in the
direction of the surface normal.

9.4 Heating and Evaporation of Liquid Droplets

Liquid droplets can represent either discrete airborne spheres or elements of the thin liquid film that forms
on wetted solids. These film “droplets” are still individually tracked as Lagrangian particles, but the heat
and mass transfer coefficients are different. In the discussion to follow, the term “droplets” will be used to
describe either form.

Over the course of a time step of the gas phase solver, the droplets in a given grid cell evaporate to form
the gas species «. The evaporation rate is a function of the liquid equilibrium vapor mass fraction, Y ¢, the
local gas phase vapor mass fraction, Yy o, the (assumed uniform) droplet temperature, 7}, and the local gas

TP

temperature, T,. The subscript “g” refers to the average of the quantity in the cell occupied by the droplet;
“p” refers to the liquid droplet; and if the droplet is attached to a solid surface, “s” refers to the surface with
temperature 7. The mass and energy transfer between the gas, liquid, and possibly a solid surface can be

described by the following set of equations [103]

drmy

da —Aphi pt (Yoo — Yo g) (9.24)
pgv% =~ (1-Yay) % (9.25)
% = mplcp [q'r+Ap he (Ty —Ty) +Aphs (Ty — Tp) + % hv] (9.26)
% = mglcg [Ap he (T, — Ty) — % (hap — hmg)] 9.27)
% - _;‘ZIZ: (1 =Tp) (9.28)
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The droplet is taken to be a pure liquid of species & (usually, either water or fuel) with a heat of vaporization
hy and mass m,,. The mass transfer coefficient, i, is discussed below; p, is the gas density; py is the particle
film density; ¢, is the liquid specific heat; ¢, is the gas specific heat; hg is the heat transfer coefficient
between the droplet and the gas; &g is the heat transfer coefficient between the droplet and the solid; ¢, is
the rate of radiative heating of the droplet (see Eq. (9.41)); hg p is the vapor specific enthalpy at the particle
temperature; and & ¢ is the vapor specific enthalpy at the gas temperature. The surface area of the droplet
depends on whether it is airborne or forms part of the solid surface film layer:

- { 47rrI2, airborne droplet (9.29)

mp/(6pp) surface film

where 0 is the thickness of the liquid layer on the solid surface. Equation (9.28) applies only if the droplet is
attached to a solid surface in which case the droplet makes up a fraction of the thin film layer with the area
given in Eq. (9.29) exposed to the gas and the same area exposed to the solid. The term my in Eq. (9.28) is
the mass of the surface layer of the solid, and ¢ is the solid specific heat.

The vapor mass fraction of the gas, Yy, is obtained from the gas phase mass transport equations, and
the liquid equilibrium vapor mass fraction is obtained from the Clausius-Clapeyron equation

tha 1 1 Xa.[
L 1N, , 9.30
ol exp |: R <Tb Tp>:| ol X(x,é(l —Wa/Wa)+Wa/Wa ( )

where X ¢ is the equilibrium vapor volume fraction, Wy, is the molecular weight of the gaseous species «,
W, is the molecular weight of air, R is the universal gas constant, and 7}, is the boiling temperature of the
liquid at standard atmospheric pressure.

Mass and heat transfer between liquid and gas are described with analogous empirical correlations. The
mass transfer coefficient, Ay, is described by the empirical relationships [104, 76]:

ShD, By Yoo—Ya
hm = £ ; By=-—"—-% 9.31
T L Yau—Yau M Y ©3D
1 1
In(1+B . 2Sc3  ai
Sh— n(l+ M)Sho . Shy = 240 6Relg Sc13 airborne droplet 9.32)
By 0.0296Re; Sc3  surface film

where By, is the Spalding mass transfer number [105], Shy is the low mass flux Sherwood number, Sh is
the Sherwood number with blowing, Dy, is the binary diffusion coefficient between the liquid vapor and
the surrounding gas (usually assumed air), L is a length scale equal to either the droplet diameter or 1 m
for a surface film, Rep is the Reynolds number of the droplet (based on the diameter, D, and the relative
air-droplet velocity), Rey, is the Reynolds number based on the length scale L, and Sc is the Schmidt number
(v/ Dy, assumed 0.6 for all cases). Note that the mass transfer coefficient, 4,,, is formulated so that the mass
flux model given by Eq. (9.24) recovers Eq. (108) of Sazhin [104] but still works within the implicit time
update.

An analogous relationship exists for the heat transfer coefficient between the droplet and the gas [104]:

Ly
Nuk In(1+B . 2Pr3  ai
e — uky C Nu— n(l+ M)Nuo . Nug— 240 6Re? Pr: airborne droplet 9.33)
L By 0.0296Re; Pr3  surface film

where Nug is the low mass flux Nusselt number, Nu is the Nusselt number with blowing, k; is the thermal
conductivity of the gas, and Pr is the molecular Prandtl number, Pr = pscp ¢ / k¢, with properties evaluated at
the film temperature, Ty = T; + %(Tg —T;). The length scale, L, is the diameter, D, of the droplet if airborne,
and 1 m if the droplet forms a liquid surface layer.
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The heat transfer coefficient between the droplet and a solid surface, A, is either a user-specified constant
or an empirical function [76]:

4 k L
hg = max (1007 0.0296Re; Pr% f) ;. Rep = w (9.34)

Hyp
The velocity of the surface liquid, ||u, ||, is taken as the user-specified constant droplet speed on either a
horizontal or vertical surface. The length, L, is taken as 1 m. The minimum value of 100 W/(m?-K) is an
order of magnitude estimate for cases where the user has specified a very low droplet velocity on the solid
surface.

The exchange of mass and energy between liquid droplets and the surrounding gases (or solid surfaces)
is computed droplet by droplet. After the temperature of each droplet is computed, the appropriate amount
of vaporized liquid is defined as a source term for the given mesh cell, any heat transfer to a solid is stored as
a convective term, and the net effect of heat transfer and mass addition to the gas is defined as a divergence.
The mass and divergence terms are discussed in the sections that follow.

Equation (9.24) through Equation (9.27) are solved as a set of coupled implicit equations over the course
of a gas phase time step. Details on this solution process are given in Appendix N.

9.4.1 Filtered Volumetric Source Terms

The filtered volumetric source terms for mass and energy—which are required in the mass transport equa-
tion, Eq. (2.5), and the divergence expression, Eq. (2.10)—are obtained by summation of the individual
particle source contributions with a given cell divided by the LES time step, 01 gs, and the local cell vol-
ume, V.. The bulk mass and energy source terms are, respectively,

S ZPZnamg . .///__ZpZn(sqg'

= = 9.35
mb,a SZLEsvc b 5tLES Vc ( )

where n represents the sub-time step in the integration of the droplet mass and energy equations. The
summation over p is over all the particles within the cell.

9.4.2 Lagrangian Contribution to the Velocity Divergence

In practice, the filtered mass and energy source term contributions to the velocity divergence constraint are
collected in a single term denoted p_source within the code,

1 w 1 r
D —— A " I _ - / dT/ 9‘36
SOURCE = ) W, o + pe,T (% ;mb,a Cp.a (9.36)

= JT,

which is embedded in Eq. (3.29).

9.5 Fire Suppression by Water

The previous sections describe heat transfer from a liquid droplet to a gas, a solid, or both. Although there is
some uncertainty in the values of the respective heat transfer coefficients, the fundamental physics are fairly
well understood. However, when the droplets encounter burning surfaces, simple heat transfer correlations
become more difficult to apply. The reason for this is that the water is not only cooling the surface and the
surrounding gas, but it is also changing the pyrolysis rate of the fuel. If the surface of the fuel is planar, it
is possible to characterize the decrease in the pyrolysis rate as a function of the decrease in the total heat
feedback to the surface. Unfortunately, most fuels of interest in fire applications are multi-component solids
with complex geometry at scales unresolvable by the computational grid.
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9.5.1 Droplet Transport on a Surface

When a liquid droplet hits a solid horizontal surface, it is assigned a random horizontal direction and moves
at a fixed velocity until it reaches the edge, at which point it drops straight down at the same fixed velocity.
This “dripping” velocity has been measured for water to be on the order of 0.5 m/s [106, 107]. While
attached to a surface, the “droplet” is assumed to form a thin film of liquid that transfers heat to the solid,
and heat and mass to the gas. The film thickness, §, is given by

3
0 = max (51111“’2: 7rArp> 9.37)

where A is the area of the wall cell to which the droplet is attached. It is assumed that the minimum film
thickness, Spmin, is 1 x 107> m. This prevents a very small amount of liquid from spreading across the entire
cell width. It is also assumed that the liquid is opaque with regard to thermal radiation.

9.5.2 Reduction of Pyrolysis Rate due to Water

To date, most of the work in this area has been performed at Factory Mutual. An important paper on the
subject is by Yu et al. [108]. The authors consider dozens of rack storage commodity fires of different
geometries and water application rates, and characterize the suppression rates in terms of a few global
parameters. Their analysis yields an expression for the total heat release rate from a rack storage fire after
sprinkler activation

0 =Qye ) (9.38)

where Qy is the total heat release rate at the time of application o, and k is a fuel-dependent constant. This
analysis is based on global water flow and burning rates. Equation (9.38) accounts for both the cooling of
non-burning surfaces as well as the decrease in heat release rate of burning surfaces. In the FDS model,
the cooling of unburned surfaces and the reduction in the heat release rate are computed locally. Thus, it
is awkward to apply a global suppression rule. However, the exponential nature of suppression by water is
observed both locally and globally, thus it is assumed that the local heat release rate per unit area can be
expressed in the form [106, 107]

§'(1) = go(r) e~ KO & (9.39)

where ¢((¢) is the burning rate per unit area of the fuel when no water is applied and k(z) is a linear function
of the local water mass per unit area, m/,, expressed in units of kg/m?,

k(t) =aml () s (9.40)

Note that a is an empirical constant that is dependent on the material properties of the solid fuel and its
geometrical configuration.

9.6 Using Lagrangian Particles to Model Complex Objects

There are many real objects that participate in a fire that cannot be modeled easily as solid obstructions
that conform to the rectilinear mesh. For example, electrical cables, dry brush, tree branches, and so on,
are potential fuels that cannot be well-represented as solid cubes, not only because the geometry is wrong,
but also because the solid restricts the movement of hot gases through the complex collection of objects.
Additionally objects such as window screens also impose flow restrictions but are typically not resolvable in
an engineering calculation. As a potential remedy for the problem, these objects can be modeled as discrete
particles that are either spheres, cylinders or small sheets. Each particle can be assigned a surface type in
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much the same way as is done for solid obstructions that conform to the numerical grid. The particle is
assumed to be thermally-thick, but for simplicity the heat conduction within the particle is assumed to be
one-dimensional in either a cylindrical, spherical or Cartesian coordinate system.

Particles interact with the radiation field through an additional sink term in the radiative transfer equa-
tion. For a grid cell with indices i jk, the integrated radiant intensity is reduced at rate

Vea)iw =Y. % (Ui —40T) (9.41)

where the summation is over all the particles within the cell. For individual intensity equations, see Eq. 6.42.
The effective absorption coefficient for a single particle is given by
&Ap
K=o« 9.42
P 48x8y68z ©042)
where &, is the emissivity of the particle, Ap, is the surface area of the particle, and 6x dy 0z is the volume of
the cell. The net radiative heat flux onto the surface of the particle is

. Uijk
q;jp:gp< n —O'Tp4) (9.43)

9.6.1 Porous Media (Filters, Screens, Metal Meshes, and Similar Materials)

Air filters, screens, grating, and similar flow obstructions can all be considered as type of porous media. In
general, material forming the porous media will have dimensions will below that of the grid size (e.g. 100
micron diameter filter fibers on a multi-cm grid). There is, therefore, no easy way to model these materials
using solid obstructions. Lagrangian particles can; however, be used to represent both the drag and the mass
of these materials. By placing particles in a plane or volume and assigning the particles a porous media drag
law, the effects of the porous media can be modeled. The pressure drop over a length Ax through porous
media is given by [109]:

A _ Eu +Pp—= r s

VK"

where K is a permeability constant, Y is an inertial constant, u is the velocity normal to the screen, p is the
density, and u is the viscosity of the gas. In the case of a non-isotropic media, the constants K and Y will
vary with the flow direction. The force vector f}, in Eq. (4.36) represents the momentum transferred from

the screen to the gas:
u
to= (% +prclul)u
f

For the special case of screens, gratings, and similar thin porous materials the permeability and inertial
constants have been experimentally correlated to screen porosity. K and Y are functions of the screen
porosity (free area/total area), ¢:[110]:

(9.44)

(9.45)

K=344%x10"7¢" m?> ; Y =0.043¢>" (9.46)

For a screen the force vector must account for the actual screen thickness, /, being less than that of the grid

cell:
_ /.L vVow
fo=! < f' |> (5x 5y’ 5Z> O47

This force term essentially spreads the pressure drop over the width of a grid cell.
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9.7 Turbulent Dispersion

9.7.1 Massless Tracers

The effect of subgrid-scale turbulent fluid motion on the velocity and position of a Lagrangian particle may
be accounted for using a random walk model [111]. The position of a tracer particle obeys the stochastic
differential equation

dx* = {ﬁ+;V(pD,)] dr + /2D, dW (9.48)

where x* denotes the particle position (an asterisk signifies a particle property), @ is the resolved LES
velocity, D, is the turbulent diffusivity (taken from an eddy viscosity model, for example), and W is an
independent Wiener process. Notice that if no turbulent diffusion exists, the particle follows the resolved
flow. The term added to the resolved velocity accounts for the deterministic mean drift and the random walk
term (Wiener process) accounts for the reorientation effect of unresolved turbulent motion.

For those unfamiliar with stochastic differential equations, the Wiener process may be understood nu-
merically as dW(r) = (8¢)'/2¢(z) in the limit 87 — 0, where £(¢) is an independent standardized Gaussian
random variable [15]. In FDS, {(¢) are generated from a Box-Muller transform [112].

9.7.2 Massive Particles

For massive particles, a random walk model is not used. Instead, the fluid velocity used in the drag calcula-
tion is augmented with an isotropic velocity fluctuation taken from an estimate of the subgrid kinetic energy.
Following [113], the gas velocity used in Egs. (9.1) and (9.2) is given by

u=i+u'¢ (9.49)

where 1 is the resolved LES velocity, v’ = / %ksgs, and the components of § are independent standardized

Gaussian random variables (zero mean and unit variance) generated from a Box-Muller transform [112].
The subgrid kinetic energy is estimated from the turbulent viscosity as kses = (1 /(pCyA))?; Cy = 0.1 is the
Deardorff eddy viscosity coefficient.
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Chapter 10

Fire Detection Devices

FDS predicts the thermal environment resulting from a fire, but it relies on empirical models that describe
the activation of various fire detection devices. These models are described in this section.

10.1 Sprinklers

The temperature of the sensing element (or “link”) of an automatic fire sprinkler is estimated from the
differential equation put forth by Heskestad and Bill [114], with the addition of a term to account for the
cooling of the link by water droplets in the gas stream from previously activated sprinklers

d7;  +/Iu] C (@)
S T,—T)— —(T,—T,) — —= 10.1
@~ rrn e T = g T = Tn) = ey Blul (10.1)

where u is the gas velocity, RTI is the response time index, 7; is the link temperature, 7, is the gas temper-
ature in the neighborhood of the link, 7}, is the temperature of the sprinkler mount (assumed ambient), and
B is the volume fraction of (liquid) water in the gas stream. The sensitivity of the sprinkler link is charac-
terized by its RTI value. The amount of heat conducted away from the link by the mount is indicated by the
“C-Factor”, C. The RTI and C-Factor are determined experimentally. The constant C, has been empirically
determined by DiMarzo and co-workers [115, 116, 117] to be 6 x 10K /(m/ s)l/ 2, and its value is relatively
constant for different types of sprinklers.

The algorithm for heat detector activation is exactly the same as for sprinkler activation, except there
is no accounting for conductive losses or droplet cooling. Note that neither the sprinkler nor heat detector
models account for thermal radiation.

10.2 Heat Detectors

As far as FDS is concerned, a heat detector is just a sprinkler with no water spray. In other words, the
activation of a heat detector is governed by Eq. (10.1), but with just the first term on the right hand side:

d7; +/|u
Ttl - R”I’I‘ (T =) (102)

Both the RTT and activation temperature are determined empirically.
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10.3 Smoke Detectors

An informative discussion of the issues associated with smoke detection can be found in the SFPE Handbook
chapter “Design of Detection Systems,” by Schifiliti, Meacham, and Custer [118]. The authors point out
that the difficulty in modeling smoke detector activation stems from a number of issues: (1) the production
and transport of smoke in the early stage of a fire are not well-understood, (2) detectors often use complex
response algorithms rather than simple threshold or rate-of-change criteria, (3) detectors can be sensitive to
smoke particle number density, size distribution, refractive index, composition, etc., and (4) most computer
models, including FDS, do not provide detailed descriptions of the smoke besides its bulk transport. This
last point is the most important. At best, in its present form, FDS can only calculate the velocity and smoke
concentration of the ceiling jet flowing past the detector. Regardless of the detailed mechanism within the
device, any activation model included within FDS can only account for the entry resistance of the smoke due
to the geometry of the detector. Issues related to the effectiveness of ionization or photoelectric detectors
cannot be addressed by FDS.

Consider the simple idealization of a “spot-type” smoke detector. A disk-shaped cover lined with a fine
mesh screen forms the external housing of the device, which is usually mounted on the ceiling. Somewhere
within the device is a relatively small sensing chamber where the smoke is actually detected in some way. A
simple model of this device has been proposed by Heskestad [118]. He suggested that the mass fraction of
smoke in the sensing chamber of the detector Y, lags behind the mass fraction in the external free stream Y,
by a time period 0t = L/u, where u is the free stream velocity and L is a length characteristic of the detector
geometry. The change in the mass fraction of smoke in the sensing chamber can be found by solving the

following equation:
dfe _ X() —Ye(t) (10.3)
dt L/|u|
The detector activates when Y. rises above a detector-specific threshold.

A more detailed model of smoke detection involving two filling times rather than one has also been
proposed. Smoke passing into the sensing chamber must first pass through the exterior housing, then it must
pass through a series of baffles before arriving at the sensing chamber. There is a time lag associated with
the passing of the smoke through the housing and also the entry of the smoke into the sensing chamber.
Let 0t be the characteristic filling time of the entire volume enclosed by the external housing. Let d¢. be
the characteristic filling time of the sensing chamber. Cleary et al. [119] suggested that each characteristic
filling time is a function of the free-stream velocity u outside the detector

St. = auPe ;. St. = auPe (10.4)

The o and B parameters are empirical constants related to the specific detector geometry. Suggested values
for these parameters are listed in the FDS User’s Guide [3]. The change in the mass fraction of smoke in the
sensing chamber Y, can be found by solving the following equation:

dY,  Ye(r —dt.) —Yc(1)

T 51, (10.5)

where Y, is the mass fraction of smoke outside of the detector in the free-stream. A simple interpretation of
the equation is that the concentration of the smoke that enters the sensing chamber at time ¢ is that of the
free-stream at time ¢ — Ote.

An analytical solution for Eq. (10.5) can be found, but it is more convenient to simply integrate it
numerically as is done for sprinklers and heat detectors. Then, the predicted mass fraction of smoke in the
sensing chamber Y,(¢) can be converted into an expression for the percent obscuration per unit length by
computing:

Obscuration = (1 —e '”pY°1> x 100 % per length [ (10.6)
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where K, is the mass extinction coefficient, p is the density of the external gases in the ceiling jet, and [ is
the unit of length over which the light is attenuated'. For most flaming fuels, a suggested value for K,,, is
8700 m?/kg + 1100 m?/kg at a wavelength of 633 nm [120].

The SFPE Handbook [118] has references to various studies on smoke detection and suggested values
for the characteristic length L. FDS includes the one-parameter Heskestad model as a special case of the
four-parameter Cleary model. For the Cleary model, the user must specify ., ., @, and ., whereas for
the Heskestad model, only L = o, needs to be specified. Equation (10.5) is still used, with o, = 0 and
B. = B. = —1. Proponents of the four-parameter model claim that the two filling times are needed to better
capture the behavior of detectors in a very slow free-stream (u < 0.5m/s). Rather than declaring one model
better than another, the algorithm included in FDS allows the user to pick these various parameters, and in
doing so, pick whichever model the user feels is appropriate [121].

Additionally, FDS can model the behavior of beam and aspiration smoke detectors. For a beam detector,
the user specifies the emitter and receiver positions and the total obscuration at which the detector will alarm.
FDS will then integrate the obscuration over the path length using the predicted soot concentration in each
grid cell along the path:

Obscuration = (1 — e KnlpY; dl) x 100 % (10.7)

where the integration is carried out over the path of the beam.

For an aspiration detector, the user specifies the sampling locations, the flow rate at each location, the
transport time from each sampling point to the detector, the flow rate of any bypass flow, and the total
obscuration at which the detector alarms. FDS computes the soot concentration at the detector by weighting
the predicted soot concentrations at the sampling locations with their flow rates after applying the appropriate
time delay. See the FDS User’s Guide [3] for details.

ITypically, the activation criterion for a spot-type smoke detector is listed as a percent obscuration per foot or per meter. For the
former, / = 0.3048 m and for the latter, / = 1 m.
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Chapter 11

Heating, Ventilation, and Air Conditioning
(HVAC)

HVAC systems are found throughout the built environment. During a fire, HVAC ducts can serve as a path
for heat and combustion products to be moved through a building, and the ducts can serve as a supply of
fresh air for the fire. In some facilities, such as data centers and clean rooms, fire detection devices are
placed inside of HVAC ducts. HVAC systems may also serve as part of the fire protection system for a
building when used to exhaust smoke or maintain stairwell pressurization.

While simple defined velocity, mass flux, or pressure boundary conditions can represent inflow and
outflow due to HVAC system, they cannot fully model an HVAC system. There is no coupling of the mass,
momentum, and energy solutions amongst the multiple inlets and outlets comprising the HVAC network. To
address this limitation, an HVAC network solver has been added to FDS.

The reader may find it useful to read a literature review on coupled hybrid modeling in fire applica-
tions [122] and review similar work in coupling CFD to a 1-D nodal model for analysis of ventilation in
tunnel fires [123, 124].

11.1 Governing Equations

The overall HVAC solver is based on the MELCOR [91] thermal hydraulic solver. MELCOR is a com-
puter program for simulating accidents in nuclear power plant containment buildings. The Fire and Smoke
Simulator (FSSIM) [125], a network fire model, has shown prior success in using the MELCOR solver to
model fire spread and smoke movement in the presence of complex ventilation systems, and the FDS im-
plementation of the MELCOR solver is largely based on the implementation found in FSSIM. The coupling
of the HVAC solver to the remainder of the FDS computation is in part based upon approaches taken in
GOTHIC [126], another containment analysis code that couples CFD-like features for large containment
volumes with a network model for piping and ventilation.

The MELCOR solver uses an explicit solver for the conservation equations of mass and energy com-
bined with an implicit solver for the conservation of momentum equation. An HVAC system is represented
as a network of nodes and ducts. A node represents where a duct joins with the FDS computational domain
or where multiple ducts are joined such as at a tee joint. A duct segment in the network represents any con-
tinuous flow path not interrupted by a node, and as such may include multiple fittings (elbows, expansions,
or contractions, etc.) and may have varying area over its length. The nodal conservation equations of mass,
energy, and momentum (in that order) are:

Y pjujA;=0 (11.1)
J

109



Y pjujAjhj=0 (11.2)
J

du; 1
piLi—, = (pi—p)+(PgA) j+Ap; — S Kp; |uj|u; (11.3)

dt
where u is the duct velocity, A is the duct area, and £ is the enthalpy of the fluid in the duct. The subscript
Jj indicates a duct segment, the subscripts i and k indicate nodes (where one or more ducts join or where a
duct terminates in a compartment). Ap is a fixed source of momentum (a fan or blower), L is the length of
the duct segment, and K is the total dimensionless loss coefficient of the duct segment (which includes wall
friction losses and minor losses).

Since nodes have no volume, the mass and energy conservation equations require that what flows into a
node must also flow out. In the momentum equation the terms on the right hand side consist of the pressure
gradient between the upstream and the downstream node, the buoyancy head, pressure rise due to an external
source (e.g., a fan or blower), and the pressure losses due to wall friction or the presence of duct fittings.
In its default mode of operation, the transport delay of mass and energy along the length of a duct is not
accounted for. An optional model for this delay is available and described in Sec. 11.6.

11.2 Solution Procedure

The momentum equation (11.3) is non-linear with respect to velocity due to the loss term. Additionally,
the pressure difference between two nodes in the network is impacted by the pressure change at all nodes
coupled to that duct either directly (part of the same duct network) or indirectly (connected to the same
compartment as another duct network). Solving the momentum equation, requires accounting for both of
these. This is done with the following discretization:

Atﬂ
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; Wl uf;)] (11.4)
The superscripts n+ and n— on the velocity are used to linearize the flow loss in a duct to avoid a non-linear
differential equation for velocity. The n+ superscript is the prior iteration value and the n— is either the
prior iteration value or zero if flow reversal occurred between iterations. This approach is used to speed
convergence when duct flows are near zero to avoid large changes in K if the forward and reverse losses are
markedly different. Note that the node pressures are not expressed as P, but rather as p7. This indicates
an extrapolated pressure at the end of the current time step rather than the actual pressure at the end of
the time step. The pressure in a compartment is a function of the mass and energy flowing in and out. If
that compartment is connected to other compartments by doors or other openings, then the pressure is also
dependent upon flows into and out those other compartments. Those mass and energy flows include both
those being predicted by the HVAC model and those being predicted by the CFD model. For example, in
Fig. 11.1, the unshaded compartments have pressure solutions that are dependent upon the flows predicted
by both the HVAC model and the CFD model and all of those compartments need to be included in the
extrapolated pressure for those compartments. Since the two models are not fully coupled, the extrapolated
pressure is an estimate of the pressure at the end of the time step based upon the pressure rise for the prior
time step.

The extrapolated pressure for a compartment can be determined by using Eq. (3.34) and correcting
the integral over velocity for the current solution of all interdependent HVAC flows into or out of an FDS
pressure zone:

dprt LutATT Y An A"Y A
~lr_l:p;1—l_|_< Di + J I J7J J Atn:ﬁfkn_ J J (11.5)

b dr Jo PdV C T o PAV

110



Figure 11.1: Tllustration of interdependent pressure solutions. All unshaded compartments have pressures that are
dependent upon each other.

If the summation term for the velocities being predicted in this time step is removed from Eq. (11.5) and
placed on the left hand side of Eq. (11.4) and the remaining terms of Eq. (11.5) are placed on the right hand
side we obtain the following:

+1 +1
J 2L j J J p; Lj fgm Pdv
Ar" ~x ~% At"K ; B
W (57— B+ (pgAd) + Apy) + 2 [ur || a11e)
PjiLj j

If node i or node k for duct j in Eq. (11.6) is an internal duct node, then extrapolated pressures are not
computed and the actual node pressure is solved for. Applying Eq. (11.6) to each duct results in a linear set
of equations. Adding additional equations to the set for the mass conservation at internal duct nodes, results
in complete set of equations. The solution scheme is as follows:

1. Determine the boundary conditions at all points where the HVAC network joins the FDS computational
domain using the previous time step values.

2. Compute the extrapolated pressures for each pressure zone using the previous iteration (previous time
step if the first iteration).

3. Assemble the linear set of equations for conservation of momentum and conservation of mass.

4. Solve the equation and check the solution for errors in mass conservation, flow reversal over the time
step, and the magnitude of change in the velocity solution for each duct. If any convergence check fails,
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the solution is re-iterated with new extrapolated pressures. Density and enthalpy values are taken as
the upwind values in each iteration. After each iteration, the temperature and density of each node are
update using the velocity and pressure solution. The node temperature is computed by summing the
enthalpy flows into the node and computing the average temperature that represents the total enthalpy.
Density is then updated using the equation of state and the new temperature.

11.2.1 Filtration

Filters have two effects on the flow in an HVAC network. First, a filter causes a flow loss whose magnitude
is a function of the mass loading of the filter. Second, a filter removes one or more species from flow going
through the filter. The removal rate is a function of the filtration efficiency for that species and its massflow
rate through the filter. Filter losses are evaluated using the filter loading at the start of each time step. This
loss is applied to the upstream duct. The filter loss is computed as a function of the total filter loading using
either a linear ramp or a user defined table. The total loading of the filter is determined by summing the
mass of each species trapped times a weighting factor for that species.

The filter is assumed to remove a fixed fraction (the filter’s efficiency) of the species being trapped by
the filter. Each species can be given its own removal efficiency. Eq. (11.1) for a filter is therefore given as:

Uout Pout Aout = Uin Pin Ain — Zuin pinAinYa,inEa = Uin Pin Ain <1 - Z Ya,inEa> (11.7)
o o
where « is a species being filtered and E, is its removal efficiency.

11.2.2 Node Losses

Nodes in the HVAC systems can include inlet and outlets, tees, and other duct fittings. Each of these impose
a flow loss ; however, as seen in Eq. (11.6), flow loss terms appear only in the equations for a duct. This
means losses that are physically associated with a node must be expressed numerically as equivalent losses
in the ducts attached to the node. The losses also need to be applied in a manner that represents the flow
conditions within the node. For example, if a tee has flow into one leg and out of two legs, it would not
make sense to apply the loss to the upstream leg as there would be no way to distinguish losses due to any
changes of the flow splitting in the downstream legs. Loss terms are applied as follows:

1. If there is no flow at the node, then each duct connected to the node is assigned the average of all the
losses for flows to the duct from all other ducts.

2. If there is flow into only one connected duct, then each outflowing duct is assigned the flow loss for flow
from the inlet duct to that specific outflowing duct.

3. If there is flow out of only one connected duct, then each inflowing duct is assigned the flow loss for
flow from that inlet duct to the outlet duct corrected for any change in duct area from inlet to outlet
(node losses are input as a function of the downstream duct area).

4. If there is flow into multiple ducts and out of multiple ducts, then each outgoing duct is given the average
loss from the inflowing ducts weighted by the volume flow through those ducts.

11.2.3 Duct Losses

The total flow loss in the duct, K}, is the sum of fitting losses in the duct (e.g. elbows, expansion/reduction,
orifice plates), K....» plus losses due to wall friction, K,,,,. Minor losses are a user input. If a duct roughness

112



is set, wall friction losses are modeled as follows:

L

Kwall - D

(11.8)
where D is the duct diameter. f is determined from the Colebrook equation. However, since this equation
does not have an analytical solution, an approximation by Zigrang and Sylvester is used [127].

1 e/D 4518 6.9 [eg/D\""
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JF o810 ( 37 Rep B0 (ReD * < 3.7 > (11.9)

where € is the absolute roughness of the duct.

11.2.4 Heating and Cooling Coils

A duct can contain a heating or cooling coil. These either add or remove heat from the mass flowing in a duct.
This enthalpy change is then added to the duct enthalpy flow at the downstream node prior to computing the
node temperature. Two models are available. The first model simply adds or removes heat at a specified rate
as long as the coil is operating. The second model uses a heat exchanger effectiveness model in which four
parameters are specified: the specific heat of the working fluid (¢, 4), the temperature of the working fluid,
(Ty), the mass flow rate of the working fluid (ri3), and the effectiveness (17). The coil heat flow rate, §coir, 1S
then computed as follows:

Mgyct Cp,duct,in Tduct,in + g Cpfl T

Tout = N .
Mduct Cp,duct,in T 1 Cp A

(11.10)
Geoit = Macpa (Tn — Tou) N (11.11)

11.3 Leakage

With rare exceptions, walls, floors, and ceilings are not air tight. Gaps around windows and doors and
openings for electrical, mechanical, and other systems provide small flow paths through obstructions. These
flow paths can be modeled as an equivalent HVAC system where each leakage path is a single duct. Two
approaches are available for modeling leakage.

In the first approach one or more surfaces in the domain are defined as being part of a leakage path
between two pressure zones. An HVAC duct is created whose area is the leakage area and whose nodes are
all wall cells belong to the surfaces that make up the leakage path. In this approach only the background
pressure, p,, , in each zone is used. of the duct is total leakage area and the terminal nodes of the duct
can be considered the entire area of the surfaces defined as participating in that flow path. Since only the
background pressure is used, this approach can only be used for leakage between pressure zones.

The second approach, a specific area is identified as the inlet and outlet for the leakage path. This
approach is useful to represent small openings in known locations that are subgrid such as a the undercut
beneath a typical interior door. Similar to the first approach an HVAC duct is created whose area is the
leakage area and whose nodes are the wall cells belonging to the identified inlet and outlet regions. This
approach uses the total pressure; therefore, it can be applied in cases where the inlet and outlet are in the
same pressure zone.

For more details see the FDS User’s Guide [3].
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11.4 Coupling the HVAC solver to FDS

11.4.1 Boundary Conditions for the HVAC Solver

Prior to updating the HVAC solution, the inlet conditions at each duct node are determined by summing the

mass and energy of the gas cells next to duct node and averaging the pressure. The total mass and energy

along with the average pressure are then used to determine the average temperature.
LPjAj LYo jpjA; LPjA;

_ J

pi =
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LA * LpjA;j XA
J J

(11.12)

LpjAjcp(T;,Y))
hi =2 D Ti=— (11.13)
Loy, ¥

J

where i is a duct node and j are the gas cells adjacent to the node.

11.4.2 Boundary Conditions for the FDS Hydrodynamic Solver

For wall cells containing inflow from an HVAC duct that is not leakage flow, the surface temperature, 7, is
set to the value in the connected duct. If the flow is a leakage flow, then T, is computed based on the thermal
properties assigned to the surface (see Chapter 7) . The remaining wall boundary conditions are computed

as follows:
il = uqPaAag

Ay
where the subscript d is the attached duct and A, is the total area of the vent (which in the case of leakage
flow is the total area of all surfaces for that leak path).

niy =Yg am'" (11.14)

i pW
=— = 11.15
Uy O Pw RT, ( )
m// + zwaYa,gas
You = —5p " (11.16)
Sn + Uy Pw

The above three equations are solved iteratively with a limit of 20 iterations (typically only one or two
iterations are needed).

For wall cells with outflow to an HVAC duct, the wall boundary conditions are set to gas cell values
except for a leakage flow where the temperature is computed based on the thermal properties assigned to the
surface.

11.5 Fan Curves

The flow rate induced by a fan is a function of the pressure across the fan in the duct run containing the fan
(more back pressure for a fan results in less flow). The pressure in the duct run is itself a function of the
flow through the fan (higher velocity results in a larger duct pressure drop). A plot of these two functions
are respectively called the fan curve and the system curve. For a given set of conditions, the fan flow will be
the intersection point of these two curves also called the operation point, see Fig. 11.2.

When a fan curve is specified for an FDS simulation, FDS must determine the correct fan pressure to
use (Ap; in Eq. 11.3). Two approaches for this are available in FDS.
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The first is a rapid estimation approach that relies upon typical building construction and HVAC system
design. Generally in a building, large pressure differences do not exist between rooms. It is also generally
the case that HVAC systems have only a single fan in any duct run. In this case the fan pressure for a given
time step can be estimated as the pressure corresponding to the current flow rate in the duct containing the
fan.

This approach cannot be relied upon if there are multiple fans in a duct run as the approach will not
correctly account for the combined effect. This approach can also not be relied upon if large pressure
differences occur across the endpoints of the duct run. This might occur with a rapidly growing fire in a
relatively well sealed space. In these cases one needs to define a system curve and find its intersection with
the fan curve. This is the second approach in FDS.

System curve

QInssarg

Operation point

Characteristic fan curve

Flow

Figure 11.2: Illustration of the fan curve, system curve, and operation point for an HVAC fan.

A challenge in fire simulation is that the system curve is a function of the pressures seen at the end
points of a duct run and the flow rate through the duct run. With a fire whose size changes over time, the
pressures will also change. Therefore, a pre-calculated system curve cannot be used. Instead an alternate
method [128] is used. This method relies on the observation that pressure and flow in an HVAC system have
a quadratic relationship. Pressure drop in a duct is a function of the duct velocity squared. The following
steps are taken at each time step to find the operation point for each fan:

1. Locate all duct runs that contain fans. A duct run is any collection of directly interconnected HVAC
components. See Fig. 11.3 for two examples. The figure shows two sets of two compartments connected
by HVAC systems. In each set, each compartment has a supply and exhaust duct. On the left side, the
two exhaust ducts connect to duct containing a fan which splits into a supply duct for each compartment.
In this case there is one duct run. Every HVAC component is connected to every other HVAC component
by a path containing only HVAC components. On the right side, the exhaust for each compartment is
connected to its own fan which becomes the supply for the other compartment. In this case there are
two duct runs. There is no direct path through only HVAC components that join the two ducts.

2. Determine the current pressures at each inlet and outlet for each duct run containing a fan.

3. For each fan, using just the duct run containing the fan, solve for the flow in the duct run given the
current endpoint pressures.

4. For each fan, using just the duct run containing the fan, solve for the flow in the duct run given the
current endpoint pressures and assuming the fan is applying its maximum pressure to the duct run.

5. For each fan, fit a quadratic between the two system points for that fan.
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6. Use Newton’s method to find the intersection between the user specified fan curve and the system
curve. The fan pressure, Ap;, for the time step is set to the pressure at the intersection. If there is no
intersection, the fan pressure is set to either the maximum pressure for the fan or zero pressure. It is
set to zero pressure if the system curve flow for zero fan pressure exceeds the maximum flow defined
in the fan curve. It is set to maximum pressure if there is reverse flow in the system curve at maximum

pressure.
Compartment 1 Compartment 1
f—
One duct run Two duct runs
Compartment 2 Compartment 2
. P ) <

Figure 11.3: Tllustration determining duct runs. Left side has a single duct run. Right side has two duct runs.

11.6 Duct Transport Delay

In its default mode of operation, the HVAC solver does not account for mass storage in ducts. That is over
a time step any mass and energy entering a duct, leaves the duct. An optional submodel can be invoked
to account for this transport delay. This submodel divides a duct into cells of equal length Ax and solves a
one dimensional advection equations for mass and energy transport in the duct [129]. In the discretization,
temperature, specific heat, species mass fractions, and density are stored at cell centers. The velocity in duct
is taken as the value obtained from the solution of Eq. (11.1) through Eq. (11.3). An explicit Runge-Kutta
method is used with a Godunov upwinding scheme. Diffusive transport is ignored as this is generally a
minor effect in an HVAC system. The species mass and energy conservation equations for updating cell ¢
in duct j from timestep n to n+ 1 are:

At
(pYa)i =p; ?—E(pu);?left(Y&c— de—1) (11.17)
n n At n n n
(PR = pjuty = o (pu)jleft(hi =) (11.18)
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Updating duct conditions begins at the upwind duct node and marches over the duct length to the down-
wind duct node. Cell temperatures are extracted from the cell enthalpy /.. This solution is done over groups
of ducts that form a duct network basis. A duct network is a set of ducts and nodes that are interconnected
via a flow path through HVAC components. The time step At is taken as the minimum of the current sim-
ulation time step and the minimum value of % over all ducts in the network. In the summation terms in
Eq. (11.1) and Eq. (11.2), the mass flow and en{halpy flow into a node from a discretized duct are obtained
by integrating those flows using the values in the last cell over each time step taken.
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Chapter 12

Unstructured Geometry (Beta)

Unstructured geometry is treated using a “cut-cell” (CC) method, following the seminal work of Michael
Aftosmis and Marsha Berger [130, 131, 132]. The term cut-cell refers to the gas phase region of a Cartesian
grid cell that has been “cut” by the unstructured geometry partitioning the cell into gas and solid sub-
volumes. Faces of the cut-cell that have also been carved from Cartesian faces and connected to other
cut-cells are called gasphase cut-faces (these are gas-gas interfaces). The faces on the boundary of the solid
in a cut-cell are in-boundary cut-faces (these are gas-solid interfaces). There are also faces of a cut-cell
which are not cut and which connect the cell to a neighboring regular Cartesian gas phase cell; these faces
are referred to as regular faces (also a gas-gas interface).

The introduction of cut-cells surrounding an embedded boundary generates the need for an unstructured
solution algorithm. In particular, the pressure equation is unstructured and so fast trigonometric solvers
are not viable (i.e. the FrT Poisson solver). Instead, an unstructured local matrix (ULMAT) solver has been
developed using the Pardiso and Sparse Cluster Solvers available in the Intel Math Kernel Library (MKL).

The following sections describe the finite volume methods used to discretize the governing equations in
the unstructured cut-cells surrounding embedded boundaries.

12.1 Scalar Transport Discretization for Complex geometry

12.1.1 Multispecies Mass Balance Equations

Consider a set of gaseous, reacting chemical species a = 1,...,N flowing on a given spatial domain
Q € R", n = 2,3, with boundary dQ, paramaterized by an Eulerian reference frame N. These species
are transported on a given point X in space with velocity uy(x,7) respect to N, and a mass weighted average
velocity u(x,?)

N
Y. Palg N
u="="——.p=1Y pa (12.1)
P a=1
where space and time dependencies are not shown for simplicity, pg(X,t) = p(X,7)Yy(X,7), p is the mixture
density and Y, = pg/p is species o mass fraction. Definition: py(X,?) is the amount of mass of species o
on a given differential volume dQ centered in x, while p(x,7) is the mass of all species in dQ.
As defined, each species a has a velocity uy(x,7) which is different from the average mixture velocity
u(x,7). This difference quantity is called the diffusion velocity of species o, Vo

Va(X,t> :ua(x,t)—u(x,t) (12.2)
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The transport-reaction mass balance equation for each individual species « is given by

+V-(poug) =nl , a=1,...,N (12.3)

in Q, where i1}/ (x,1) is the chemical reaction volume source (area source for n = 2, sink if negative) of
species a. The problem is completely defined stating initial and boundary conditions for py(x,?) as well as
time dependent fields uy (x,7), riy (X,1).

Noting that py, = pYy, and using equation (12.2) in the previous

dpYy

5 V- (pYy(u+Vy))=rny ,a=1,....N (12.4)

We see from these equations that the evolution of these species can be considered as a function of the
mixture p and average u, and written as such, depending on the other species through Eqgs. (12.1), and
through the mass conservation statement on reactive sources

=z

m’o’; (x,1) = (12.5)

In Eq. (12.4), the following convective and diffusive fluxes per unit time and area are found:

Jea = pYou (12.6)
Jaa = pYoaVa (12.7)

The definition of diffusion velocities V, is a central component of multispecies mass transport. For atmo-
spheric combustion we consider the binary diffusion of all species respect to Nitrogen, the most abundant
(background) species. This simplification allows us to uncouple the diffusive fluxes, using Ficks Law of
diffusion

Jao = pYo Vo = —pDgVYy (12.8)

where D, is the binary diffusivity coefficient respect to the background species.
Using this last expression in Eq. (12.4) we arrive to the basic form of the species balance equations
based on mass fractions, and used in FDS

dpYy N

oy V.- (pYqu) =V - (pDeVYy) +mtl , ¢ =1,....N (12.9)
As will be seen in next section, a spatially discretized version of the previous equations in a domain
divided inii = 1,...,n;,; computational cells is given by:
d (pY,
(pat"‘)”v = FS + P ol i+ FES  a=1,....N (12.10)
where Vj; is the cell volume, (pYy);; are the cell unknown partial densities, FO“fflV , F&hl{ 7, Tty i ng are terms

due to advection, diffusion, reaction and boundary conditions. Given that the time integration method we
use is explicit, these vectors make use of available values of (pY),;; from a previous time step or substep.
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12.1.2 Finite Volume Method on Staggered Grid in 2D

The finite volume discretization (FV) starts by considering the integral form of Eq. (12.9) over a cell control
volume ;. For a cut-cell ii individualized by the index pair (i, j) we have

apY,
/ p “d9+/ V.- (pYqu)dQ = —/ V. (Jda)dQ—i—/ ity d Q) (12.11)
Q; Ot Qi Qii Qii
Assuming a time independent control volume, the time derivative and source terms are approximated by

dpYy d pYy, ;
aQ = — YodQ = ——"1V,; 12.12
/Q,.,. ot ot /g,.,,p ¢ or ( )
/ mydQ = mig,.jv,-,j (12.13)

Qi ’

where V; ; is the volume of cell (i, j). These cell averaged quantities (denoted by tildes) match the cell
centroid values of the corresponding scalar fields up to second order spatial accuracy. A consequence of this
known fact is that using a second order finite difference method (FD), or a difference finite volume approach
with same definition for diffusion flux spatial derivatives and interpolation on the advective term, will lead
to identical discretization matrices (they will vary up to a volume factor) on uniform Cartesian grids. The

difference between these two numerical discretization methods arises from the source 7}, which for a given

cell is the cell centroid value m’(;’(l. ; in FD, and it is the cell average r%’ ;,j In FV. To discretize both diffusive
and advective terms in equation (12.11), we make use of the divergence theorem. In the following we drop
the tildes to simplify the notation, keeping in mind that using FV, quantities will always be cell or face

averaged where it corresponds.

12.1.3 Finite-Volume Discretization in Cut-Cells

The treatment of irregular gas phase Eulerian grid faces and cells that remain after the inclusion of immersed
bodies is described in this section. We assume (see Fig. 12.1a) the cut-cell definition algorithm has been
successful in defining the following:

» All GASPHASE faces in the x and y directions, which are tagged as regular or cut-faces. For these, we
also know vertex points, areas (length in 2D), and face centroid location. We know for faces that are
GASPHASE cut-faces the i, j coordinates of the face they belong to.

¢ All INBOUNDARY faces, which arise from the intersection of the immersed bodies surface elements
and the Eulerian grid cells. For these we know vertex points, areas (length in 2D), and face centroid
location.

* All GASPHASE cut cells and regular cells. We know which faces define their boundary. For cut-cells,
a list of cut-faces (type GASPHASE and INBOUNDARY) is provided. Also we know their volume and
face centroid location.

12.1.4 Cut-Cell Discretization of Diffusive Term

Consider the FV discretization of the diffusive term (equation (12.11)) on cut-cell ii in Fig. 12.1b. We have

nf.=6

| V-Gaa)d@ = [ (-pDuV¥e)-8iddQ= ¥ (~pDaV¥a)fiui  (12.14)
i ii k=1

The nf, = 6 faces that compose the boundary of the cut-cell can be divided in:
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Figure 12.1: Cut-cell FV discretization in 2D: (a) GASPHASE Cut-cell ii is bounded by: 1,2 INBOUNDARY faces, 3,6
GASPHASE cut-faces, and 4,5 GASPHASE regular faces. (b) Geometrical elements used in the discretization of the
diffusive term for GASPHASE cut-face 3, and INBOUNDARY face 1.

A. Faces k = 4,5 are regular GASPHASE Faces Connecting a Cut-Cell with a Regular Cell:

The treatment of these is as done in regular Cartesian faces, with the caveat that the diffusive flux computa-
tion now involves the cut-cell centroid location (i.e. to compute spatial derivatives of Y, and interpolation
of pDy in equation (12.14)).

B. Faces k = 3,6 are GASPHASE Cut-Faces:

In order to compute the discrete term of Eq. (12.14) on these faces, the factor p D, needs to be interpolated
from cell centroids to the face centroid and the spatial derivative of Y, computed at the face centroid. The
use of face centroids is required to maintain spatial accuracy when going from the left to right hand side of
Eq. (12.14) in difference FV methods. To maintain accuracy of the overall cut cell method, interpolation
and differentiation to the cut-face centroid must also be sufficiently accurate.

The following discussion is fairly general, in the sense that it is agnostic to the interpolation methods em-
ployed (Lagrange polynomials, isoparametric, least squares, etc.). Consider a stencil of points e = 1, ..., ne,
where the scalar Y, is assumed defined (i.e. cell centroids). Then for a location of interest ck (i.e. the
centroid of GASPHASE cut-face k = 3,6), interpolation and derivatives of Y, at ck can be obtained as

Yo(Xe) = Y 0e(Xck —Xe) Yoo (12.15)
e=1

MWalke) _ g et — %)

- T Ve (12.16)

e=1

where x, is the location of stencil point e, Yy, = Y4 (X,) and ¢.(x —X,), e = 1,...,ne is a suitable set of
interpolation functions. For this discussion we assume that no boundary values of Y, are involved on the
interpolation. For these faces the diffusive flux is:

(_quVYOC)k = - Z ¢m(xck_xm)[pDa]m X Zv(be(Xck_Xe) Yoe
e=1

m=1
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= —[pDalk Y, Ve Xk —Xe) Yore (12.17)

e=1

where

[PDalk = Z Om(Xck —Xm)[PDa)m (12.18)

m=1

1D Linear Isoparametric Polynomial Interpolation:

Consider a stencil with cells jj and ii as in Fig. 12.1b. Their centroids are located at x;; and x;; respectively.
Parameterizing point locations along the segment that unites X;; to x;; by —1 < § < 1, we have

x(§) = ¢1(E)xjj+ ¢ (E)xi (12.19)
Yo(§) = 01(8)Yajj+ 2(E)Yaii (12.20)
[PDg] (&) = 01(€)[PDayljj + 92(§)[PDalii (12.21)
where
0(E) = (1-8): (&) =3 (1+2) (1222)

We assume the value of the parameter where the cut-face lies known &, corresponding to the face and
centroid segment intersection x,,. From Eq. (12.19) with x = xi +yj, we have

95 2 d& 2
ox  Gor—x) 9y ey 12.23
dx  (xi—xj;) Iy (Vi —Yijj) (12.23)
and the interpolation function gradient components are:
o _ 00351
dx  9& ox  (xi—xjj) (12.24)
99 ¢ I 1
Dy 9Edy Gu-vi) 12.25
9y 9§ dy (=) (1225
0 _ 9pof 1
Ox  0E ax  (ni—xj) (12.26)
A Lo (12.27)

Ty - Waiy_()ﬁi—yjj)

which are constant. Finally, being k = 3, for cut-cell jj the normal is fi;;; = j, and expression (12.17)

reduces to
(Yaii —Yajj)

(i = ¥jj)
Note that, an assumption of approximation of the cut-face centroid location by point p has been made. For
cut-cell ii on the high side of face k = 3 the expression is

(—pDaVYq), -MjjxAx = —[pDal,p Ay (12.28)

(Yaii — Yajj)

(=PDaVYa);  Riik Ax = [pDal)p i —73)

A (12.29)

Similar expressions are found for a GASPHASE cut-face normal to the x direction.
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C. Faces 1,2 are INBOUNDARY Cut-Faces:

Consider INBOUNDARY cut-face k =1 in Fig. 12.1b. If a Neumann boundary condition is specified in such
a face, the term
(_pDaVYa)k’ﬁii,kAk = [pDa]kamkAk (12.30)

where as before, the prescribed normal derivative of Y on this face dYy/dn|y = d%; is defined in the
direction of fi;. This term adds to Fgc, in the location of cell ii. For SOLID_BOUNDARIES, zero diffusive
mass flux implies a homogeneous dY /dn|; = 0 for the mass fraction field of species a. In case a Dirichlet
boundary condition is specified in boundary face k = 1 the normal mass fraction derivative is taken as:

aY, Yeo — Y

ot = T (12.31)
where the value of Yz, is the cell value, and / is taken as half the cell volume divided by surface boundary
area on the cell. Note that, as discussed later in Sec. 12.1.6, when small cells are linked to neighboring cells
these quantities refer to the control volume of linked cells.

12.1.5 Cut-Cell Discretization of Advective Term
We study the discretization of the advective term for the six faces of cell ii in Fig. 12.1b:

nfe
V . p— . N = . N .
/Q V- (pYou)dQ /a o, (PYaw) 5 d90 k; (IpYalu) -fiisAe (12.32)

where, as required for stability in the treatment of the advective term, [pYy], represents a flux limited inter-
polation to the face. See Sec. 3.2.1. For completeness, the use of interpolation functions in the interpolation
process to a face, can also be extended to flux limited interpolation. Consider for a generic face k the
advective flux for the conserved quantity pY,, off cell ii:

(IpYau) -fix = [PYal, (ue-ie) (12.33)

Then, a flux limited spatial interpolation of the form (12.15) for [pYy] to face centroid ck is

ne

Y], = Y 0.(Xa — Xe ) (0Yar), (12.34)

e=1

where e = 1, ..., ne refers to a suitable flux limited stencil of GASPHASE cell centroids. The 66 are the flux
limited interpolation functions related to said centroids.

A. Faces k = 4,5 are regular GASPHASE Faces Connecting a Cut-Cell with a Regular Cell:

The treatment of these is as described in the previous section, with the caveat that the advective flux com-
putation for pY, may now involve a four point stencil (e = 1, ...,4) spatial flux matched interpolation to the
face. Consider the situations depicted in Fig. 12.2 for a regular face RC connecting regular cell and cut-cell.
In the left figure both extreme interpolation points of the stencil have associated species densities pYy; and
pYaa, as at least one cut-cell or regular cells are defined at those locations. In the right figure the lower
extreme position of the stencil (cell S) lies completely within the SOLID phase, and it takes the value of the
inner cell pYy,, rendering the interpolation to RC of Godunov type. Note also the loss of accuracy on the
flux limited interpolation described in Sec. 3.2.1 due to cut-cell centroids making the stencil not uniformly
spaced.
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Figure 12.2: Flux limited interpolation: (a) Regular and cut-cell species densities are available for 4 point stencil flux
limited interpolation to face RC. (b) Lower cell in stencil is within solid region (cell S), therefore inner cell value pY»
is used for this extreme point.

B. Faces k = 3,6 are GASPHASE Cut-Faces:

For GASPHASE cut-face k = 3 in Fig. 12.1b, the advective term corresponding to cell jj is

(pYau)k . ﬁijAk = {pY(x]k (llk . ﬁijk) Ak (1235)

where the average face normal velocity uy - fi;; ¢ (i.e. approximated by the face centroid value) is assumed
known. The quantity [pY], is obtained by flux limited interpolation to the face in similar manner as de-
scribed previously. The flux component for cut-cell ii is naturally opposite in sign to what is computed for

cell jj.

C. Faces 1,2 are INBOUNDARY Cut-Faces:

The treatment of advective terms in boundary cut-faces is similar as described before. Consider a normal ve-
locity u; = v,f; 1 (into solid region) imposed at the boundary in INBOUNDARY cut-face k = 1 in Fig. 12.1b.
The advective component is in this case:

(pYall)l . fl,’i’l Ak = [pYa]lvnAk (1236)

and the value of [pYy], = pYuii if v, > 0, or [pYy]; = p7ii.1 prescribed otherwise.

12.1.6 Unsteady Evolution: Explicit Time Integration for Scalars

It is well known that cut-cell methods pose a significant time constraint when used with explicit time inte-
gration methods. In general, there will arise GASPHASE cut-cells whose small-size will severely penalize
the time step. We recall that each cell on the gas phase, including cut-cells, needs to meet CFL and Von
Neuman stability constraints. Several different ways have been proposed in the literature to deal with this
problem, i.e., cell merging, mixing or linking methods. In general, these lead to ad hoc selection proce-
dures for surrounding cells, having to deal with many special cases, and in some cases potential solution
deterioration close to the boundary.

We use a simple and robust procedure to address this problem. Within the scheme for numeration of
scalar cell unknowns, a test is performed on cut-cells. If the cut-cell volume is less than the threshold
volume V;j, =CcCVOL_LINK V_4, Where V., is the local Cartesian cell volume and ccvor_LINK< 1 is a
threshold factor (default value 0.5), the unknown number this cell takes is the one of an adjacent cell which
has a volume larger than V;j,. This mathematically defines a single control volume of the two linked cells.
Cell volumes are added in building the mass matrix for the FV discretization, and fluxes and matrix terms
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are added with their corresponding signs. Note that, flux quantities corresponding to the common face of
these two cells effectively cancel on the single equation for the set. Alternatively, if after a number of cell
numbering iterations (default 2) an unlinked small cell persists in the mesh, this small cell is blocked and its
corresponding Cartesian cell tagged as solid.

12.2 Momentum Time Marching and Immersed Boundaries

12.2.1 Momentum-Pressure Coupling

As a first approximation, consider the Newtonian flow problem defined by the following set of partial dif-
ferential equations:

a“g;’t) — —[Fux)+VHx1)],xeQ-Y Q teR, (12.37)
Voux,s) = (V-u)”" (12.38)

where equation (12.37) is the momentum equation, u(x,?) is the spatial velocity field, F(u,x,7) is a vec-
tor containing convective, diffusive and possibly other force terms, and H(x,?) is a potential scalar field
(physically the head field in this case, commonly called pressure). For sake of argument here, to represent
the low Mach number approximation employed in FDS, it suffices to consider a specified divergence field
(V- u)’h (x,t) (thermodynamic divergence). This divergence field in the thermally buoyant flow model used
in FDS is a proxy for the energy equation. The domain Q — Y Q; represents the fluid region, and boundary
conditions are prescribed for u(x,7) on dQ,9dQy, ..., dQpods-

Classical fractional step methods for time integration of incompressible or low Mach number flow are
based on two operations: First, momentum transport to obtain intermediate velocities, and second, projection
of velocities into a target divergence field. Consider the Forward Euler update of the governing equations

. h
from 1, to f,4.1 = 1, + At of the form: Given u” = u(x,1,), V-u"t! = (V. u"“)t known

n+1

At
vttt = (Vo) (12.40)

n

u u

— [+ VH"] (12.39)

where as time has been discretized, u"*! represents a numerical approximation to the solution in Eqs. (12.37)-
(12.38) at time #,+1. As the potential field H(x,#) does not have a time evolution equation, it is assumed
responsible of enforcing the divergence condition and used on the projection step. Taking the divergence of
equation (12.39) and considering the constraint Eq. (12.40), the two steps of the method are

1. Solve Poisson equation for H":

(V . un+1)’h —V-u"
V.VH" = — —V.-F" (12.41)
At
2. Obtain final velocity for step:
v =u" — A [F" + VH"] (12.42)

The term @' = u” — ArF” is known as intermediate velocity, and is a non matching divergence approx-
L . N h
imation to u"*! (i.e. V-@"t! £ (V ! )f ).
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Although in the original problem, Egs. (12.37)-(12.38), no boundary condition is required for H(x,?), a
consequence of the projection scheme is that boundary conditions are required on the Poisson equation
of step Eq. (12.41). For explicit methods and stationary solid boundaries, the corresponding boundary
condition is homogeneous Neumann for H", dH" /dx, = 0 in dQ,9Qy, ..., Qupeas (€. [133]).

The next component of the scheme involves approximating velocity boundary conditions for immersed
solid boundaries. In FDS, velocity field components are staggered on Cartesian or cut faces. For complex
geometry the projection scheme defined above is applied in the unstructured mesh composed by cut-cells
and regular gas cells. Therefore, the Poisson equation is discretized in an unstructured grid and solved by
matrix direct solvers, either by FDS mesh (urvaT) or globally (ucimMaT). Currently the numerical scheme
allows only one cut-cell/face Cartesian per cell/face, due to the current need to define a single background
pressure per Cartesian cell. The blocking treatment of split cells is described in the Users guide. The
projection step to obtain final velocities involves grid cell sizes in regular faces and centroid to centroid
distance in cut-faces.

Cross velocities and tangent stresses and vorticity emanating from the immersed boundary are defined
on Cartesian faces being intersected by the geometry surface and surrounding Cartesian edges. We use a
wall modeled stress imposition method (STM) to this end described next.

12.2.2 Stress Method: Tangential Velocities Estimated Through Cartesian Stresses

In the discrete momentum equations, Eq. (12.39), the expression for F" is:

n

F' = — [uwarﬁV (;)+;[<p—po)g+vr] (12.43)

In this section we are interested in the divergence of deviatoric stress V - T term, its discretization and shear
stress values at the boundary.

Wall Modeled Shear Stress for Grid Aligned Solid

Figure 12.3: Wall stress 7,, estimation using a wall function for solid boundary crossing through vertex B and aligned
with the fluid grid.

Consider the grid aligned case of Fig. 12.3. A velocity component u, is defined in a face adjacent to the
solid boundary. The vertex point on the wall for this face is point B. A known shear stress 7,, is provided at
this boundary point B. In two dimensions, the x source component V - T at point e can be computed as:

|:afxx + aTxy:|n ~ |:Txx,E - Txx,W

+ Ty N — Tw "
ox dy

Ax Ay

(12.44)
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Therefore, in an explicit time integration scheme, a boundary value of shear stress 7,, has to be estimated
and used as source in the momentum equations. In FDS, this procedure is done using a wall model. A
simple wall model representation in this case is given by a function u* = f(y™), and the near wall scaling

relationships:
T v
we= 2 yr=2, §,=—; ut="2 (12.45)
P 6V Ug Ur

Here 71,, is the stress at the wall point B; p and v are the density and molecular kinematic viscosity. The
quantity 9, is the near wall viscous length scale. The functional model used has been described in Sec. 4.4,
and corresponds to a zero pressure gradient equilibrium turbulent boundary layer (log-law). As this function

is non-linear, y*, 7, u;, and J, are computed to convergence through fixed point iteration.

Referring to Fig. 12.3, and considering the expression for the wall stress 7,, = pVv (‘3—5) o and a known
y=

velocity value u?, initialize:

2|ug]
Ay

* compute u? = /10 /p

+ compute 60 = v/u?

* compute 70 = pv

* compute y"0 = 2%

If a direct numerical simulation (DNS) is performed, this is all that is needed to compute the wall stress (its
definition). For wall modeled large eddy simulation (LES), for k = 1,2, .. up to desired convergence do:

1. compute ytk = 5 EAvky,l

. 2
2. if y"k < 12 : compute ¥ = p (u’j/y**k)Z; else use T8 = p (”7”>

In(y+*)/k+Br
3. compute uk = /7t /p

4. compute 8F = v /ut

where K >~ 0.41 and Br ~ 5.2 are the log law constants. Once the stress at the wall 7,, is computed, it is used
in the right hand side definition of the momentum equations to evolve the velocity flow variable u — u*!.
This velocity component off the wall is integrated in time in the same manner as the rest of the discrete
velocities, having to obey CFL and viscous constraints for stability.

Non Grid Aligned Surfaces: Gradient Estimation in Cartesian Directions

When the solid surface is not aligned with the fluid mesh, velocity gradients and Cartesian shear stress
components are computed in the body surface and then are interpolated or extrapolated to surrounding
Cartesian grid edges. In general, the approach taken is similar to what is presented in references [134, 135],
but in our case, sampling points for the different Cartesian gradient components are defined in the Cartesian
instead of wall normal directions. In Fig. 12.4a, we define inside-boundary (IB) edges as edges contained
completely in the solid (or solid surface) but adjacent to the boundary. Adjacency is defined as having one of
the edge connected Cartesian faces being intersected by the solid boundary. We also define regular-cut face
(RC) edges as edges completely defined in the gas phase, but adjacent to the boundary. Edges defined as 1B
or RC will receive vorticity and shear stress components extrapolated or interpolated from values estimated
in the boundary through a wall model and gas phase values. The procedure might require an external gas
phase edge (EP), also depicted in the figure.
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Figure 12.4: Velocity gradients and stress components estimation. (a) For cut-face (i,j,k) velocity gradient du/dy and
shear stress component pdu/dy are estimated using a wall function for solid boundary crossing through vertex B,
and transferred to Cartesian edges IB, RC. (b) Details of wall function used in obtaining Cartesian velocity derivative,
shear stress component.

For each Cartesian face containing IB and RC edges, shear stress components are modified to account for

the presence of the boundary.We assume the average location B of the boundary is known in each direction
for each Cartesian face containing cut-faces. In the following, all variables are assumed at time level n. In
the case of x-face (i,j,k) in the figure, T,y ;p and 7,, rc are redefined as described in the following:

1.

For each RC edge compute the gas finite difference estimation of the cross velocity derivatives du;/dx;
and du;/dx;. In Fig. 12.4b, 9~ QUE—UF \where up = u; iv14 and up is the cut-face velocity, and
J By 7J+ 9

Ay+Agrc
% ~ v’“’ﬁﬂ Note that the distance to the wall Agc is being used to compute the finite difference in

the cut-face and y direction. Also interpolating the dynamic viscosity to the RC edge, estimate ,LLRC%

and ,Lchg.

. Focusing in the face containing IB and RC edges, define point UB at a distance Ay/2 from the boundary

B. Obtain velocity component uy g at location UB by linear interpolation of ug and ur in the y direction.

Using the wall function compute du/dy and p,,du/dy at boundary point B. Note that the input into the
wall function routine is the velocity component u; 5 a distance A, /2 along the Cartesian direction y. We
are using the wall model in a direction other than the wall normal direction.

. The external edge EP is defined as: Take EP to be the RC edge if Ajp <= Ay/2, use edge out in the

Cartesian direction (i,j+1,k) otherwise. Compute du/dy and udu/dy at EP.
Linearly extrapolate du/dy and udu/dy to IB edge from boundary B and EP values.

If EP is the outer edge to RC, linearly interpolate du/dy and pudu/dy to RC from EP and B values.
To allow for up feedback on the computation of this quantity we average the interpolated du/dy and
wou/dy with the value computed in point 1.
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Finally, all RC and IB edges are assigned a vorticity and shear stress using the computed gradients
du;/dx; and components (1du;/dx ;. The computed vorticity and stresses are used in the construction of the
force vector F” of equation (12.43) and used in the projection equations (12.41)-(12.42).

In similar manner as in scalar transport, small cut-faces and their associated volumes will constraint
the momentum explicit time integration steps for stability. A similar linking procedure as described for
scalars is employed to link small cut-faces to surrounding faces and to define a single average value of F'
for the linked set. Pressure gradient values on these faces are not linked, as required for correct cell by cell
enforcement of the discrete divergence constraint and mass conservation.

12.3 Energy Equation, Thermodynamic Divergence

12.3.1 Divergence Constraint

Starting from the sensible enthalpy evolution equation, the divergence of the velocity field imposed in
eq. (12.38) can be factored as:

(V-u)lh _ [ 1 _1_} @ wpPog:
pc,T p| dt  pc,T
NU/EER v
+ po,T [¢" =V -q"—u-V(phy)]
1 W hsa\ r.m
l - -V.-J,—u-V .
+ P;(Wa CpT> [ritl Jo—u-V(pYy)] (12.46)

we call this divergence expression the thermodynamic divergence (V -u)". The projection scheme for

velocities enforces this final divergence on the discrete velocity field in each cell of the spatial discretization.
Next, we look at the finite volume discretization of the non-conservative advection terms involving the
velocity u, in the right hand side of Eq. (12.46).

We will use the finite volume version of the previous equation to obtain the volume integrated target
thermodynamic divergence on each cut cell volume, and to recompute the thermodynamic divergence on
regular gas phase cells adjacent to cut-cells.

12.3.2 Finite-Volume Discretization of Scalar Advection Terms

Consider the the equality

V-gu=u-V(¢)+¢V-u (12.47)
Integrating over the volume of cell ii
/ u-V((f))dQ:/ V-((Pu)dQ—/ OV -udQ (12.48)
Qi Qi Qi
Assuming a flux limited interpolation of the scalar ¢ at the cell boundaries, the discrete counterpart is
- nfe o nfe
u-V(9) Vi=) (ow)iix-hiixAx — [0]ii Y Wik - i Ax (12.49)
k=1 k=1

Here the overline states that the cell-centered scalar quantity ¢ € {phy, pYy } has been interpolated to the cell
faces using a flux limited interpolation scheme. The overline in u-V(¢), states that this term is computed
consistent with the flux limited interpolation adopted. Also, V;; is the volume of cell ii, and Ay is the area of
aface k =1,...,nf, of the given cell. This last equation is the finite volume counterpart of Eq. (B.12).
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12.3.3 Discrete Thermodynamic Divergence Expression

For cut-cell ii, the corresponding discrete volume integrated expression is:

L 1]dpey,  wipos
Vu[h Vii — |:_:| i Vi + i ZV'I'
V- (pepT)ii pi] ot " (pe,T)i !
nfe -
+ m q"Vi—V - Vi — kzqu’k Mg A —u-V(phy)Vi
1 Wk _ nfe X -
i E; (% - c;’;>ﬁ [’"Wﬁ - k; Joviik it Ak —u'V(pYa)Vﬁ] (12.50)

where the overline terms refer to flux limited interpolation of corresponding scalars, terms defined with
subscript ii refer to cell defined quantities, and the scalar diffusive flux Jo = —pDyVYy. The divergence
of radiative heat flux V- q// is provided by the solution of radiative transport equation, Sec. 6.2. Also, the
vertical velocity wj; has been interpolated to the cut-cell centroid. The flux vector ., refers to diffusive
and conductive heat fluxes described next. 7

12.3.4 Computing Diffusive Heat Flux in Finite-Volume Form

Given the species diffusion model adopted, the diffusive heat flux vector field is q;i o = —hspDaV(Yy). The
integral of its divergence over a cell ii is:

nfe
/Q V- (—hyapDa¥ (Ya))dQ = Y (=hs.apDaV (Ya))y, - ik Ax (12.51)
ii k=1

where (—hspDqV(Ya));; . is the mean heat flux defined on boundary surface & of cell ii.

12.3.5 Computing Heat Conduction Flux in Finite-Volume Form

The heat conduction flux vector of the mixture is defined as ), = —kV(T'), where k is the mixture conduc-
tivity. The integral of its divergence over a cell ii is computed similarly as in the previous section:

nfe
/ V- (—kV(T)dQ =Y (—kV(T)),; - i A (12.52)
Qi k=1 ’ '

where (—kV(T));;; is the mean heat flux defined on boundary surface k of cell ii.
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Appendix A

Nomenclature

Dy

s I

droplet/particle cross sectional area

droplet/particle surface area

pre-exponential factor for solid phase Arrhenius reaction

emission source term; particle mobility

sprinkler C-factor; coefficient of natural convection

drag coefficient

momentum accommodation coefficient

Cunningham slip correction factor

Smagorinsky constant (LES); thermal slip coefficient

thermal accommodation coefficient

solid material specific heat; speed of light in vacuum

constant-pressure specific heat

droplet/particle diameter

diffusion coefficient

median volumetric droplet diameter

activation energy

Fuchs factor

external force vector (excluding gravity)

acceleration of gravity

gravity vector, normally (0,0, —g)

total pressure divided by the density (Bernoulli integral)

heat of reaction for a solid phase reaction

heat transfer coefficient; mass transfer coefficient; enthalpy; Planck constant
sensible enthalpy of species o

radiation intensity per unit of solid angle

radiation blackbody intensity per unit of solid angle

spectral radiation blackbody intensity as function of wavelength per unit of solid angle
spectral radiation blackbody intensity as function of wavenumber per unit of solid angle
thermal conductivity; suppression decay factor

Boltzmann constant

Knudsen number

thermophoretic velocity coefficient

characteristic length; surface thickness

mass production rate per unit volume of species & by evaporating droplets/particles
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Hity mass production rate per unit volume of species & by chemical reactions
iy, water mass flux

my, water mass per unit area

N partial reaction order for solid

no, partial reaction order for oxygen

Nu Nusselt number

Pr Prandtl number

p pressure

Po atmospheric pressure profile

Pm background pressure of mth pressure zone

p pressure perturbation

q’ heat flux vector

q" heat release rate per unit volume

q’ radiative heat flux

gl convective heat flux

0 total heat release rate

o fire Froude number

R universal gas constant

Re Reynolds number

Tp particle/droplet radius

Tap solid phase reaction rate

RTI Response Time Index of a sprinkler

S unit vector in direction of radiation intensity
Sc Schmidt number

Sh Sherwood number

Sa solid component production rate

T temperature

t time

U integrated radiant intensity; optical pathlength
u=(u,v,w) velocity vector

Wqy molecular weight of gas species o

w molecular weight of the gas mixture

We Weber number

X = (x,5,2) position vector

Xa volume fraction of species &

Yo mass fraction of species &

Yo mean mass fraction of species ¢

Yy mass fraction of species & in mixed zone of a computation cell
Y5, mass fraction of oxygen in the ambient

Yr mass fraction of fuel

Vs soot yield

Zo, species mixture o

Greek Letters

a ratio of gas conductivity to the particle conductivity; integrated band intensity
Y ratio of specific heats; Rosin-Rammler exponent; spectral fine structure parameter of narrow band
A LES filter width
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Ah heat of combustion

Ahy, energy released per unit mass oxygen consumed
Ahg o heat of formation of species o

Ahg heat of gasification

0 film thickness; scaling factor of thickness and density
£ dissipation rate; emissivity; agglomeration factor
n agglomeration apportioning factor

K absorption coefficient; von Karman constant

A mean free path of gas molecules; wavelength of thermal radiation
u dynamic viscosity

\Y frequency of the thermal radiation

Va stoichiometric coefficient, species &

Vg yield of solid residue in solid phase reaction

Vo y yield of gaseous species 7 in solid phase reaction
P density

Tw mean spectral transmissivity of a narrow band centered in @
Tij viscous stress tensor

o>} agglomeration kernel

[ porosity

X Cs shape factor

Xr radiative loss fraction

c Stefan-Boltzmann constant; constant in droplet size distribution; surface tension
o particle scattering coefficient

O scattering coefficient

Tt dimensionless stopping distance

ol wavenumber of thermal radiation

0 = (0, w,,®;)  vorticity vector

Q solid angle

Subscripts

0 initial value

a air

b bulk phase property; boiling

B Brownian

c convective

d drag

e effective properties

g gas

ijk gas phase cell indices

n band properties

p particle/droplet

PK collision efficiency

P pressure

r radiative

S solid; sensible; soot

S sticking factor
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e > <

wall

gas species index
index of reaction
wavelength
wavenumber
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Appendix B

A Velocity Divergence Constraint for
Large-Eddy Simulation of Low-Mach Flows

The equations governing the evolution of a low-Mach number, variable density fluid—first introduced by
Rehm and Baum in 1978 [9]—are continuity, species concentration (mass fraction), momentum, energy
(sensible enthalpy), and the ideal gas equation of state:

0
P4V (pu) = ! (B.1)
8pYa .1 -1
at + V . (pYau) = V . (pDaVY(x) +ma +mb"a (B.Z)
Jdpu
L1V (puu) = —Vj—V-7+(p—po)e (B3)
dphy Dp
5 Y (pha = $Ed" =V 4 (B4)
5W

In this appendix, starting from the conservative form of the sensible enthalpy transport equation, we derive
a numerically consistent velocity divergence constraint for use in large-eddy simulation (LES) of low-Mach
flows. The result accounts for numerical transport of mass and energy, which is difficult to eliminate in
relatively coarse, engineering LES calculations when total variation diminishing (TVD) scalar transport
schemes are employed. Without the correction terms derived here, unresolved (numerical) mixing of gas
species with different heat capacities and molecular weights may lead to erroneous mixture temperatures
and ultimately to an imbalance in the energy budget.

B.1 The Divergence Constraint

As mentioned, the present work stems from attempts to understand and correct an energy budget imbalance
that became evident after implementing both temperature-dependent specific heats and TVD scalar trans-
port. One of the revelations of this work has been that the choice of starting point for deriving the diver-
gence constraint naturally leads to two different forms of the divergence expression. While these forms are
mathematically equivalent, they lead to two completely different—and yet completely plausible—numerical
formulations.
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B.1.1 From Continuity

Starting from the continuity equation, we can factor out the velocity divergence leaving the material deriva-
tive of the density:

1 Dp L
Vu= - ——" 1 — B.
u p D +pmb (B.6)

Using the ideal gas law and differentiating the equation of state leads to

1 1\ Dp
v.u:( __)P
pc,T  p) Dt

1 I /i

* pcpT [q a ]
l E _ h“'*o‘ . . 111
ok <Wa cpT> [V (pDaVYe) ]

W Jicpa(T)dT’

l -1
- ’ %‘, (Wa o7 ) Tty (B.7)

B.1.2 From Sensible Enthalpy

Alternatively, we may factor the velocity divergence from the sensible enthalpy transport equation:

1 | D
V‘ — - hs ~///_V.-// B
v [Dt(p Phs)+4 q] (B.8)

From this starting point, (arguably) the natural result for the divergence expression is

_ 1 D5 1dp
~ pc,T Dt ot

pc1 74" =V-q"—u-V(phy)]

P

1 W hs‘ 1
TR

o 4 p

1 w f]zl; CPJX(T/) dr’ . I
+p§<wa‘cﬂ oo >

B.1.3 Comparison

Notice the subtle differences between the first, second, and third lines of (B.7) and (B.9). The first lines
differ by (u-Vp)/p. In (B.9), the second and third lines each contain an extra term accounting for advection
of enthalpy and mass, respectively, u- V(ph;) and u- V(pYy). Using (B.1)-(B.5), it can be shown that (B.7)
and (B.9) are mathematically equivalent (see Section B.4).
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B.2 The Discrete Divergence

The conservative form of the sensible enthalpy transport equation—which derives its name from the flux
divergence form of the mean transport term on the left hand side—is
a (p hs ) Dﬁ v

AV ) - _F
ot * M Dt+q

-v.q. (B.10)
mean transport

This form is called conservative because, by Gauss’s theorem, the integral of the discrete flux divergence
over the domain is equivalent to the surface integral of the flux over the boundary of the domain. For
a periodic domain the integral is zero—flow in must equal flow out. The key to guaranteeing discrete
conservation of sensible enthalpy is to first discretize the mean transport term. Below an overline will denote
a slope-limiting interpolation operator. As discussed in Section B.2.1, this operator is specially designed to
be consistent with flux-limited, total variation diminishing (TVD) transport for the conservative form of the
mean transport term.
Expanding the mean transport term and rearranging (B.10) in terms of the discrete divergence yields

o 1 8(phs) w7 Dp N 1
_phs{ < 5 +u-V(phs)>+Dt+q V.q|. (B.11)

The numerical details of u- V(phy) are the key to assuring discrete conservation (see Section B.2.1). Math-
ematically, (B.11) is equivalent to (B.8). Numerically, however, (B.11) accounts for the critical details of
the TVD transport scheme.

Most of the complexity in the divergence expression is buried in the time derivative term, d(phy)/dr.
Using (B.1)-(B.5), it can be shown that (B.11) expands to yield (B.9) (see Section B.3).

B.2.1 Factoring the Discrete Flux Divergence

Below we show the numerical decomposition of the enthalpy flux divergence for cell i in 1D. The operator
0( )/0x denotes a central difference. Density p and sensible enthalpy A are stored at cell centers indexed
by i, i+ 1, etc. Velocity u is stored at the cell face and indexed by i + %, etc. Here an overline applied to a
face value (i + % suffix) denotes a flux limiter, which is basically a special interpolation of the scalar field to
the cell face. The purpose of the flux limiter is to prevent spurious oscillations in the scalar solution. Such
oscillations must be avoided because they may lead to boundedness violations and instability.

In decomposing the flux divergence, our goal is to break the term into two parts as follows:

[6(phsu)} _(Phy)iyyuivy = (Phs);yuiy

ox ox
Uip ) — Ui} Ai+|ui+|+Ai_1ui_l
= (phy); 2 2 2t 27173 B.12
(phs)i — 5=+ 5 (B.12)
Vu u-V(phy)

Here A; ) represents a limited slope of the scalar data (ph in this case) at the face i + % The slope limiters
for cell i are defined such that

(Ph )i"’Ai-&-% = (phs)i.l,_ (B.13)
(Phs)i— Ay =

. ()i (B.14)

Note that while scalar face values are unique to the face | (ph;);
not (A 7 Aj1-4)-

phy); +1-1 |- the limited slopes are

t
I
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B.2.2 Example: Pure Upwinding

Suppose all # > 0 in 1D, a wind from left to right. For Godunov’s scheme (first-order upwinding) the limited
slopes would be computed as follows:

Ay = (phs)i-l-% — (Phy)i
= (phs)l - (ph\)l
o (B.15)

= (phy)i— (Phy)i- (B.16)
The cell-average advection term therefore becomes
WZW—% [(Phs)i—éiphs)i—l] (B.17)
B.2.3 [Example: Central Differencing
For central differencing the limited slopes would be computed as follows:
Aip1 = (Phs)pr% — (Phy);
= 2 (ph)i+ (Phy)ct] - (ph)
= % [(Phs)i1 — (Phs)i] (B.13)
Aiy = (phs)i—(phs);_,
= (phy)i— 3 [(Phy)i-1 + (ph)]
= 5 {(ph)— (ph)i- 1) .19
The cell-average advection term therefore becomes
w V() = %u% (phs)i%x— (phs)i] N %Mi_% [(phs)i - )(Cphs)i—l (B.20)

B.2.4 General Implementation: Using Flux Limiters

The examples above are for illustration purposes only. In general, we first compute the flux-limited face val-
ues and obtain the limited slopes from (B.13) and (B.14). The cell-average advection term is then computed
from the second underbrace in (B.12).

B.3 Decomposing the Time Derivative

Using the ideal gas law, the time derivative of the enthalpy can be decomposed as follows:

d(phs) _ dhs . dp
a P S ot
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The time derivative of the mass fractions, which originates from the species transport equation, is:
Y, 1 d
T:‘ =5 [V (pDVYq) + ity — Yy a’: V. (pYau)] (B.22)

Using (B.22) in (B.21) and summing over species to eliminate the density time derivative we obtain

d(phs)  pc,T Ip w
at == ; E—i_; hs7a_CpTW7a [ (pDavYa) /// V(pYa) _pYaVu] (B23)
Plugging (B.23) into (B.8) yields (almost done)

1 Dp cpT18p

ph Dt s p ot
+ﬁ [Qll'fv'q”fu.v( )]
+P2s§’< hs. [ (pDoVYs) —u-V(pYy) —pYsV-u
i 2;( > g (B.24)
V.u+pzsg<cﬂ£_hw> PYyV -u = plhs II);; CPSTII,?;
4o 7=V -V (ph)]
+p1hZ<cpTVVVV—hs,a) [V.(pDavYQ)_u.v(pYang
h “ (B.25)
()Y
+ o 4=V d'—u-V(phy)
+p2 Z(CPTVIVZ‘_hS’a> [V’(PDOCVYa)—U'V(pYa)+m’O’C’ (B.26)
S o
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Finally... (compare with (B.9))

Vou— - L

pc,T Dt p ot
1

R R RIS
P

1 w hs,a "

4+ S Z W V. (pDoVYs) —u-V(pYy) +rity (B.27)

a )4

B.4 Equivalence between Divergence Expressions

The equivalence between (B.7) and (B.9) is apparent based on the following:

1 1 W hg
- V(ph) -~ Y [ — %) u.v(py,
S V(eh) S (G~ 2 e Vieni)
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B.5 Simplifications for Constant Specific Heat
Recall that for an ideal gas we may write
R yd
= R/W, , B.29
Cpa = Cya+ / o= W(x <?’(x—1> ( )

where ¢, o is the specific heat of « at constant pressure, ¢, ¢ is the specific heat at constant volume, and
Ya = Cp,a/Cv,a. Commonly, the ratio of specific heats is approximated to be constant, and for fire calculations
typically the value for air is chosen, Y =~ 1.4. If we take the reference temperature to be zero, the sensible
enthalpy in this case becomes

Y Yy RT Y Y
y=pcyT =pTY Yocpa =pRT [ —— Y =% =p=— [ ) =p( 1 B.
phs=pepT =p ; a‘pa =P (7—1> W, P W (y—1> p<7—1> (B.30)

Therefore, if p is constant and uniform then ph; is constant and uniform. Consequently, d(phs)/dt =
and V(phs) = 0, so we require no corrections to the divergence expression. This improves the speed of
the code since these divergence corrections are rather expensive. To employ this simplification, the user
enters both CONSTANT_SPECIFIC_HEAT_RATIO=.TRUE. and STRATIFICATION=.FALSE. on the MIsc line of
the input file.
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Appendix C

Gas Phase Absorption Coefficients

The instantaneous absorption coefficient k;, of the gas mixture at location x is calculated as a sum (superpo-
sition) of individual gases’ gray or band-mean absorption coefficients &, ;

K.(x) = Z K0 (Yi(x), T (x)) (C.1)

For the calculation of «;, ;(¥;,T'), a narrow-band model, RADCAL [17], has been implemented in FDS.
During the initialization stage, RADCAL is used to generate tables of mean absorption coefficients for each
individual species in mass fraction range 0 < Y; < 1 and temperature range 270 K < 7 < 2470 K. During the
simulation, the local value of k;, is found from the nearest temperature value (lookup) and by interpolating
the concentration value.

RADCAL computes the spectral properties of the radiation participating species at discrete values of
the spectrum (expressed either in wavenumber @ or in wavelength A) and temperature, and returns two
alternative mean absorption coefficients for each spectral band, n. The first coefficient is the Planck mean
coefficient [136]

A’l“ﬂx
Kip(YiT) = ”/ I A (T)100&(A,T) P, dA (C2)

oT* Amin
where A is the wavelength, expressed in units of um, P, =Y;/(¥; + (1 — Y;)W;/Wy, ) is the partial pressure of
participating species i, in units of atm, and &; is the spectral absorption coefficient of participating species i,
in units of atm~'cm™~!. Note that the temperature used in the calculation of &; is the local gas temperature;
thus, &,,p(P,T) is a function of the gas phase temperature and partial pressure and is independent of the
pathlength. Its units are 1/m. The factor 100 is introduced to convert &; from atm~!cm™' to atm~'m~".
RADCAL can do these calculations for mixtures of several species, but in FDS, it is used for a single
species at the time.

The source term 1, 5 (T) is the Planck blackbody distribution law which expresses the equilibrium rate
of radiant energy emitted from a blackbody at temperature, 7, and as function of wavelength, A. Formally,
the monochromatic blackbody radiant energy emitted at a wavelength A is given by [137]

219 -5
Iy (T)dA = 2he A A (C.3)

ex he —1
Pl AT

Here, £ is the Planck constant (6.626 x 1073* Js), c is the speed of light in vacuum (2.998 x 108 m/s), and kg
is the Boltzmann constant (1.381 x 1072% J/K) [138]. L, 2 (T) is in units of W/m?/str/m; the wavelengths
are converted from um to m.
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The second coefficient is the so-called path mean or effective absorption coefficient, &, ; . (¥;, T, L) which
is defined according to the following equation

/'Lmax G
/ (ALY, T, Traa) dA = — [(1—e Mniel) T4 e Mnick T ] (C.4)

A'min

I tot

where L is the path length and 7,4 is the effective temperature of flame radiation. RADCAL calculates the
left hand integral by calculating the intensity leaving a uniform gas layer of equivalent thickness L, bounded
by a black wall at temperature 7},4, for a large number of narrow spectral bands. Solving from equation C.4
gives @
1 ot —Ip(T
Knie(Y;,T,L) 7 In <Ib(Trad) (1) > (C5)
where I(T) = oT*/m.

By default in FDS, the pathlength, L, is 10 cm. It can also be specified by the user. If T = T;,q the
intensity does not depend on k;, ; ¢, and the value &, ;¢(7raq) is therefore interpolated from the neighboring
temperatures.

In cases with only one band (N=1), the smaller of the two absorption coefficients is used:

i = min (16,0 (Y5 T), Ko (¥, T L)) (€6)

If N>1orL=0, K,; = K,;p. Note that the spectral data within RADCAL are used whenever the gas
mixture contains water vapor, fuel or combustion products, regardless of the number of radiation bands N.

Note on wavenumber, wavelength, and frequency: some confusion might arise when dealing with the
various quantities describing the wave nature of radiation. These quantities are wavenumber ®, wavelength
A, and frequency denoted here v. Most users may be familiar with the frequency v, in units of hertz, Hz,
representing the number of cycles per second. While this unit is preferred for radiation waves of low energy
such as radio waves, wavelength and wavenumber are preferred for waves of higher energy. Wavenumber
and wavelength are related to frequency through [137]

A=c/vand ®=V/c (C.7)

where c is the speed of light in a vacuum. The wavelength, A, represents the distance traveled by the wave
during one cycle, assuming it travels at the speed of light in a vacuum. Its units are commonly expressed in
um. Wavenumber, @, is the reciprocal of the wavelength. It represents the number of cycles per unit length.
In most infrared spectroscopic work, it is expressed in units of cm~!. This is the unit used in the sections
below. One can easily switch from wavenumber in units of cm ™! to wavelength in units of um using the
relation

A um = 10000/® cm™! (C.8)

Finally, the user who wishes to express the Planck blackbody distribution law as a function of wavenumber
should take caution when performing the change of variables. One should start by expressing that the radiant
energy emitted at a wavelength A is the same as the radiant energy emitted at the corresponding wavenumber
o [136]

I3 (T)dA = I (T ) dw (C.9)

the negative sign is introduced because ® is the reciprocal of A. Since A = 1/, it comes

dA 1
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Equation C.9, can be rewritten using Eq. C.3 as

2h 2 .33
Iho(T)do = O e (C.11)

hcw |
exp ( T > —
Iy (T) is in units of W/m/str/m~!; the wavenumbers are converted from cm™! to m~!. The user who
wishes to analyze the fuel bands presented below (given in wavenumber) with the Planck blackbody distri-
bution law should use Eq. C.11 but should NOT use Eq. C.3 with A = 1/®.

A combination of molecular models and data tables are used to compute the spectral radiative properties
of the radiation participating species. The original version of RADCAL includes spectral properties of
CO», H,0, CO, and CHy4 that are either modeled through quantitative molecular spectroscopy derivations
or tabulated from the fitting of experimental data into appropriate statistical narrow band models [17]. The

original RADCAL data have been supplemented with new tabulated experimental data for the following
fuels:

* Ethylene: C,Hy

¢ Ethane: C,Hg

* Propylene: C3Hg

* Propane: C3Hg

e Toluene: C;Hg

* n-Heptane: C7H¢
¢ Methanol: CH;0OH

* Methyl Methacrylate: CsHgO;

These new data have been obtained through FTIR measurements for wavenumbers between 700 cm™! and

4000 cm~! [139]. A useful quantity to compare the relative importance of the different IR bands is provided
by the integrated band intensity, ¢;, defined for the ith participating species as [140]:

o(T) = /wm %(,T) do' (C.12)
Dmin

whose units are atm~'cm™2. The value of the spectral absorption coefficient, &;, is averaged over a narrow

band whose spectral width, Aw, varies from 5 em ' forw < 1100cm™ !, to 25 ecm™! for 1100 ecm™! < w <

5000 cm™!, and to 50 cm™! for 5000 cm~! < ®.

The subsections below briefly describe the molecular bands where the species are active for each of
the gas-phase radiative species, and provide for most of them the integrated band intensity of their most
important bands at the indicated temperature. Outside these bands, the species are transparent. At the
start of a simulation, the absorption coefficients are calculated using RADCAL and then tabulated as a
function of species concentration and temperature. During the simulation, the local absorption coefficient
is interpolated from the table of values. The contributions of individual species are summed to the total
absorption coefficient.
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Table C.1: Spectral bands of CO; included in RADCAL.

Band # | Bounds (cm™!) | Method

1 500 880 tabulated
880 1100 modeled
1975 | 2475 modeled
3050 3800 modeled
4550 | 5275 modeled

D AW N

Carbon Dioxide: CO,

Carbon dioxide is a linear molecule and has four vibrational modes, but only two fundamental IR vibration
frequencies [141]. It has five distinct bands that are included in RADCAL, see Table C.1. The strongest
band in the CO, spectrum is Band 3. At 300 K, it has an integrated band intensity of 2963 atm~!cm~2. The
tabulated data were obtained from experiments with temperatures ranging from 300 K to 2400 K using the
Goody statistical narrow band model.

Carbon Monoxide: CO

Carbon Monoxide is a diatomic molecule and as such, it has only one vibrational mode [141]. RADCAL
includes one distinct band, see Table C.2. It corresponds to the stretching of the triple bond C = O. The

Table C.2: Spectral bands of CO included in RADCAL.

Band # | Bounds (cm™!) | Method
1 1600 | 2400 | modeled

first overtone (centered at @ ~ 4260 cm™!) is not accounted for; its integrated band intensity is negligible
at standard temperature and pressure. At 295 K, the integrated band intensity of Band 1 is 260 atm~'cm™2.
The statistical narrow band model associated with CO is the Goody model. Recommended temperatures of

use range from 295 K to 2500 K.

Water Vapor: H,O

Due to the non-linearity of its molecular structure, the IR spectrum of water vapor is complex and broad
[141]. In RADCAL, water vapor spectrum from 50 cm~! to 9300 cm~! is considered. Data in RADCAL are
provided by Ludwig et al. [59]. Experimental data have been fitted using the statistical Goody narrow band
model. The strongest bands at standard temperature and pressure are located in the ranges [50 —2100] cm™!:
a =300 atm~'cm ™2, and [3000 —4000] cm~!: o = 220 atm~!em 2.

Methane: CHy

Methane is a spherical top molecule of tetrahedral shape with the carbon atom occupying the center of
the tetrahedron [141]. It belongs to the point group 7;. The methane IR spectrum is the result of the
vibration-rotation modes of the C — H groups. It has nine vibrational modes, but due to its symmetry, this
translates into only two distinct IR active fundamental vibration frequencies. In RADCAL, the methane IR
spectrum is divided into three distinct bands (fundamentals + degenerates), see Table C.3. The strongest
bands are Bands 1 and 2 which at standard temperature and pressure have an integrated band intensity of
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Table C.3: Spectral bands of CHy included in RADCAL.

Band # | Bounds (cm~') | Method | Assignment | a(T =296 K) (atm™'cm~?)
1 1150 1600 | tabulated | C—H Bend 237
2 2700 | 3250 | tabulated | C —H Stretch 212
3 3400 | 5000 modeled | C—H Stretch

237 atm~'cm ™2 and 212 atm~'cm ™2, respectively. The tabulated data were obtained from high resolution
FTIR experiments with temperatures varying from 300 K to 1400 K [139]. The spectral absorption coef-
ficients were obtained assuming the FTIR measurements to be in the weak line regime and applying the
Beer-Lambert Law to the experimental spectral transmissivity.

Ethylene: CoHy

Ethylene is a molecule with a plane symmetrical form and belongs to the point group Dy, [141]. The
ethylene IR spectrum is the result of the vibration-rotation modes of the C = C, CH, and CH; groups. It
has 12 vibrational modes. In RADCAL, its IR spectrum is divided into four distinct bands, see Table C.4.
Band 1 is the strongest absorbing band. All the ethylene IR spectral absorption data were obtained from high

Table C.4: Spectral bands of C;H4 included in RADCAL.

Band # | Bounds (cm~') [ Method | Assignment | (7 =296K) (atm~Tcm~?)
1 780 1250 | tabulated CH, Bend 366
2 1300 | 1600 | tabulated CH; Bend 43
3 1750 | 2075 | tabulated | C = C Stretch 20
4 2800 | 3400 | tabulated | C—H Stretch 183

resolution FTIR experiments with temperatures varying from 296 K to 801 K [139]. The spectral absorption
coefficients were obtained by fitting the experimental spectral transmissivity of a homogeneous column of
isothermal ethylene with a total pressure of 1 atm using the Goody model.

Ethane: C,Hgq

Ethane has a three-fold axis of symmetry and belongs to the point group D3, [141]. The ethane IR spectrum
is the result of the vibration-rotation modes of the C — C, CH, and CH; groups. It has 18 vibrational modes;
its IR spectrum is divided into three distinct bands, see Table C.5. Band 3 corresponds to the stretching of

Table C.5: Spectral bands of C;Hg included in RADCAL.

Band # | Bounds (cm~') | Method | Assignment | a(T =296 K) (atm 'cm~?)
1 730 1095 | tabulated | CHj3 Rock 29
2 1250 | 1700 | tabulated | CH Bend 64
3 2550 | 3375 | tabulated | CH Stretch 761

CH and is the strongest absorbing band. At standard temperature and pressure, its integrated band intensity
is more than 10 times the value of Band 2, and more than 20 times the value of Band 1. All the ethane IR
spectral absorption data were obtained from high resolution FTIR experiments with temperatures varying
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from 296 K to 1000 K [139]. The spectral absorption coefficients were obtained by fitting the experimental
spectral transmissivity of a homogeneous column of isothermal ethane with a total pressure of 1 atm using
the Elsasser model.

Propylene: C3Hg

Propylene has only one plane of symmetry and belongs to the point group Cs [141]. The propylene IR
spectrum is the result of the vibration-rotation modes of the C — C, C = C, CH, CH,, and CH3 groups.
It has 21 vibrational modes; its IR spectrum is divided into three distinct bands, see Table C.6. Band 3

Table C.6: Spectral bands of C3Hg included in RADCAL.

Band # | Bounds (cm~') | Method Assignment a(T =296 K) (atm~'cm™—2)
1 775 1150 tabulated | C — C Stretch, CH3; Rock 296
2 1225 1975 tabulated | C = C Stretch, CH Bend 271
3 2650 3275 tabulated CH Stretch 509

corresponds to the stretching of CH and is the strongest of all propylene absorbing bands. All the propylene
IR spectral absorption data were obtained from high resolution FTIR experiments with temperatures varying
from 296 K to 1003 K [139]. The spectral absorption coefficients were obtained by fitting the experimental
spectral transmissivity of a homogeneous column of isothermal propylene with a total pressure of 1 atm
using the Goody model.

Propane: C3Hg

Propane has two planes of symmetry and two axes of rotation. It belongs to the point group C>,, [141]. The
propane IR spectrum is the result of the vibration-rotation modes of the C — C, CH,, CH3 groups. It has 27
vibrational modes; its IR spectrum is divided into two distinct bands, see Table C.7. Band 2 corresponds to

Table C.7: Spectral bands of C3Hg included in RADCAL.

Band # | Bounds (cm~') | Method Assignment a(T =295K) (atm~'em™2?)
1 1175 1675 | tabulated CHj3 Bending 121
2 2550 3375 tabulated | CHj3, CHj; Stretch 1186

the stretching of CH3; and CH; and is the strongest of all propane absorbing bands. For similar conditions,
Band 1 has a much lower integrated band intensity. All the propane IR spectral absorption data were obtained
from high resolution FTIR experiments with temperatures varying from 295 K to 1009 K [139]. The spectral
absorption coefficients were obtained by fitting the experimental spectral transmissivity of a homogeneous
column of isothermal propane with a total pressure of 1 atm using the Goody model.

Toluene: C;Hg

Toluene has only one plane of symmetry. It belongs to the point group Cs [142]. The toluene IR spectrum is
the result of the vibration-rotation modes of the C = C, CH, and CHj3 groups. It has 39 vibrational modes.
For ease of modeling using statistical narrow band models, its IR spectrum has been divided into five distinct
bands, see Table C.8. Band 5 corresponds to the stretching of CH3 and CH, and it is the strongest absorbing
band. All the toluene IR spectral absorption data were obtained from high resolution FTIR experiments
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Table C.8: Spectral bands of C;Hg included in RADCAL.

Band # | Bounds (cm™") | Method Assignment a(T =300K) (atm~'cm~?)
1 700 805 tabulated CH Bending 237
2 975 1175 | tabulated CH Bending 40
3 1275 1650 | tabulated CH3 Bending 166
4 1650 | 2075 | tabulated | C = C Stretching 101
5 2675 3225 tabulated | CH3, CH Stretching 510

with temperatures varying from 300 K to 795 K [139]. The spectral absorption coefficients were obtained
by fitting the experimental spectral transmissivity of a homogeneous column of isothermal toluene with a
total pressure of 1 atm using the Goody model.

n-Heptane: C7H ¢

n-heptane has two planes of symmetry and two axes of rotation. It belongs to the point group C,, [142].
The n-heptane IR spectrum results from the vibration-rotation modes of the C — C, CH,, and CH3 groups.
It has 63 vibrational modes. For ease of modeling using statistical narrow band models, its IR spectrum has
been divided into two distinct bands, see Table C.9. Band 2 corresponds to the stretching of CH3 and CH,

Table C.9: Spectral bands of C7H;¢ included in RADCAL.

Band # | Bounds (cm~') | Method Assignment a(T =293 K) (atm 'em™?)
1 1100 1800 tabulated | CH;,CHj Bending 298
2 2250 3275 tabulated | CH,,CHj3 Stretching 3055

groups, and is the strongest absorbing band. All the n-heptane IR spectral absorption data were obtained
from high resolution FTIR experiments with temperatures varying from 293 K to 794 K [139]. The spectral
absorption coefficients were obtained by fitting the experimental spectral transmissivity of a homogeneous
column of isothermal n-heptane with a total pressure of 1 atm using the Goody model.

Methanol: CH;0H

Methanol has only one plane of symmetry. It belongs to the point group Cs [141]. The methanol IR spectrum
results from the vibration-rotation modes of the C — O, OH, and CH3 groups. It has 12 vibrational modes.
For ease of modeling using statistical narrow band models, its IR spectrum has been divided into four distinct
bands, see Table C.10. Band 3 corresponds to the stretching of the CH3 group and is the strongest absorbing

Table C.10: Spectral bands of CH3OH included in RADCAL.

Band # | Bounds (cm~') | Method Assignment a(T =293 K) (atm~'cm™—2)
1 825 1125 | tabulated | C — O Stretching 593
2 1125 1700 | tabulated | CH3,OH Bending 197
3 2600 | 3225 | tabulated | CHs Stretching 684
4 3525 | 3850 | tabulated OH Stretching 112

band. All the methanol IR spectral absorption data were obtained from high resolution FTIR experiments
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with temperatures varying from 293 K to 804 K [139]. The spectral absorption coefficients were obtained
by fitting the experimental spectral transmissivity of a homogeneous column of isothermal methanol with a
total pressure of 1 atm using the Goody model.

Methyl Methacrylate: CsHgO;

Methyl Methacrylate or MMA has the most complex IR spectrum of all the fuels presented above. With 15
atoms, it has 39 vibrational modes [142]. The MMA IR spectrum results from the vibration-rotation modes
of the C— 0, C =0, C =C, CHy, and CHj3 groups. For ease of modeling using statistical narrow band
models, its IR spectrum has been divided into six distinct bands, see Table C.11. Band 3 corresponds to

Table C.11: Spectral bands of CsHgO; included in RADCAL.

Band # | Bounds (cm~') | Method Assignment a(T =396 K) (atm 'ecm~?)
1 750 875 tabulated CH; Bending 42
2 875 1050 | tabulated CH, Bending 131
3 1050 1250 | tabulated C — O Stretching 800
4 1250 1550 | tabulated CHj; Bending 490
5 1550 | 1975 | tabulated | C = C,C = O Stretching 538
6 2650 | 3275 | tabulated CH,, CH3 Stretching 294

the stretching of the C — O group and has the highest integrated band intensity. All the MMA IR spectral
absorption data were obtained from high resolution FTIR experiments with temperatures varying from 396 K
to 803 K [139]. The spectral absorption coefficients were obtained by fitting the experimental spectral
transmissivity of a homogeneous column of isothermal MMA with a total pressure of 1 atm using the Goody
model.

Statistical Narrow Band Models

This section briefly describes the statistical models used to obtain most of the tabulated species IR spectral
absorption coefficients at different temperatures, &;(®, 7). Narrow band models are used in lieu of line-by-
line models to represent the IR spectra of radiating species in engineering applications. In the narrow band
approach, the whole spectrum is divided into small spectral bands (typically several cm™!), and different
statistical approaches are used to compute the average radiative properties over these narrow bands. Two
main models are presented below: the Elsasser model and the Goody model. Both models assume Lorentz
lines.

The Elsasser model assumes all the lines to have the same shape, same strength, and to be equally
spaced from each other. In this model, the spectral transmissivity, 7, of a homogeneous isothermal column
filled with only some gas of species i, at a total pressure Py and with an optical pathlength U = P,L (L being
the column physical length and P; the ith participating radiating species partial pressure), is given by the
expression [143]:

ViU
ntik;U
4% Pr

Tp=1—ecrf (C.13)

1+

where ¥ is the spectral fine structure parameter of the narrow band. Its units are in atm~'. &; is the spectral
absorption coefficient of the narrow band. Its units are in atm~'cm~!. The Goody model assumes all the
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lines to have the same shape, but to be randomly spaced within the narrow band, and their line strength
follows an exponential distribution. For this model, the spectral transmissivity is given by the expression
[143]:

U
To—exp | ———l (C.14)
KU
4% Pr

For both models, the two narrow band spectral quantities of the ith species (k; and ¥%;) are obtained either
from line-by-line calculations or by fitting experimental data.

Note: For all the tabulated data, a linear interpolation of &; and ¥ in temperature and/or in wavenumber
is performed by RADCAL when necessary. If the temperature sought is out of the tabulated data range, then
the data at the nearest temperature are used.
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Appendix D

Numerical Methods for Integration of
Complex Chemistry

To solve the system of ordinary differential equations used for complex chemistry (e.g., multi-step reac-
tions, reversible reactions), FDS uses a second-order Runge-Kutta (RK2) scheme as the foundation for its
numerical integrator. As discussed below, the scheme is augmented with Richardson extrapolation, which
increases the accuracy to fourth-order and provides a means of error control. The general procedure of using
an explicit integration scheme with an error controller to maintain stability and speed is similar to that of
Mott and Oran [144].

Our goal is to integrate the ODE
dy
—=f D.1
=) 0.1
where f(Y) represents a reaction rate law and Y is a species mass fraction (temperature dependence of the
rate law is frozen at the initial condition). The total time interval is the FDS time step, ¢, and the iteration

substep is Ar. The scheme is given by
Y =Y A F(YF) (D.2)
1
Yy = 3 (Y v+ Ak F(7)) (D.3)

Here k is the iteration index. The number of sub-time intervals is determined by an error controller, as
described below. This second-order scheme is an improvement upon the first-order explicit scheme used for
simple chemistry. To maintain stability for stiff problems, however, an intractable number of time steps may
be required.

Richardson Extrapolation

To overcome this issue, we use Richardson extrapolation. Richardson extrapolation increases the order
of accuracy and provides a means of error control. Suppose you have an exact solution A represented
by a numerical approximation using the interval 4 such that the error, A — A(h), can be represented by a
polynomial expansion of . For two different intervals & and i/2 we may write

Ay = A(h)+a(h) +ax(h)* +O(h°) (D.4)
o(h)
2
Ar=A <Z) tay <Z) taz <Z) +o(n) (D.5)
o(h)
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Here the subscript on A represents subdivisions of the time step /&, where A; takes i1/1 steps, A, takes h/2
steps, and so on. The a; terms can be eliminated by subtracting Eq. (D.4) from two times Eq. (D.5):

2
A=24,—-A =24 <Z> —A(h) +ay (Z) +0(h) (D.6)

o(r2)

which results in a solution with a higher order of error.
This same technique is applied to the second-order Runge-Kutta scheme with three sub-intervals: A,
h/2, and h/4. Because the RK2 scheme was initially second-order, the three-step Richardson extrapolation

gives a fourth-order solution [145]:

44, —A
A= % +o(n (D.7)

In Eq. (D.7), A represents the time updated value of the species concentrations in the mixed reactor zone,
Y, as found in Eq. (5.28).
Error Control

In addition to increasing the order of the error in the numerical scheme, Richardson extrapolation also
provides an estimate of the error value. This estimate is calculated via a Taylor expansion:

1 <4A4 —Ay  4Ar —A1>

~— D.8
error 3 3 (D.8)

15

The time step (Atyew) required to maintain the specified/acceptable error (err_tol) can be calculated by using
the local error (error), the current time step (Atr), and the order of error within the numerical integration
scheme, in this case fourth-order:

(D.9)

err_tol 1/4
error

Atpew = At <

Equation (D.9) indicates that if the error estimate is large relative to the tolerance, then the new time step
decreases; whereas if the error is small, then the new time step increases. This dynamic time stepping
scheme improves computational efficiency because it allows the integrator to take the largest time step
possible bounded by either the error tolerance or the global simulation time step, thus minimizing the total
number of integration steps required.

Maintaining Boundedness

For an arbitrary reaction rate and time step, the forward integration may lead to unbounded species mass
fractions. To avoid this issue, we use a method which limits a sub-time step based on the time it takes
the limiting species to go out of bounds (see Kahaner et al. [146]). That substep is taken, then the right-
hand-sides of the ODEs are recomputed with the new concentrations. This process is repeated until either all
reaction rates are zero or the time has reached the total LES time step. So-called “infinitely fast” reactions are
treated as second-order reactions (assuming two reactants) with zero activation energy and large Arrhenius
constants. This method maintains the proper reactant ratios in the case of multiple infinitely fast reactions.

A Total Variation Scheme for Detecting Equilibrium

The stiffness associated with a flame front is handled by the error controller and variable time stepping
discussed above. The scheme discussed in this section automatically detects chemical equilibrium, the
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Figure D.1: Illustration of a quantity fluctuating between 0 and 1 about a fixed value.

explicit integration of which is also a stiff problem. Even with error control, the numerical solution may
exhibit numerical fluctuations between the bounds of the error tolerance. This is an undesirable condition
which often occurs in cases with competing or reversible reactions.

If the values are fluctuating around a fixed value bounded by the error tolerance, the integrator is doing
extra work by continuing to calculate every fluctuation within a time step. To minimize the computational
expense, a total variation (TV) scheme has been developed. This scheme examines the differences in species
mass fractions at four consecutive sub-time steps. Within this four point stencil, there are three differences
for each species mass fraction. The TV scheme compares the absolute value of the sum of the differences
to the sum of the absolute values of the differences. For a monotonic function, the following condition must
hold:

4 4
Z (i+1) Z (i+1)=Y(i))] (D.10)

The reader unfamiliar with the concept of “data variation” should stop and think about this for a moment.
It says that, regardless of other complexities, the monotonicity constraint (no fluctuations) is sufficient to
guarantee the condition stated in Eq. (D.10). The corollary is that if Eq. (D.10) does not hold, then we are
guaranteed to have some level of fluctuation.

The condition which corresponds to the extreme case of repeating fluctuations between the error toler-
ance bounds for our four point stencil is

4 4

Y IY(i+1) =Y ()| =3] )Y (Y(i+1)=Y(i))| (D.11)

i=1 i=1

This is illustrated in Fig. D.1, which shows a quantity fluctuating between 0 and 1 about a fixed point. We
can compare the sum of the absolute value of the differences between the four points,

4
Y IY(i+1)=Y(@)|=[1-0[+]0—1|+[1—-0] =3 (D.12)
i=1

to the absolute value of the sum of the differences,

-

Y Y(@i+1)-Y({)|=|1-0)+(0-1)+(1-0)|=1 (D.13)

1

1

The ratio of Eq. (D.12) and Eq. (D.13) is 3, which indicates that this data is fluctuating. For the implemen-
tation of this scheme in FDS, instead of comparing directly to 3, we use 2.9 because floating point division
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might not return a value of exactly 3. If fluctuations have been identified, then the values at the fourth point
in the stencil are frozen and become the final values at the end of an integration time step. This prevents un-
necessary sub-time steps being taken by the integrator. Because the error controller is bounding the solution,
any one of the values within the stencil is also within the error tolerance and is therefore acceptable.
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Appendix E

Analytical Jacobian Calculation for
Detailed Chemical Mechanism

The system of ODEs to solve a detailed chemical mechanism is given by Egs. (5.46) and (5.55)

dC, . N, .
?:a)k:Zb,-vkir,-,]:1,2,3,...7Ns (E.1)
i=1
ar . 1
—=T=—-Y h,W0; (E.2)
dr pcpj; S b

For Eq. (E.1), C; is the molar concentration (kmol/ m?) of the jth species; b; is the reaction rate modification
coefficient of the ith reaction due to third-body effects and pressure; vy; = v,:l. — v,’d; and r; is the reaction

progress rate of the ith reaction.
Ny / Ny "

ri =kpi [T(C)Y = kei TT(C)) Y (E.3)
j=1 j=1
For Eq. (E.2), p is the density (kg/m?), ¢, is the specific heat of the mixture (J/kg/K), fy is the absolute
enthalpy that includes enthalpy of formation (J/kg), W; is the molecular weight (kg/kmol) of species j, and
@ is the species production rate given by Eq. (E.1).
The system of ODEs can be represented by:
_[dey do, dey, dTr)”

. . . -1 T
= |- = i = E.4
f TR TSR Pl [0y @ ... d, T] (E.4)

Providing an analytical Jacobian to the CVODE solver can significantly accelerate the chemistry calcu-
lations. The Jacobian for the given system can be written as:

[ 9y 9dn doN, | oL
JCy JCy e JC| dC|
el dain A | or
2C, 2C, e 20, G, A N

T=1 s0.  oan oo | or | T |io OF (E.5)
dC; dC; Tt dC; dCn; T  oT
o | _

o 9dain 9w | o

L 0T aT T oT T |
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. Jed0)
Calculation of 5
By taking derivative of Eq. (E.1) with respect to concentration, we can write:
) N, " A "
aa)k Nreac a ’ HJ:I(CJ)VI’ k P HJ:I(C/)VJI

TQ = Vii Ti a +b Vii kf,l‘vli Cl — Ky vli T s (E6)

i=1

Here, the ab el

term can be calculated using Eqgs. (5.48)-(5.53).
. o
Calculation of 57

By taking derivative of Eq. (E.1) with respect to temperature, we can write:
day N ab; oky,; N, ! 0 (& !
—_— = Vi i = +bivii { —= (Cj)vﬁ _|_kf7l.7 (Cj)v/"
o v o {5 e s (11

i=1
TRV N RSN
_ 871 | I(Cj)v-”—kr,iaT<‘ (Cj)v”> }] (E7)
i

Similar to 22, 2% can be calculated using Egs. (5.48)-(5.53).

2C;° dT
ki _ Kri +7" ing Eq. 5.34 (E.8)
5T — T nyi using Eq. 5. .
O 3 (ki) _ 1 dkp; 19K
T aT( ) = (IW8T ‘K,.ar> E9)

Here, K; is the concentration equilibrium constant obtained using Eq. (5.43). Through mathematical deriva-
tion, it can be shown that:

1 8K,~ 1 Aern
T = <Z i Zvﬂ) ( - +Aern> (E.10)

Here, ASixy is the change in entropy, and can be calculated similar to the process described in Section 5.2.5.

J (5 / R /
37 (I_I](Cj)vf") =7 <Z Vji) (H(Cj)vf’)

Jj=1 J=1

(E.11)
9 (5 - [ A S
T H(Cj) 4 B _Zl"ji H(Cj) i
In the above derivation, the relation %C; = —CT is used. Using Eqgs. (E.8)-(E.11), all the terms of Eq. (E.7)
can be calculated.
. T
Calculation of 55
By taking derivative of Eq. (E.2) with respect to concentration, we can write:
oT d 1
— == hiW;
3C] 8C, ( pcp JZ ]>
(E.12)

1dp 1 de, 1 & d®;
<p 8C1 to Cp 8C;> pcp ]; JW, 8Cl
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Using the relations ac =W, and acp =W (cp — Cp,l)y we can rewrite Eq. (E.12) as:

p
(9 T VVle 1
—=—2T——) bW E.13
8C, pPcp pPcp er J J 8C1 ( )
Here, ¢, is the specific heat of species /. The last term Eq. (E.13) can be obtained using Eq. E.6.
. T
Calculation of 5+
By taking derivative of Eq. (E.2) with respect to temperature, we can write:
oT d
— == hiW;o
oT  oT ( pcy ]Z f)
) 5 N 5 (E.14)
T 1dc, 1 & ;
=————=T-— hj o] W;
T ¢, dT pcpj;1 [ ior JC”’} J
To derive the above equation, the relations g—‘T) = —% and ‘?9 = cp,j are used. The term % . can be obtained

using Eq. (E.7).
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Appendix F

The Unmixed Fraction

In Sec. 5.2.2 we present the evolution equation for an important variable, the unmixed fraction, {, in the
batch reactor model for turbulent combustion. This appendix explains the development of that equation.

Moments of the PDF Transport Equation

The cell mean mass fraction of species « is denoted Y (¢). A fluid parcel at any point within the cell exists
in one of two states: completely unmixed or completely mixed. Let ¥, (¢) denote the mass fraction of ¢ in
the mixed reactor zone, initially equal to the cell mean, ¥, (0) = Y0 = Y, (0). With y, € [0, 1] representing
the sample space for the composition, the subgrid probability density function (PDF) may be written as

Fwest) =wi8(0— Wo) +w2d (1 — wy) +w38 (Yelt] — Wa) (F.1)

where 8 (x) is the Dirac delta function. In other words, if we look at a specific point, the mass fraction of
species oo may only be 0, 1, or equal to the mixed zone value, ¥, (see Fig. F.1). The weights w; must satisfy
integral constraints on the cell: [ f(Wo:1)dWo =1, [ f(Wa:t) Wo dyy = Yo (2).

For convenience, we define the unmixed fraction, {(t), as the fraction of mass within the cell existing
as either O or 1. To satisfy the integral constraints, the PDF weights are set to

wi=¢(1-79) (F2)
wy = (Y0 (F.3)
wi=1-2C (F4)

As discussed by Pope [15], the PDF (F.1) evolves by the Fokker-Planck equation:

af d Yy

- =— — : E5

e <f< ot ""’>) ()
The term on the right in angled brackets is a conditional mean. Here it is modeled using a variant of IEM [49]

which we call interaction by exchange with the mixed mean or IEMM. When including chemical reaction,
the conditional mean is modeled by

aYa o 1 A dY(X
<9t ‘l’a>—%{(Ya_Wa)+dt- (F.6)

Using (F.6), the zeroth moment of (E.5) yields (5.19). The zeroth and first moments of (F.5) combine to
yield the model for the chemical source term (5.20), once multiplied by density.
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Mass Fraction
1.0

Figure F.1: Subgrid environment at an instant in time in a hypothetical computational cell (batch reactor). (a) Well-
resolved scalar field, highly unmixed, after turbulent transport. (b) Idealized subgrid environment: the local mass
fraction is either O, 1, or equal to a mixed mean. In the present model, the gray region is called the “mixed reactor
zone” and evolves in time (in volume and composition) during the integration of the batch reactor.

Derivation of First Moment Equation

of 9 I
[ v {af‘aw(f@r

Wa>>] dyp (ET)

LHS:
/[ o1 _fw}dwﬁ_dt E3)
—~—
0
RHS:

d 1. d¥y B
/_‘l/ﬁawa <f{fmix(ya_1l/a)+dt}) dyp =

0 ay,
- /awa[‘l/ﬁf{ }]d‘I/ﬁ +/f{ }ﬁd‘l/ﬁ (F.9)
—~—

0 by Pope Exercise 12.1 [15] ap
PP d¥g
= P5 -7, 1-¢)—=
Tmix( p—Yp)+(1-C)—
1 - . dy,
= (- -Of)+01-0)—F
$ o 0 df/ﬁ
= P57, 1-¢0)—= F.10
Tmix( P ﬁ)_’_( C) dr ( )

Evolution of the Unmixed Fraction

Equation (5.17) may be derived as follows. Differentiating (5.19) in time we get

dYy <, d¢ d¥y . dC
L A (A R Tl A i
dr “dt+( ¢) d % dr
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I T N (1
=TT +(1- ) E11)

Comparing (F.11) with (F.10) we see that during the reactor step the unmixed fraction evolves by

g ¢
S (F.12)

Note that while (5.20) invokes (F.12) in its derivation, (F.10) does not—it is an independent derivation that
relies on the choice of mixing model, in this case a variant of IEM as shown in (F.6).
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Appendix G

Limiting Behavior of the Turbulent Batch
Reactor Model

The turbulent batch reactor model, Eq. (5.20), is equivalent to other approaches to modeling turbulent com-
bustion under certain limiting conditions. These limiting cases are discussed below.

G.1 Burke-Schumann Solution

When the reactants are initially completely mixed ({y = 0) and the chemical kinetics are infinitely fast for
a single step reaction, Fuel 4 Air — Products, the present model reduces to the Burke-Schumann solution
(see, e.g., [50]), where the cell mean mixture fraction is given by

. 1\ ~
Z =Y — | Yp. G.1
F+<1+S> P (G.1)

G.2 Basic EDC

When the reactants are initially unmixed ({p = 1) and the kinetics are infinitely fast, our model reduces to
the Eddy Dissipation Concept (EDC) as described in [44]. First, write (5.20) for Fuel (F) with { = 1:

1 N ~
g = p— (Ve —Yg). (G.2)

mix

For infinitely fast kinetics, the Fuel composition in the mixed zone is

. 0 if YO9<Y%/s (excess Air),
fe={ Yo 0 it Tosthn | ) (G3)
e —Y./s if Yg >Y)//s (excessFuel).
Using (G.3) in (5.30) we recover the basic EDC model:
min ?0, Y9/s
e —— (Yr A/). (G4)
Tmix

G.3 Extended EDC

When the unmixed fraction is held constant (§ = {y), our formulation may be cast as an extended EDC model
with the mixed reactor zone treated as a perfectly stirred reactor (PSR). Previous authors [47, 48, 147] have
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referred to the mixed reactor zone as the “fine structure region.” In the notation of [48], the extended EDC
reaction rate model, comparable to (5.20) in this paper, is given by

W%
dr T

(Y9 —Y3), (G.5)

where 7, is the “ratio between the mass of the fine structure and the total mass of the subgrid structure”
and ¥ is the probability of fine structure burning [48]; in practice, both quantities are between 0 and 1. The
reactor residence time is denoted t*, clearly comparable to our mixing time scale, and the fine structure
mass fraction is Y}, clearly comparable to our mixed zone mass fraction Y. Panjwani et al. [48] refer to Y
as the mass fraction of the “surrounding state,” thus equivalent to our initial cell mean ?09.
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Appendix H

Scalar Boundedness Correction

Second-order central differencing of the advection term in the scalar transport equation leads to dispersion
errors (spurious wiggles) and these errors, if left untreated, can lead to scalar fields which are physically
not realizable, e.g., negative densities. To prevent this, FDS employs a boundedness correction to the scalar
fields after the explicit transport step. The correction, which we describe below, acts locally and effec-
tively adds the minimum amount of diffusion necessary to prevent boundedness violations. This correction
does not make the scalar transport scheme total variation diminishing (TVD); it only serves to correct for
boundedness. Similar schemes are employed by others (e.g., [148]).

By default, FDS employs a TVD transport scheme (Superbee [19] for VLES and CHARM [20] for
DNS and LES). These TVD schemes are applied during the transport step and each can be shown to be
TVD in one dimension under certain CFL constraints. However, except for Godunov’s scheme, the TVD
proofs do not extend to three dimensions [21]. Still, these schemes do a much better job than pure central
differencing at mitigating dispersion error. Note that even though TVD schemes are applied, FDS still
checks for boundedness in case any small violations are not prevented by the flux limiter.

A simple case

For simplicity we start by considering a minimum boundedness violation for density in 1-D. That is, some-
where we have p < ppin. Let p; denote the resulting density from the explicit transport step for cell i with
volume V;. Our goal is to find a correction dp; which:

(a) satisfies boundedness, p; = p;" + 0p; > Pmin for all i
(b) conserves mass, Y,;0p;V; =0
(c) minimizes data variation, }; |8p;| (i.e., we change the field as little as possible)

The basic idea is to apply a linear smoothing operator, .7, to the density field in regions where boundedness
violations have occurred. So, the correction may be viewed as an explicit diffusion step applied to the
uncorrected field with diffusion coefficient c:

p=p +cZ(p7) (H.1)

To make matters simple, let us envision for the moment that the density in cell i is negative, but that the
densities in cells i — 1 and i+ 1 are both safely in bounds (this actually is what happens most of the time
with dispersion error). We therefore want a correction that takes mass away from i — 1 and i+ 1 and moves it
to i to make up the deficit. We know that for cell i the minimum change in mass and therefore the minimum

179



correction that will satisfy boundedness is 8 p; = Pmin — p;°. The operator . takes the form of the standard
discrete Laplacian. The correction for cell i is simply

pi=pi +6pi
= P; + Pmin = P;
=p; +cilpiiy = 2p; +Pitt) (H2)
Comparing the second and third lines, we find that the diffusion coefficient is given by

Pmin — P}’
P —2p] + P}

ci = (H.3)

Based on the third line of (H.2), the correction for cell i may be thought of as the sum of the two mass fluxes
from its neighboring cells. The change in mass of cell i is dm; = dp;V; and is balanced by changes in mass
forcellsi—1and i+ 1:

dmi—1 = —ci(piy —p;)Vi
Smi1 = —ci(piy1 —p;)Vi

In this case the sum of the mass corrections is zero, as desired:

i+l
Z 6}’}1] = 5Pi—1Vi—1 +5PiVi+5p,-+]Vi+1
j=i—1
= —ci(pi1—P})Vitci(piy —2p; +pia)Vi—ci(pivy — P Vi
=0

Realistic cases

The discussion above was to provide a simple case for understanding the basic idea behind the correction
method. In a realistic case we must account for multi-dimensional aspects of the problem and for the
possibility that neighboring cells may both be out of bounds. Consider a grid cell whose density is outside
the specified range. Denote this cell with a “c” for center. Its volume is V, and density is p;, obtained from
the transport scheme. Let the subscript “n” denote any of the six neighboring cells (in other words, only
include cells which share a face with cell ¢). We want to correct any boundedness violations for the cell ¢
by shifting mass to or from its neighboring cells n:

Pe=p:+0pc 5 Pn=pP,+6Pu (H.4)
We first define the total amount of mass we wish to shift:
me = [Py — Peut| Ve (H.5)

where p.y is the appropriate upper or lower bound of the density. The amount of mass each neighboring
cell can accommodate without falling outside the range is:

Va (H.6)

my, = ‘ min [pmax,max {Pmimprﬂ} — Peut
The correction terms that guarantee mass conservation (V. 6p. = —Y.V,, 8p,) are:

me

0p. = £ min [mc,Zm,,} /Ve 5 Opp, =Fmin [Z ,l} my /Vy (H.7)

n

180



Next, to correct species mass fractions that are out of bounds, we follow the exact same procedure.
Ze=740Z. ; Z,=Z7,+06Z, (H.8)
We define the amount of species mass we wish to shift:
Me = |ZF = Zew| pe Ve (H.9)

where Z is either O or 1. The amount of species mass each neighboring cell can accommodate without
falling outside the range is:

My = ‘min [l,maX[O,Z,’;]] — Zewl puVi (H.10)

The correction terms that guarantee mass conservation (V. p. 0Z. = — Y.V, p, 6Z,) are:

me

8Z. = +min [me,Y my] /(pcVe) SZn::Fmin[Zm ,1] my/ (Pn Vi) (H.11)

n
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Appendix I

Lilly’s Analysis for Turbulent Flows

The constants for the Smagorinsky and Deardorff turbulence models are not wholly empirical. They may
be derived by assuming an inertial range Kolmogorov spectrum and “production equals dissipation”. This
analysis for Smagorinsky is attributed to D. K. Lilly [30], and may also be found in Sagaut [149]. For
Deardorft, this analysis is the solution to Exercise 13.45 in Pope [15].

Smagorinsky

The assumption that the mean production of subgrid-scale kinetic energy () equals the mean dissipation
rate (€) implies (here I am being cavalier with my mean quantities)

(@Sgs = & (Il)
Using (4.15) at high Reynolds number (1, > ) for an incompressible flow (V-u = 0), (I.1) leads to
2VtS~,'jS~,'j = ZVS,‘J'S,'J' (1.2)

The components of the strain tensor S;; are greater in magnitude than the filtered strain components S ij» and
so the turbulent viscosity, v;, must be larger than the molecular viscosity v, as would be expected.

We assume the filter width, A, is in the inertial subrange of a high Reynolds number flow. There the
Kolmogorov kinetic energy spectrum may be written as

E(k) = Cxe*3k3 (13)

displaying the famous “minus five-thirds” scaling. The Kolmogorov constant is usually take to be Cx ~ 1.5.
Using the filtered dissipation spectrum (see Pope [15]), the Kolmogorov spectrum (I.3), and assuming a
spectral cutoff filter we may write

2v8,;8; = 2v / *KE(k) dk (14)
0
— 2vCye?3 / ALK (L5)
0
Dividing by v gives

Zgijgl‘j = ZCK82/3% |:k4/3} (f (16)

~ 3 /mN\4/3
SP =cye32 (7) L7
|S|” =Cke > (A (L7)
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where |S| = (25;;5;,)"/2. This allows us to write the dissipation rate in terms of the filtered strain magnitude:

2\ /AN
8:<3CK) <n> NE (1.8)

Now, we invoke production equals dissipation. Below, the left-hand side is the production of SGS
kinetic energy. The right-hand side is the dissipation rate in terms of the filtered strain from (I.8):

2v;SiiSi =€ 1.9)
) 2 \32 /AN2 .
AN =) I8P 1.10
157=(5e) (5) .10)
Inserting the constant coefficient Smagorinsky model for the turbulent viscosity, v; = (C;A)?|S], yields
y 2 \32 /AN2
CA?(SP = | —=- ) ISP L11
cartsi=(se) (5) 8 @)
Finally, using Cx = 1.5 and solving for Cs gives
2 1P
C=|—"= —=0.17 I.12
= |ais] = R

Deardorff

The turbulent viscosity for the Deardorff form of the isotropic eddy viscosity is v; = Cy A ks‘gf . In this section,
we derive the value of the constant using Lilly’s analysis. To start, we require a relationship between
the dissipation rate and the subgrid kinetic energy kggs. This relationship does not depend on how kg
is computed—it depends on the shape of the energy spectrum and on where the filter width cutoff falls
in relation to that spectrum. Here we assume a Kolmogorov spectrum at high Re with the filter width
falling inside the inertial subrange. Then the subgrid kinetic energy is well approximated by integrating the
spectrum from the cutoff wave number to infinity:

kygs = [Z E (k) dk 1.13)
A
= Cxe?? / k33 dk 1.14)
A
3 AN 2/3
e (2) @)
2 i
which rearranges to
’ \32 g "
N hid I.1
€ (3CK> A Kegs (1.16)
Equating the relationships for the dissipation rates from Smagorinsky (I.8) and Deardorff (1.16) gives
A 2 &3 .32
~ T\ 2
152 = (K) s L18)
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Now, we again invoke production equals dissipation using Deardorff as the eddy viscosity model and (1.16)
for the dissipation rate:

vil§? = e (1.19)
CoAkl? (g)zksgs - (33}()3/221(343 (1.20)
Using Cg = 1.5 and solving for Cy yields
2 131
Cy = [(3)(15)} —=0.094 (1.21)

FDS uses a value of C,, = 0.1 for the Deardorff model constant.
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Appendix J

Fluid-Particle Momentum Transfer

The trajectory of a Lagrangian particle is governed by the momentum conservation equation:

du 1
mthp = —EPCdAp,c(“p_“)”“p_“”+mpg J.1D

where m;, is the particle mass, uy(7) the particle velocity, Ay the particle cross-sectional area, Cy the drag
coefficient, p the gas density, u the gas velocity in the vicinity of the particle, and g the gravity vector. There
is no analytical solution to this equation, but its linearized form:

du 1
Ttp =—Bu,—u)+g B= TmPPCdAp,cHup(o)_“H J.2)
has the solution:
_ 8\opr, B
u, (1) =u+ up(O)—u—B e +B J.3)

assuming that the gas velocity u is unchanging over the short duration for which this solution is valid.

In FDS, the particle position is advanced over the course of a gas-phase time step, 6z, by a series of
sub-time steps, Otp, that are determined so as to ensure that the particle does not traverse the width of a grid
cell in one sub-time step:

ot
[0.9CFL]

ul P (w?
: CFL = 8t max <|p| M ’p‘> J.4)

oty = ox’ Oy’ Oz

Note that the ceiling function, [CFL|, denotes the least integer greater than the CFL. For a given time step,
denoted by n, the particle position is advanced according to:

ot
+1_ P ntl
xpth =xt 4 5 (up ™ 4 up) J.5)
where ug“ is given by Eq. (J.3). The transfer of momentum from the particles to the gas is represented by

the force term in the momentum equation which is computed by summing over all particles in each grid cell

of volume V:
1

szvz

i

un+_1 —u”.
My, (g — pdt"> + i (u ! — u”)] (1.6)
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Appendix K

Simplifications of the Radiation Transport
Equation

Antti Paajanen, VTT, Finland

The Radiation Transport Equation (RTE) for particles is given by Eq. (6.42) and repeated here:
op(x, 1)
s- VI (x,8) = — |15 (X,A) + 0p(X,A) |11 (X,8) + K5 (X, A) I p (X, 4) + 7/ D(s,s') I (x,8')ds’ (K.1)

An accurate computation of the in-scattering integral on the right hand side of Eq. (K.1) would be extremely
time consuming and require a prohibitive amount of memory because the individual intensities in each
location would have to be stored. The in-scattering integral can be approximated by dividing the total 47
solid angle into a “forward angle,” §Q!, and an “ambient angle,” §Q* = 41 — §Q'. For compatibility with
the FVM solver, §Q! is set equal to the control angle given by the angular discretization. However, it is
assumed to be symmetric around the center of the control angle. Within §Q/ the intensity is 7, (x,s) and
elsewhere it is approximated as

U(x,A) —8Q' I (x,s)

oQ*

where U (x) is the total intensity integrated over the unit sphere. The in-scattering integral in Eq. (K.1) can
now be approximated as

op(x,A)
4r 47

U*(x,A) = (K.2)

O(s,s') I (x,8") ds’ = op(x, 1) <xf1;t(x7s) 5;2* (1— ) / I, (x,s) ds>

= 0,(x, 1) (xf L(x,s)+ (1 —xf)U*(x,x)) (K.3)

where x; = x¢(r,A) = xr(x, ) is a fraction of the total intensity originally within the solid angle Q' that is
scattered into the same angle, §Q!. The calculation of y; is discussed in section 6.3.3. Using the definition
of U* in Eq. (K.2), the RTE is now:

U(x,A)—8Q'I
$- VI (x,8) = —1(X,A) 1 (X,8) + K5 (X, A) I p (X, ) + 0 (x,4) (1 — x¢) ( (x,4) 50" A(%5) — I, (x,s)
(K.4)
An effective scattering coefficient is next defined
_ 47
G, (x,A) = m(pr(x,m) Gy(%, 1) (K.5)
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Using Eq. (K.5) and §Q* = 471 — 5Q!, the scattering coefficient can be written as:

op(x,A) 6QF
4w (1 —Xf)

Substituting this in the previous form of the RTE yields:

op(X,A) =

(K.6)

Op(x,A)

5V (%.8) = (6, A) [ (x.8) + Ky (%, 2) Fop(x,2) + =2

(U(X,?L) ~(s9'+ 59*) L (x,s)) (K.7)

Using 6Q! + 8Q* = 4, the RTE simplifies to:

$-VI(x,5) = — 15 (%,4) + Ty (%, 1) 11 (%,5) + Kp (%, A) oy (%, A) + 2
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Appendix L

Absorption Coefficients of Liquid Fuels

The burning rate of liquid pool fires depends in part on the convective and radiative heat feedback from
the flames to the fuel surface. For large pool fires, radiation heat transfer dominates. Studies have been
conducted to determine the spectra of emitted radiation [150] as well as to characterize radiation absorption
by gases within the flame [151]. Depending on the fuel, thermal radiation can be absorbed at the surface
or in depth. For fuels such as wood, most of the incident radiation is absorbed within a thin layer near
the surface. For semi-transparent materials such as plastics or liquid fuels, thermal radiation may penetrate
deeper. The in-depth radiation absorption by semi-transparent fuels has been studied for PMMA [152],
polymer films [153] and liquid pool fires [150]. Most of the research related to the in-depth radiation
absorption in liquids considers the boil-over of liquid pool fires on water [154]. The effect of in-depth
radiation absorption on evaporation of fuel droplets has also received some attention [155]. Most liquids
are highly selective absorbers, absorbing intensively in some wavelength regions while being transparent
in others. This results in radiation transport models that are both computationally expensive and for which
experimental data is scarce. In this appendix, we attempt to characterize the absorption of radiation by liquid
fuels using effective absorption coefficients similar to those used in Refs. [156] and [157].

Where data on absorption coefficients of liquids exists in the open literature, such as the Coblentz
Society data found on the NIST Chemistry WebBook [158], it usually only contains data for wavelengths
from approximately 2.5 um upward. A large part of the total energy in the emission spectrum of flames may
easily be contained in wavelengths shorter than 2.5 um. However, absorption spectra that begin from 1 um
exists for a few liquids, including toluene ([159], [160]), methanol [161], benzene [162] and water [163].
Furthermore, Ref. [150] includes spectrally resolved transmission spectra of ethanol, heptane, JP-8, and an
ethanol-toluene blend. Complex refractive index spectra for a few diesel fuels were reported in Ref. [155].
Different diesel fuels have slightly different absorption spectra, due to differing additives. However, the
data reported in Ref. [155] can perhaps be used to obtain an order of magnitude estimate for the absorption
coefficient of diesel fuel.

Often we are not interested in resolving the spectra of the transmitted radiation; rather, we are interested
in modeling the total transmitted radiation. In these cases, it is convenient to write the radiation transport
equations in terms of mean absorption coefficients. This is done to avoid the time-consuming integrations
over all wavelengths. For this reason, a number of mean absorption coefficients have been introduced,
such as the Rosselland-mean absorption coefficient and the Planck-mean absorption coefficient. These
correspond to the optically-thin approximation and the Rosselland diffusion approximation of radiation
transport. The absorption coefficients of liquids are highly wavelength dependent and are even transparent
in some areas. In this case, the Planck-mean absorption coefficients are too large by several orders of
magnitude. It is preferable to determine an effective absorption coefficient that attempts to replicate the
absorption of radiation over a certain path length over which the majority of the radiation is absorbed.
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Table L.1 lists effective absorption coefficients for a few selected liquids. It contains two types of
absorption coefficients. One type is determined by assuming the incoming radiation is blackbody radiation
at a temperature of 1450 K. The other type is based on actual flame radiation spectra. If the wavenumber
range is listed, then a blackbody temperature 1450 K is assumed in calculating the transmission. If the
wavenumber range is not listed, then transmission data from Ref. [150] is used. The path length is 3 mm in
all cases.

The assumption of blackbody radiation is adequate for sooty flames in which radiation from soot dom-
inates the flame radiation spectra. However, for fuels with low sooting flames, the incoming radiation
spectrum differs considerably from the blackbody spectrum. This explains the large difference in listed
absorption coefficients for ethanol and methanol. The ethanol absorption coefficient is based on actual
emission spectra of an ethanol flame, whereas the methanol absorption coefficient is calculated based on the
blackbody spectrum. The correct value for methanol is likely to be closer to that of ethanol.

Table L.1: Effective absorption coefficients for selected liquids.

Liquid Wavenumber Range (1/cm)  Effective Absorption Coefficient, K
JP-8 [150] - 3014
Ethanol-Toluene blend [150] - 680.1

Ethanol [150] - 1534.3

Heptane [150] - 187.5

Toluene [160] 436-6500 160.8
Methanol[161] 2-8000 52

Water [163] 1-15000 1578

Benzene [162] 11.5-6200 123
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Appendix M

Solving the Heat Conduction Equation

By default, FDS solves the 1-D heat conduction equation in the direction normal to a solid surface. There
is also an optional 3-D solver that makes use of the 1-D solver in an alternating direction implicit (ADI)
scheme.

M.1 One-Dimensional Heat Conduction in Solids

The 1-D heat conduction equation in Cartesian coordinates is:

o, _ 9 ( 9L\ .,
PsCsW =% (ksax> + g M.1)

In cylindrical and spherical coordinates, the equation becomes:

oT, 10 <r1ksaaj;s)+‘?/s// (M.2)

P or = W ar

where I is 1 for cylindrical and 2 for spherical coordinates. Since for / = 0, the Cartesian formulation
is recovered, from this point on we will consider the general form of the equation (M.2). The indexing
system used for the discretization of the equations is shown in Fig. M.1. The discretization scheme is the
same regardless of whether the coordinate system is Cartesian, cylindrical, or spherical. The size of the cell
nearest the boundary is set by default to be

31‘0 ks
Ps Cs

M.3)

X1 —Xo =

where 01 is a somewhat arbitrary time scale set to 1. In other words, the Fourier number based on the cell
size is assumed of order unity. The user has flexibility in changing both the initial cell size and the degree
of stretching.

The temperature at the center of each solid cell, 7§ ;, is updated in time using a Crank-Nicolson scheme:

1 n
ey B B v (g BT, BT
sts)i 6[ 21{71-5?1' L7805 5ri+% i—1 S,i—» 5ri_%
1 n+1 n+1 n+1
1 / Tsnztrl_Tsi ! I =100 "
rik . 1 ————r k. 1 ——— T M.4
- 2’{,1'51’,‘ ( s 5ri+% =103 5’”1‘—% s, M4

193



X1, 11
X2, 1 X10, 710

Gas Cell [1/2] 3 Ts4 I s Ts6 Ts7 8 |9

Figure M.1: Layout of solid phase cells. In this example, each solid phase cell is stretched by a factor of 2 until the
halfway point of the solid is reached, after which the cells shrink by a factor of 2. The interface between gas and solid
phase is at xo = R — rp, where R is the radius of cylinder or sphere. The back side boundary condition is applied at
x10 = R—ryo. “Virtual” cells 0 and N 4+ 1 = 11 are located to the left and right of the solid, and are the same size as
cells 1 and N = 10.

kg 1 is the thermal conductivity at the border of the cells i and i + 1, dr; is the width of cell i, and 6rl. +1 is
the cfistance from the center of cell i to the center of cell i+ 1. The radial coordinate, r.;, denotes the cell
center:
(r?—=r?,)/(26r;) I=1 (cylindrical)
rei = . (M.5)
\/(rl3 —r})/(38r) I=2 (spherical)

The temperatures at the front and back surface of a Cartesian slab (or center of a cylinder or sphere) are
determined from the boundary conditions. In any of the coordinate systems, the boundary condition at the
front surface, using the Crank-Nicolson scheme, is

_ks,l Tsnl+l - Tsn(;rl + Tsnl - s’?O
2 51"% 5}’1

2

1

= (g4 +4)"" (M.6)

Note that 75 ¢ does not represent the gas temperature, but rather it is used to establish the temperature gradient
at the surface. Note also that the thermal conductivity, k; 1, is that of the first solid cell. The convective heat

flux at the mid-point of the time step is
L1
(qé/)nJFz — 5 (hn (Tgn . T;?%) +hl’l+l (Tgn+l o Tnfl)) (M7)

S5

where 7' and Tg’”rl are the gas temperatures in the first grid cell abutting the surface at the start and end

of the time step, T 1 is the surface temperature, defined as the average of T; o and 7 1, and /" and W't are
the convective heat transfer coefficients at the start and end of the time step. The radiative heat flux can be
estimated at the mid-point of the time step:

! n+% Y/ "+% ¢ N n 4 n 3 n+1 n
(@) =dln—e0 (T'77) ~dlw—eo (1)) —2¢0 (12,) (17" =12) M)
s $,3 > 8,5 S,5 S,3 5,2
Note the use of Taylor series expansion:
(Tn+1/2)4 ~ (Tn)4 +2(Tn)3(Tn+1 _ Tn) (M.9)

Now the front boundary condition is

L T + T T 1

; ; ) ) ~ _[3n n__pn n+1 n+l _ ntl

et 261, - 2(h (Tg 27%)+h (Tg ge! ))
2
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3
) T fec (T”l
8,5 5,3

4
+ 4/, —2¢€0 (T” ) (M.10)

The wall surface temperature is defined:
T 1 +Tip

Ty=—"5"" (M.11)

and the temperature gradient at the start of the time step is:

I =T h" L/, 4
R (Tg” _ T!g) 5 <q;{in _¢o (TQ) > (M.12)
2

and therefore the boundary condition becomes

T‘nJrl _ T‘nJrl hn+1 3 Tfl+1 + T,n+1 1 3 4
S AL B S < +2¢e0 (TS”Q > SR LY 5 (W gly) + S g0 (TS”I)

25r% 2 2 2 2
(M.13)
Rearranging terms, the temperature at node 0 becomes:

ks.l hn+l n 3 4

: 5, — 3 +2€G (TS%> 1 hn+1 Tgn+l+¢7:-,in+386 <Tsnl)

+1_ 2 ' + ’ 2
ol +< ;280 (T, ) ) ol +< ;- +2e0 (17, ) )
3 i) 7 ’2
RFACF2 QDXKF

Note that rRracF2 and similar names are used in the actual source code to represent these quantities. In case

of non-insulated backing in Cartesian geometry, the temperature of virtual node N + 1 is calculated the same

way. For a Cartesian geometry with an insulated backing or for cylindrical and spherical geometries, &, q;’ i

and £ are set to 0.
After re-arranging the terms, Eq. (M.4) becomes (using the nomenclature of the source code) for each
wall cell i:

BT +D; T + A T =G i=1,..,N (M.15)
where
B ki-&-% ot 1 rll
2(pscs)i rg,iéri 6ri+%
kot 1
2(pSCS)i r£,7l.5rl~ 51’1._%
Ci=T —Ai (T = T") +Bi (T = T, ) + 81 4/ (pscs)i
Di =1 —Ai —B,'

A=

Bi=— (M.16)
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To solve Eq. (M.15), a tri-diagonal linear solver is used:
C| =Cy| — B - ODXKF

Cy =Cy — Ay - ODXKB

D{ =D+ By -RFACF2
Dy = Dy + Ay - RFACB2

B Ai_
Di=D;— 2L =2 N—1
Dl—l
B; Ci_ (M.17)
Ci=C——=L =2 . N—1
D
Cy
Cy=—=
N DN
T/v' =Cy
Ci—AiCiy1 .
Lt e I
l

Typically, the time step, 67, used by the solid phase solver is some multiple of the time step used by the
gas phase solver. By default, the multiple is 2, but the user can select a different value if need be. However,
there may be times during the simulation where the solid phase time step must be smaller than the gas phase
time step due to potentially large, short-lived excursions of the internal heat source term, ¢.’, which is not
included in the implicit Crank-Nicolson scheme. It is simply evaluated at the start of the time step. To
remedy this problem, after the heat source term has been evaluated, the maximum temperature change is

estimated using an explicit, first order update:

ot [ 1 (rlk 7;1?i+1_7;r,li)_r_( 1k”‘ 17;7i_7;’?i1>+q.///

AT = —_ 1 .
7 iK1 S,
(Pscs)i reiOri : 5ri+%

S

(M.18)

max
i=I.N

If AT exceeds a user-specified threshold, AT .x, the time step is reduced below the gas phase time step,
Otgas:

8t = Stga 27 M/I2L 1 — AT/ ATay (M.19)
Note that [x| denotes the least integer greater than x. To prevent an endless spiral of decreasing solid phase

time steps, there is a user-specified limit of the number of subdivisions of the gas phase time step. The
default is 22 = 4.

Dirichlet Temperature Boundaries

For the purposes of verification, it is sometimes useful to hold the surface temperature of a solid fixed. In
this case, the boundary condition is of Dirichlet type and Eq. (M.6) defines a constant wall temperature, T,

T T 1+ T _

o 5 T,, (M.20)
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The ghost cell value at n+4- 1 may then be written in terms of the wall temperature and the temperature of the
first cell,

T/ = -1/ +2T, (M.21)
Comparing Eq. (M.21) with Eq. (M.14), it is apparent that

RFACF2 = —1 (M.22)
ODXKF = 2Ty, (M.23)

M.2 Optional 3-D Solid Phase Heat Transfer

The solid phase heat conduction equation in three directions is given by:

O, 9 (L AT\, @ (LK 3 ( 9L\

The method of solution is to split this equation using the following alternating direction implicit (ADI)
scheme:

Pl 0 (0T i

3 o ox (k ox )" (M.25)
P 0, (. IT, i

TS ay (k Iy + (M.26)
e dT, 9 [, IT, qf

3 o oz <k 52 )" o

The solution of the equation is updated over the course of three gas phase time steps of size 6¢. For each
coordinate direction, the temperature field is finely gridded near the surface and coarsely gridded in the
interior, typically. Thus, the temperature field, T;(x,y,z,t), is discretized differently in each direction. For
example, for each surface cell normal to the x direction, the 1-D temperature array in depth is 75 ;, where
1 <i <N, and N, is the number of non-uniformly spaced internal cells spanning the entire width of the
solid in the x direction. This is exactly the same approach taken above for 1-D heat conduction in solids
with “exposed” back surfaces. Likewise, T5(x,y,z,t) is discretized T, ; and T; . & in the y and z directions,
respectively.

In each of the three steps, the 1-D heat conduction equation is solved in one of the three coordinate
directions using the Crank-Nicolson (C-N) scheme described above, except now the implicit update spans
three gas phase time steps, 3 8¢. The temperature fields spanning the other two coordinate directions are
updated explicitly. The change in temperature due to the implicit C-N update is denoted AT . ;, with similar
expressions for the y and z updates. The explicit update taken during the two steps for which T, ; is not
updated implicitly transfers enthalpy in the y and z directions:

Ps,iCs,i T, qxz pszcsszx1+ ZWJPSJCS ]ATsyj +Zwkpbkcs kATszk (M.28)

The coefficients, w; and wy, are the fractions of cell i of the x direction discretization overlapped by cells j
and k of the y and z discretizations, respectively.

This type of splitting scheme is discussed by Toro [21], Chapter 16, “Methods for Multi-Dimensional
PDEs.”
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Appendix N

Development of an Implicit Solution for
Droplet Evaporation

In this appendix, we consider evaporation of a single drop in a computational cell where the drop may be in
the gas or attached to a solid surface. Hence, our goal is to develop a solution for (a) the cell water vapor
mass fraction Yy ¢, (b) the cell gas phase temperature T, (c) the temperature of the droplet 7, and (d) if
present an estimate of the first node of a solid surface T,.

The ODEs to be integrated are, respectively, the droplet mass, the change in cell water vapor mass
fraction, the change in the droplet temperature, the change in the cell gas phase temperature, and the wall
temperature [103]:

% — Ay I pr (Yot — Yaug) (N.1)
PV dl(/io;,g =— (1 Yq,) % (N.2)
% = mplcp [qr +Apshg (T, —Ty) +Apshw (T — Tp) + % hv] (N.3)
e glcg {Ap,shg (T~ T2) ~ 2 (g~ h%g)] (N.4)
dthW = —if; i‘vv (Ty —Tp) (N.5)

Below we will consider the time integration for a single substep in the evaporation routine, which up-
dates the local computational cell from time ¢" to " + Ar". Usually, A" = At gs. However, it is possible that
subtimesteps may be required to prevent spurious mass and temperature overshoots. In what follows, unless
otherwise specified RHS quantities are evaluated at the beginning of the substep, " (hence the designation
“semi-implicit” method). This limits the stability range of the method (since the method is not fully implicit
it is not unconditionally stable), but it greatly simplifies the solution procedure.

To begin the development, we expanded Eq. (N.2) with the mass loss rate (to be determined) evaluated
at the midpoint of the time interval:

Af" dmy\ "tz
Yg:‘gl =Yoo~ 7‘/(1 —Yo,) <p> (N.6)



Substituting Eq. N.6 into a Crank-Nicolson expansion of Eq. (N.1) we have

1
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. Ap,shmpf Ya,—; + Yorzl,z - 2Y&l>g N7
) | 4 A7 Apshm(1 Vo) (N.7)
+ 2pgV

Next, we find an approximation for the droplet surface equilibrium mass fraction Y, (%1 via the expansion

dY,
Y&’;l = Y(Z,K—i_ < d;‘—-j) (Tpn+1 _ Tpn) (N.8)

The derivative is determined from a chain rule expansion:

dYa,é o dYa,E dXoc,é
(o) - () () 9

The water vapor mole fraction on the surface of the droplet is determined from the Clausius-Clapeyron

equation:
hWy (1 1
Xoo = —— = N.10
o (4] o
For a binary mixture in air, the relationship between the vapor mass and mole fractions is given by
X,
Yo a.¢ (N.11)

T Xeo(1 =Wy /Wy) + W, /Wy
Differentiating Eqs. (N.10) and (N.11) and substituting into (N.9) yields

dYy, W,/ We W hWWe (11
L) _ S e R (N.12)
dr (Xat (1= Wa /W) +(Wa/Wq))~ RT; R \T, T

Using (N.12) in (N.8), subsequently (N.8) in (N.7), and then (N.7) in (N.3) and (N.4), leaves three
equations with three unknowns, Tp”“, Tg"“, and T/"*!, to be solved simultaneously. As previously noted,
unless otherwise indicated, all RHS quantities are evaluated at the beginning of the substep, ¢".

At" Apsh
TI;1+1 _ Tpn+mpcp |:q~r+ P; g(Tgn+l+Tgn_];)n+l_Tpn)
1 n n
Apshw omit o omit e Apshmpr | Yar +Ya,—2Y5,
e e O M i | B D
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+1 p,silg +1 +1
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T =T — E— [Ta '+ 1) - T+ =T (N.15)
wtw
Finally, the updated cell water vapor mass fraction, Y&’fgl, may be found using (N.8) in (N.7), and then
(N.7) in (N.6).
n @ n+1 _ pny _ n
Yn+l —Y" 4+ MAp,shmPf 2Ya7z + ( dr ) (Tp Tp ) 2Ya,g (N 16)
a.g a.g pV 2 1+ Al"Aghm(lfya'g) :
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Appendix O

A Special Preconditioning Scheme for
Solving the Poisson Equation in Tunnels

Consider the Poisson equation in a tunnel geometry where multiple meshes abut end to end in the x direction.
Start with the conventional equation for the pressure term, H (X):

VZH:—a(Zt'“)—V-FEf(x) (0.1)
with boundary conditions
JdH
%:bn,m or H=by, ; nec(xyz) mec(l,2) (0.2)
at each of the six boundary faces of the rectangular domain. Now assume that H can be decomposed:
H(x) = H(x) + H'(x) (0.3)
where x is the lengthwise spatial coordinate of the tunnel. Solve the following equation for H:
CLf s Fo=gy [ [ rwa 04
with boundary conditions at the ends of the tunnel:
W b o H=huy : b= J ' /  bom(3.2) dz dy 0.5)
Now solve in each mesh using the 3-D Poisson solver:
V2H' = f(x) - () (0.6)
with boundary conditions at the left and right face of each mesh, including the ends of the tunnel:
aalf =bem(0,2) —bxm of H =byu(,2) —bem (0.7)

The averaging term, H, handles the significant fluctuations in pressure that are caused by the fluctuations
in the fire’s heat release rate. H' is much easier to solve for because it does not include the large pressure
fluctuations.

To implement this in FDS, the terms f and 1_9x7m are gathered to the root MPI process which solves the
tri-diagonal linear system resulting from discretizing Eq. (O.4). The resulting solution is then broadcast to
the other MPI processes and added to the solution of Eq. (O.6) which is computed on each individual mesh
independently. The decomposition and reconstruction of H is all done within the pressure solving step,
reducing the memory requirements to just the 1-D array of H.
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Appendix P

Energy and Mass Conservation for Solid
Phase Reactions

A solid material in FDS can undergo one or more reactions (see Sec. 7.2) that produce new solid materials,
gases, or Lagrangian particles (for example, melting or brand formation). These reactions should conserve
both mass and energy.

P.1 Mass Conservation

Mass conservation for reaction f for solid material ¢ is given by:

Nm

Y Varap=0 (P.1)

o'=1
where Ny, is the number of all types of substances in FDS (solid, gas, or particle) that the reaction produces
and V¢ 4p is the yield of @' in the reaction where o’ could be a new material, a gas, or a type of Lagrangian
particle. In FDS input processing, the yield of the original material, vy o, is taken as -1, and the prior
equation written in terms of the yields as specified in an input file becomes:

Nm
Y veap=1 (P2)

a'=1,a'#a

If the left hand side were to sum to larger than 1, this would mean mass is being created. This is not
permitted and will result in an error message. If the left hand side sums to less than 1, this would mean mass
is being destroyed. This, however, only leads to a warning message. Loosing mass is allowed to represent
phenomena where mass is lost from the solid but the user does not wish to track what happens to that mass
in the domain.

P.2 Energy Conservation

For energy conservation, the enthalpy prior to the reaction must equal the enthalpy after the reaction plus
the heat of reaction, H, 45. This, in fact, defines the heat of reaction at a temperature as the difference in
enthalpy between the products and reactants:

Nm Nl“
_Vtx/,aﬁha’(T) = Z V(x/,oc[j’ha’ (T) +Hr,txl3 (T) (P.3)

'=1,vy q3<0 a'=1,vy q3>0
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Ensuring energy conservation requires that two things be performed as part of handling solid phase
reactions. First, the temperature dependence of the heat of reaction must be determined. Second, in reactions
combining gasses and solids (including particles), enthalpy differences due to temperature differences must
be correctly assessed and apportioned to the gas and solid phase. A challenge for the first item is that
for many real world materials, detailed enthalpy data is not known. Enthalpy is known for many pure solid
substances (such as NaCl or SiO,), but not for other types of solids like wood or many polymers (plastics and
foams). If enthalpies and specific heats are known for all the components of a reaction, then a temperature
dependent heat of reaction can be easily generated as the temperature dependent enthalpy difference between
products and reactants.

It is noted that the temperature dependence of the heat of reaction is generally a minor effect. For many
pyrolysis reactions of interest to fire, the heat of reaction is hundreds of kJ/kg and differences in the specific
heat of products and reactants are generally less than 1 kJ/(kgK). In many cases a specific reaction occurs
over a narrow temperature range of a few tens of K. Splitting that temperature range around the temperature
of the peak reaction rate means that over the temperature range where a reaction takes place that the heat of
reaction is often being adjusted by under 10 %.

P.2.1 Solid Phase Heat of Reaction

For the first step, reference enthalpies for all the components in a reaction must be determined. FDS has
a database for many common gases that includes predefined reference enthalpies. In a typical simulation
any gases not in the database are likely fuels participating in combustion reactions where the reference
enthalpy can be determined from the heat of combustion and the reference enthalpies of the combustion
products. Therefore, gas reference enthalpies are treated as known quantities for the solid phase. A similar
rationale applies to liquid particles produced by a solid phase reaction. Definition of a liquid particle includes
specifying the gas it evaporates to and the heat of vaporization which means a reference enthalpy for the
liquid can be determined. Reference enthalpies for solid materials are generally not known except for some
pure substances. Even if available, the published values when placed in Eq. P.3 may not exactly result
in the specified heat of reaction. Reference enthalpies for any solid material participating as a reactant or
product in a solid phase reaction must be determined. For solid materials not participating in reactions the
assumption that the reference enthalpy is 0 kJ/kg at O K suffices as there is no exchange of mass (and its
associated enthalpy) with the gas phase. Solid phase products for a solid phase reaction include both solid
materials that remain part of the reacting surface and solid materials that leave the surface in the form of
particles (i.e., a firebrand). Finding these enthalpies is done by solving a system of linear equations where
there is one equation for every material reaction and one unknown for the reference enthalpy of every solid
material participating in a material reaction as reactant or product. To build the matrix, Eq. P.3 is applied to
every material reaction. The enthalpy of material «, /4, is given by [26]:

Tr
ha(TR) = hgrer + /T ¢pa(T)dT (P4)
ref

In this equation hq rer is the enthalpy at the temperature Tier. This is the value being solved for. In many
tabulations of solid enthalpies the value of Ti.r is 298.15 K; however, since it can be determined at any
reference temperature, for convenience a temperature of 0 K is picked. The specific heat of a material,
¢p.a(T), is defined in the input file. Evaluating the integral requires picking the upper bound temperature,
Tr. This is taken as the reference temperature for the reaction. This may be user defined as part of the input.
If not, it can be determined from the reaction A,g and Eypg by performing a TGA simulation for material
o, reaction . The value for Ty is set to the temperature of the peak reaction rate. With Tx defined, the
various Ve gphe ref terms can be collected on the left hand side, and the heats of reaction and the various

Vo' ap fT{eRt ¢p,o'(T)dT terms can be collected on the right hand side. The result is a system of linear equations
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Ax = b where the unknowns, %, are the values of ha.ref; however, it is not guaranteed that there are an equal
number of reactions and unknown material reference enthalpies. Solving the system of equations depends
on the relative numbers of equations and unknowns as follows:

Reactions = unknowns Solution can be found by a simple solution of the linear system: ¥ = A~'h

Reactions < unknowns In this case there are an infinite number of solutions; however, any single solution
will suffice. The solution that gives the minimum vector magnitude of ¥ is ¥ = AT (AAT)~h.

Reactions > unknowns In this case the system is overdetermined, and there may not be a solution vector ¥
that will perfectly conserve energy. A least-squares solution is given by ¥ = (ATA)~1ATb.

The first two cases are typically expected. The first case is where all materials decomposes into one or more
gas species and there is no material residue. The second case is where one or more materials produce one or
more residues including the possibility that the residue has a reaction. For example, wood pyrolyzing into a
fuel gas plus char where the char reacts with oxygen to produce and ash remnant and CO;. The third case
would be where multiple solid materials are reactants in the same reaction. This case, while possible, is not
typical for pyrolysis reactions.

If there is a reaction where mass is destroyed (the LHS of Eq. (P.2) is less than 1), this approach must
be modified. An assumption must be made about the destroyed mass so that the reaction v values balance.
In this case, if a reaction looses mass, FDS assumes that the lost mass has the same temperature dependent
specific heat as the original material. FDS then adds a virtual material for that product which is included in
the solution vector. The virtual material is not tracked outside of determining reference enthalpies.

Once the reference enthalpies are known, the heat of reaction at a specific temperature can be determined
by applying Eq. (P.3) at that temperature and solving for the heat of reaction.

P.2.2 Accounting for Solid Cell and Gas Cell Temperature Differences

The second aspect of energy conservation during a solid phase reaction is accounting for the different tem-
peratures at which reactants and products may exist. In FDS the solid phase reaction occurs at the tem-
perature of the solid cell being evaluated. Therefore, if the reaction consumes a gas, that gas must first be
brought to the solid temperature. If the gas is hotter or cooler, an energy source or sink term will exist in
the solid phase. Reaction products are produced at the solid temperature. For products that are other solid
materials, nothing needs to be done as their solid temperature remains the same. For a Lagrangian particle,
particles are produced at the solid temperature as well. Again, no further adjustments are needed. Note,
that since particles may not be created every time step, FDS keeps track of the particle mass and particle
enthalpy created by material reactions. At the next particle injection time, the particle is created at a tem-
perature that conserves the accumulated enthalpy. For a gas product, the reaction produces the gas at the
solid temperature. In FDS, the gas is injected as if it is at the current gas cell temperature. Therefore, the
opposite adjustment must be made for gases that are produced as it made for gases that are consumed. In
the gas phase if the current gas cell temperature is hotter than the solid, an energy sink term must be gener-
ated. In both cases the term is the mass flow rate in kg/s times the difference in enthalpy of the produced or
consumed material between the gas temperature and the solid temperature (klJ/kg).

qgc/’ = erocﬁ Va',af (ha/(Tg) - ha’(Ts)) P.5)
B

o

This term is added to the solid cell enthalpy for gases that are consumed (Vo5 < 0 when o is a gas).
This term is subtracted from the gas cell enthalpy for the gases that are produced (Vg o5 > 0 when o is
a gas). When a lumped species is specified for a material reaction, FDS will attempt to determine what
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primitive sub-species is actually involved in the reaction. For example, consider a solid phase combustion
reaction where the oxygen in the air lumped species plus a material is converted to products. Assuming the
products species is appropriately defined, FDS can examine the difference in the masses of primitive species
to determine that oxygen is consumed from air but the other components (e.g., ambient N,, CO;, and H,0)
are simply passed through to the products side. In this case the enthalpy correction term for the solid would
only include the O, consumption, and the enthalpy correction term for the gas would only include those
products in excess of the original air minus its oxygen.
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Appendix Q

The Scaling Pyrolysis (SPyro) Method

This approach preserves the shape of the heat release rate with time (i.e., burning behavior) measured from
cone calorimeter experiments but scales the magnitude and duration based on incident heat at the surface.
The model is able to scale a single reference curve to different thermal exposures and material thicknesses.
An empirical estimation of the flame heat flux is used to calculate the total incident heat flux in a cone
calorimeter for use in scaling. Improved agreement can be achieved by incorporating data from multiple
cone calorimeter experiments at different thermal exposures and/or material thicknesses. The following
subsections describe the technical basis of each of these modules.

Q.1 Fixed Thickness Scaling Model

The fixed thickness scaling based pyrolysis model is presented in [164]. The net heat flux into the material
is related to the pyrolysis rate through the effective heat of gasification according to the equation

ey = 1if Ahg Q.1)

where ¢/, is the net heat flux into the surface and Ak is the heat of gasification. Similarly, the heat release

rate per unit area of a material, Q”, is related to the pyrolysis rate of the material through the effective heat
of combustion, Ah, as

Q" = miAh (Q.2)
The ratio of Eq. (Q.1) and Eq. (Q.2) relate ¢/, and Q" as
Q'// Ah
T A Q3)
Yrnet g

1

Assuming Ahg and Ah are invariant with g,

Q" due to changes in thermal exposure as

Eq. (Q.3) can be related to predict the change in magnitude of

N QKeL] N/
Or=—7—O Q4)

qnet,Z

where the subscripts 1 and 2 indicate different thermal exposure levels. The acceleration or deceleration of
the burning can be calculated by evaluating the difference in time required to release the same amount of
energy at the two Q over a discrete time interval, A,

_ o A

EIA/t = lnet
ne Ahg

At (Q.5)
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where E)y; is the total energy released over Ar. Relating Eq. (Q.5) at two thermal exposure levels yields

q-//
Any = T2 Q6)

net, 1

Because ¢y, is difficult to measure during burning, an approximate reference heat flux, ¢/_;, is introduced as

q.;gf = qgone (1 - F) + qgame Q.7)

where ¢/, is the set exposure flux to a cold surface in the cone calorimeter testing, I is the fraction of that

flux absorbed by the flame, and 4j,,,. is the heat feedback from the flame to the surface. For the input data
from a cone test, the values of I' and 4/.; are not readily obtained, and the empirical approach discussed in
Section Q.3 is used to estimate them when determining q;’et’z in Eq. Q.4. For q;’em, FDS uses the sum of the

incident radiation and the net convective heat flux in the calculation at each time step.

Q.2 Adaptation to Multiple Thicknesses
Detailed pyrolysis models are typically based on an Arrhenius kinetics formulation [165]:

r :AefE/(RTS)Cl CINAN (Q8)

where r is the reaction rate, A and E are the Arrhenius pre-exponential factor and activation energy, T is the
solid temperature, R is the molar gas constant, and (; is the impact of the j-th reactant species concentration
on the burning. There are two primary impacts of material thickness on the burning behavior of a mate-
rial. The largest impact is to the burning duration due to differences in the combustible mass. The second
impact is the transition between a thermally thin and thermally thick material. The model for scaling to
different material thicknesses takes inspiration from this formulation; however, the model assumes that the
two impacts can be represented by a non-dimensional scaling of a measured burning profile.

The non-dimensional temperature profile within a solid material scales with the Fourier, Fo, and Biot,
Bi, numbers. Fo is the ratio of the heat conduction rate to the rate of thermal energy storage in a solid, and
can be thought of as a dimensionless time [76]. It is defined as

o k

Fo=—t=— ¢
°T A pcyA?

Q.9)
where « is the thermal diffusivity, p is the density, c, is the specific heat capacity, k is the thermal con-
ductivity, A is the thickness, and ¢ is time. Bi is the ratio of the internal thermal resistance of a solid to the
external resistance of the surface boundary layer [76]:

) h

Bi= k/—A (Q.10)
where 4 is the heat transfer coefficient. The traditional formulation of Bi assumes that the external exposure
of the solid is related primarily to surface convection and thus uses the convection heat transfer coefficient,
h¢, for h. However, this assumption is not valid in the case of burning solid fuels where external radiation
(such as the applied surface heat flux in a cone calorimeter experiment) and flame radiation from the com-
bustion of pyrolyzate above the surface drive the heat transfer to the surface. This is accounted for with an
alternative Biot number, Bi*, which combines the effect of surface convection and radiation:

Bi* = he + I
k/A

Q.11)

210



where /4 has been split into two components for convection, /., and radiation, 4. The radiation heat transfer
coefficient is calculated based on the linearized formulation [76]:

he=e0 (T +T,) (T2 +T2) (Q.12)

where € is the surface emissivity, o is the Stefan-Boltzmann constant, 7; is the radiative temperature, and 7;
is the surface temperature. The radiative temperature is an effective temperature representative of the energy
absorbed at the surface assuming a view factor of 1:

T, = [q;/] ! (Q.13)

where ¢!/ is the incident radiation to the surface.

As discussed in Section Q.1, Ahg is assumed to be constant in the prior approach. However, a time-
varying effective Ah, can be calculated based on Eq. (Q.3) using the time-varying measurement of Q" and
estimating the time-varying ¢gg, ... It is assumed in this model that the variability in burning intensity and
duration observed in experiments can be related to the impact of the material thickness and thermal exposure
on these non-dimensional groups, Ah, = f(Bi*,Fo). Ahg was found to collapse at the non-dimensional
time-scale FoBi*. A scaling relationship for FoBi* can be established by equating this non-dimensional
time across two exposure levels,

hty b
Picp1Ar  pacp2in
where the subscripts indicate different exposure levels. Equation (Q.14) reveals that non-dimensional time
scales with p, c¢;, A, and h.

A simplified representation for the scaling of non-dimensional time can be obtained by assuming that
changes in material properties (i.e., k, p, c¢p) are related to non-dimensional time. Under this assumption,
Eq. (Q.14) reduces to:

FoBi* = (Q.14)

Ay hy

= —— 1
) A hztl (Q.15)

In the case of constant thickness (i.e., A; = A), Eq. (Q.15) is consistent with Eq. (Q.6) across a discrete
time interval. Thus, the ratio of 4 scales similarly to the ratio of ¢”, yielding:

A v

.ri,e,fAtref (Q.16)

At =
Aref q

Q.3 Cone Reference Heat Flux

When using Eq. Q.7 to obtain ¢, , in Eq. Q.4, an approach is needed to determine I" and ¢y, ... In an actual

cone test these will depend upon the material being burned as the heat of combustion, burning rate, and soot
yield will all influence the flame heat flux and the absorption of the cone radiation. As there is no simple
analytical model to predict these, an empirical approach was developed using FDS simulations of a cone
calorimeter.

The simulation geometry is shown in Fig. Q.1 and includes the radiant cone, the sample holder, and a
volume above the cone to capture the flame height contribution to the heat feedback. A 5 mm grid size was
used putting 20 cells across the sample. A set of 30 simulations were run where the heat of combustion (10,
20, 30, 40, and 50 MJ /kg), radiative fraction (10, 20, 30, 40, 50, and 60 %) and soot yield (0, 1, 2, 5, 10,
and 20 %) were varied (CO yield was assumed to equal the soot yield). Each simulation consisted of three
phases: the sample burning at a prescribed rate with the cone off, the sample burning at a prescribed rate
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Figure Q.1: FDS geometry used for developing the cone reference flux. Red is the cone heater and green is the sample
surface. The domain is clipped at the plane y=0 m.

with the cone on, and no burning with the cone on (g7, = 50 kW /m?). The prescribed burning was varied

over a range of HRRPUA (100, 200, 400, 800, 1200, 1600, and 2000 kW /m?). The sample was given a
fixed temperature of 300 °C representing a notional ignition temperature. The cone off phase gives ¢f, ..
the delta between burning with the cone on and burning with the cone off and on gives the cone flux reaching
the sample, and the cone with no burning phase gives ¢/ .. The difference between the cone flux reaching
the sample and g . gives I

A notional fuel molecule was created for each heat of combustion and soot yield that provided an oxygen
heat of combustion (EPUMO?2) of 13,100 kJ /kg. For a 0 % soot yield, the following was done to obtain fuel
chemistry. A heat of combustion of 50 MJ/kg implies a fuel like methane and the formula CHj3 333 provides
the desired EPUMO?2 at a soot yield of 0 %. A heat of combustion of 40 MJ /kg implies a hydrocarbon like
fuel, and the resulting formula is CHy gs9. For 10, 20 and 30 MJ /kg oxygen was added while keeping a C:H
ratio of 1:2, resulting in formulas of CH>Og 302, CH>Oyg 58, and CH,Oj 32>. The H or O values were varied
as needed for the different soot yields to keep an EPUMO2 of 13,100 kJ /kg.

The simulation results were processed to determine ¢, .. and I" for all permutations of the heat of
combustion, the radiative fraction, the soot yield, and the HRRPUA. The processed results were interpolated
into two four dimensional arrays with one for ¢j, . and one for I'. The array dimensions are the heat of
combustion in increments of 10 MJ/kg, the soot yield in increments of 1 %, the HRRPUA in increments
of 100 kW /m?, and the radiative fraction in increments of 10 %. During input processing, FDS uses the
gas phase combustion reactions and the surface boundary conditions to determine the mass flux weighted
effective heat of combustion and soot yield for all surfaces using the scaling method. This allows for the
mass flux due to the HRRPUA to be defined as multiple gas species at fixed ratios. Then for each cone curve
provided for a surface, FDS interpolates the ¢j;. . and I" arrays to construct a curve of the reference heat

flame
flux.
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