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DISCLAIMER

The U. S. Department of Commerce makes no warranty, expressed or implied, to users of CFAST
and associated computer programs, and accepts no respongbility for itsuse. Users of CFAST assume
sole respongbility under Federd law for determining the gppropriateness of its use in any particular
gpplication; for any conclusions drawn from the results of its use; and for any actions taken or not taken
asareault of anayzes performed using these toals.

Users are warned that CFAST isintended for use only by those competent in the field of fire safety and
isintended only to supplement the informed judgment of the qudified user. The software packageisa
computer mode which may or may not have predictive value when applied to a specific set of factud
circumgtances. 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.

INTENT AND USE

The agorithms, procedures, and computer programs described in this report congtitute a methodol ogy
for predicting some of the consequences resulting from a specified fire. They have been compiled from
the best knowledge and understanding currently available, but have important limitations that must be
understood and considered by the user. The program isintended for use by persons competent in the
fidd of fire safety and with some familiarity with personad computers. It isintended as an ad in the fire
safety decison-making process.
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burnout front pogition in the opposed flow direction.
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temperature of adjacent gas layer.

temperature at which the surface ignites.

temperature of the surface.

minimum temperature a which laterd flame spread occurs.
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heat Release Rate per unit area

X



o a ,
o © a EH§
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conductivity

density
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Lateral flame spread parameter

duct surface area ()
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wall surface area (nY)

coefficients for adsorption and desorption of HC

flow coefficient for horizonta flow of gasthrough avertica vent

Lower oxygen limit coefficient, the fractiond burning rate constrained by available oxygen,
eq (39)

characteridtic flow coefficient

wind coefficient — dot product of the wind vector and vent direction

COI/CO, ratio of the mass of carbon monoxide to the mass of carbon dioxide in the pyrolysis of the
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CO,/C ratio of the mass of carbon dioxide to the mass of carbon in the pyrolysis of the fue

heat sources for the k'th wall segment (W)

heat capacity of air at constant pressure (Jkg K)

heat capacity of air at congtant volume (Jkg K)

effective diameter of ceiling or floor vent (m)

effective duct diameter (m)

rate of deposition of HCI onto awall surface, eq (150) (kg/s)
internd energy in layeri (W)

friction factor

configuration factor

gravitationa congtant (m?/s)
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convective heat transfer coefficient (In? K)

rate of addition of enthapy into layeri (W)

convective heat transfer coefficient in ceiling boundary layer (In? K)
characterigtic convective heet transfer coefficient

height of the ceiling above afire source (m)

ratio of the mass of hydrogen to the mass of carbon in the pyrolysis of the fuel

H,O/H ratio of the mass of weter to the mass of hydrogen in the pyrolysis of the fuel

HCI/C ratio of the mass of hydrogen chloride to the mass of carbon in the pyrolysis of the fuel
HCI/f
HCN/C

ratio of the mass of hydrogen chloride to the total mass of the fuel

ratio of the mass of hydrogen cyanide to the mass of carbon in the pyrolysis of the fuel

HCN/f ratio of the mass of hydrogen cyanide to the totd mass of the fudl
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mass trandfer coefficients for HCl deposition

characterigtic length for convective heat transfer (m)

totd massinlayeri (kg)

meass flow from node i to node j in amechanica ventilation sysem (kg/s)
burning rate of the fuel (perhaps congtrained by available oxygen) (kg/s)
production rate of carbon during combustion (kg/s)

meass flow induct (kg/s)

rate of entrainment of air into the fire plume (kg/s)

pyrolysis rate of the fuel (before being condrained by available oxygen)  (kg/s)
rate of addition of massinto layeri (kg/s)
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pressure (Pa)
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Reynolds number

vent shape factor for vertica flow
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time (9

ambient temperature (K)

duct temperature (K)
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duct volume (n)
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A Technical Reference for CFAST: An Engineering
Tool for Estimating Fire and Smoke Transport

Walter W. Jones, Glenn P. Forney, Richard. D. Peacock and Paul A. Reneke

Building and Fire Research Laboratory
Nationd Ingtitute of Standards and Technology

1 Overview

Anaytical modes for predicting fire behavior have been evolving snce the 1960's. Over the past
decade, the completeness of the models has grown considerably. In the beginning, the focus of these
efforts was to describe in mathematical language the various phenomena which were observed in fire
growth and spread. These separate representations have typicdly described only asmall part of afire.
When combined though, they can create a complex computationa model intended to give an estimate
of the expected course of afire based upon given input parameters. These andyticd modes have pro-
gressed to the point of providing predictions of fire behavior with an accuracy suitable for most
engineering gpplications. In arecent internationd survey [1], 36 actively supported models were
identified. Of these, 20 predict the fire driven environment (mainly temperature) and 19 predict smoke
movement in someway. Six caculate fire growth rate, nine predict fire endurance, four address
detector or sprinkler response, and two calculate evacuation times. The computer models now
avallable vary consderably in scope, complexity, and purpose. Smple “compartment filling” models
such as the Available Safe Egress Time (ASET) modd [2] run quickly on amost any computer, and
provide good estimates of afew parameters of interest for afirein asingle compartment. A specia
purpose moded can provide asingle function. For example, COMPF2 [3] cd culates post-flashover
compartment temperatures and LAVENT [4] includes the interaction of caling jetswith fusble linksin
a compartment containing ceiling vents and draft curtains.

In addition to the single-compartment models mentioned above, there are a smaler number of muilti-
compartment models which have been developed. Theseinclude the BRI transport modd [5], FAST
[6], CCFM [7] and the CFAST modd discussed below [8].

Although the papers are severd years old, Mitler [9] and Jones [10] reviewed the underlying physicsin
severd of the firemodelsin detall. The modesfdl into two categories those that start with the
principles of conservation of mass, momentum, and energy such as CFA ST; and those thet typically are
curve fits to particular experiments or series of experiments, used in order to discern the underlying
relaionship among some parameters. In both cases, errors arise in those instances where a mathemati-
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cd short cut was taken, a smplifying assumption was made, or something important was not well
enough understood to include.

Once amathematica representation of the underlying science has been devel oped, the conservation
equations can be re-cast into predictive equations for temperature, smoke and gas concentration and
other parameters of interest, and coded into a computer for solution.

The environment in afire is congantly changing. Thus the equations are usudly in the form of
differential equations. A complete set of equations can compute the conditions produced by the fire
a agiventimein aspecified volume of air. Referred to as a control volume, the model assumes that
the predicted conditions within this volume are uniform at any time. Thus, the control volume has one
temperature, smoke densty, gas concentration, etc.

Different modds divide the building into different numbers of control volumes depending on the desired
level of detail. The most common fire mode, known as a zone model, generally uses two control
volumes to describe a compartment — an upper layer and alower layer. In the compartment with the
fire, additiona control volumesfor the fire plume or the celling jet may be included to improve the
accuracy of the prediction (see Figure 1). Additional zones can be added as necessity arises to cover
extensons.

Celng Jet
==3 ﬂ

—ower Lays-

Figure1l. Zone modd terms.

This two-layer gpproach has evolved from observation of such layering in red-scale fire experiments.
Hot gases collect at the ceiling and fill the compartment from the top. While these experiments show
some variation in conditions within the layer, these are small compared to the differences between the
layers. Thus, the zone modd can produce afairly redistic Smulation under most conditions.



Other types of modes include network models and field models. Network models use one control
volume per compartment and are used to predict conditions in spaces far removed from the fire
compartment where temperatures are near ambient and layering does not occur. The fiedld modd goes
to the other extreme, dividing the compartment into thousands or even amillion or more control
volumes. Such modds can predict the variation in conditions within the layers, but typicaly require far
longer run times than zone models. Thus, they are used when highly detailed calculations are essentid.

1.1 Overview of the CFAST fire modd

CFAST isazone modd used to caculate the evolving distribution of smoke, fire gases and temperature
throughout a congtructed facility during afire. In CFAST, each compartment is divided into two layers.

The modeling equations used in CFAST take the mathematica form of an initid vaue problem for a
system of ordinary differentia equations (ODE). These equations are derived using the conservation of
meass, the conservation of energy (equivaently thefirgt law of thermodynamics), the idedl gas law and
relaionsfor dengty and internd energy. These equations predict as functions of time quantities such as
pressure, layer heights and temperatures given the accumulation of mass and enthdpy in the two layers.
The CFAST mode then conssts of a set of ODES to compute the environment in each compartment
and a collection of agorithms to compute the mass and enthalpy source terms required by the ODEs.

1.2 Implementation of the Conceptual Model

This section discusses each of the sub-moddsin CFAST. In generd, the sections are amilar to the way
the modd itsdf is structured. The sub-sections which follow discuss the way the actud phenomena are
implemented numericaly.

1.2.1 Fires

A firein CFAST isimplemented as a source of fuel which isreleased a a specified rate. Thisfud is
converted into enthapy (the conversion factor isthe heat of combustion) and mass (the conversion
factor istheyidd of a particular species) asit burns. A firein CFAST is congrained if the enthadpy
conversion depends on the oxygen concentration otherwiseiit is unconstrained. Burning can take place
in the portion of the plume in the lower layer (if any), in the upper layer, or in adoor jet. For an
uncongrained fire, the burning will al take place within the fire plume. For a condrained fire, burning
will take place where there is sufficient oxygen. When insufficient oxygen is entrained into the fire
plume, unburned fud will successvely moveinto and burn in: the upper layer of the fire compartment,
the plume in the doorway to the next compartment, the upper layer of the next compartment, the plume
in the doorway to the third compartment, and so forth until it is consumed or gets to the outside.



Thisverson of CFAST includes the ahility to track, independently, multiple fires in one or more
compartments of the building. Thesefires are treated astotdly separate entities, i.e., with no interaction
of the plumes or radiative exchange between firesin a compartment. These fires are generdly referred
to as“objects’ and can be ignited at a specified time, temperature or heat flux.

Thisverson of CFAST does not include a pyrolysis modd to predict fire growth. Rather pyrolysis

rates for each fire modeled define the fire history. The smilarity of that input to the red fire problem of
interest will determine the accuracy of the resulting caculation.

1.2.2 Plumesand Layers

A plumeisformed above any burning object. It acts as a pump transferring mass and enthdpy from the
lower layer into the upper layer. A correlation is used to predict the amount of mass and enthapy that
istransferred. A more complete plume modd would predict plume entrainment by creating a separate
zone and solving the gppropriate equations.

Two sources exist for moving enthalpy and mass between the layers within and between compartments.
Within the compartment, the fire plume provides one source. The other source of mixing between the
layers occurs at vents such as doors or windows. Here, there is mixing at the boundary of the opposing
flows moving into and out of the compartment. The degree of mixing is based on an empiricaly-
derived mixing reaion. Both the outflow and inflow entrain air from the surrounding layers. The flow
a ventsis dso modded as a plume (called the door plume or jet), and uses the same equations as the
fire plume, with two differences. Fird, an offsat is cdculated to account for entrainment within the
doorway and second, the equations are modified to account for the rectangular geometry of vents
compared to the round geometry of fire plumes. All plumes within the smulation entrain air from their
surroundings according to an empiricaly-derived entrainment reation. Entranment of relatively cool,
non-smoke laden air adds oxygen to the plume and dlows burning of thefuel. It dso causesit to
expand as the plume moves upward in the shagpe of an inverted cone. The entranment inavent is
caused by bi-directiond flow and results from vortices formed near a shear layer. This phenomenon
cdled the Kevin-Hemholtz ingability. It isnot exactly the same as anorma plume, so some error
arises when this entrainment is gpproximated by anorma plume entrainment agorithm.

While experiments show that there is very little mixing between the layers at their interface, sources of
convection such as radiators or diffusers of heating and air conditioning systems, and the downward
flows of gases caused by cooling a walls, will cause such mixing. These are examples of phenomena
which are not included because the theories are dill under development. Also, the plumes are assumed
not to be affected by other flowswhich may occur. For example, if the burning object is near the door
the strong inflow of air will cause the plume axisto lean away from the door and affect entrainment of
gasssinto the plume. Such effects are not included in the model.



As discussed above, each compartment is divided into an upper and lower layer. At the start of the
amulation, the layersin each compartment areinitidized a ambient conditions and by default, the upper
layer volume set to 0.001 of the compartment volume (an arbitrary, smal vaue sat to avoid the

potentia mathematical problems associated with dividing by zero). Other values can be set. As
enthapy and mass are pumped into the upper layer by the fire plume, the upper layer expandsin
volume causing the lower layer to decrease in volume and the interface to move downward. |f the door
to the next compartment has a soffit, there can be no flow through the vent from the upper layer until the
interface reaches the bottom of that soffit. Thusin the early stages the expanding upper layer will push
down on the lower layer ar and forceit into the next compartment through the vent by expansion.

Once the interface reaches the soffit level, adoor plume forms and flow from the fire compartment to
the next compartment isinitiated. As smoke flow from the fire compartment fills the second
compartment, the lower layer of ar in the second compartment is pushed down. As aresult, some of
thisair flowsinto the fire compartment through the lower part of the connecting doorway (or vent).
Thus, avent between the fire compartment and connecting compartments can have smultaneous,
opposing flows of ar. All flows are driven by pressure and dengity differences that result from
temperature differences and layer depths. Thus the key to getting the right flows is to correctly
digtribute the fire and plume’ s mass and enthapy between the layers.

1.2.3 Vent Flow

How through vents is a dominant component of any fire model because it is sengtive to smdl changesin
pressure and transfers the greatest amount of enthapy on an instantaneous basis of dl the source terms
(except of coursefor the fire and plume). Its sengtivity to environmenta changes arises through its
dependence on the pressure difference between compartments which can change rapidly.

CFAST modds two types of vent flow, horizonta flow through vertica vents (ceiling holes, hatches
etc.) and verticd flow through horizontal vents (doors, windows etc.). Horizonta flow isthe flow
which is normaly thought of when discussing fires. Vertica flow is particularly important in two
disparate Stuations. a ship, and the role of fire fighters doing roof venting.

Horizonta vent flow is determined using the pressure difference acrossavent. Flow a agiven
elevation may be computed using Bernoulli’ s law by first computing the pressure difference at thet
elevation. The pressure on each Sde of the vent is computed using the pressure at the floor, the height
of the floor and the dengty.

Atmospheric pressure is about 100 000 Pa, fires produce pressure changes from 1 Pato 1000 Paand
mechanica ventilation sysemstypicaly involve pressure differentias of about 1 Pato 100 Pa The
pressure variables are solved to a higher accuracy than other solution variables because of the
subtraction (with resulting loss of precison) needed to calculate vent flows from pressure differences.



1.2.4 Heat Transfer

Gas layers exchange energy with thelr surroundings via convective and radiative heat transfer. Different
materid properties can be used for the ceiling, floor, and walls of each compartment (athough al the
walls of a compartment must be the same). Additiondly, CFAST dlows each surface to be composed
of up to three distinct materids. This alows the user to ded naturdly with the actua building congtruc-
tion. Materid thermophysica properties are assumed to be constant, athough we know that they
actudly vary with temperature. This assumption is made because data over the required temperature
range is scarce even for common materials. However the user should recognize that the mechanica
properties of some materias may change with temperature. These effects are not modeled.

Radiative transfer occurs among the firg(s), gas layers and compartment surfaces (celling, walls and
floor). Thistransfer isafunction of the temperature differences and the emissvity of the gaslayersas
well as the compartment surfaces. For the fire and typica surfaces, emissvity vaues only vary over a
amall range. For the gaslayers, however, the emissvity isafunction of the concentration of species
which are strong radiators. predominately smoke particulates, carbon dioxide, and water. Thus errors
in the species concentrations can give rise to errors in the digtribution of enthalpy among the layers,
which results in errors in temperatures, resulting in errorsin theflows. Thisilludrates just how tightly
coupled the predictions made by CFAST can be.

1.2.5 Species Concentration and Deposition

When the layers are initidized at the sart of the amulation, they are set to ambient conditions. These
aretheinitid temperatures specified by the user, and 23 % by mass (20.8 % by volume) oxygen, 77 %
by mass (79 % by volume) nitrogen, a mass concentration of water specified by the user as ardative
humidity, and a zero concentration of dl other species. Asfud is pyrolyzed, the various species are
produced in direct relation to the mass of fud burned (thisrelation is the species yied specified by the
user for the fud burning). Since oxygen is consumed rather than produced by the burning, the “yied” of
oxygen is negative, and is set interndly to correspond to the amount of oxygen needed to burn the fudl.
Also, hydrogen cyanide and hydrogen chloride are assumed to be products of pyrolysis whereas
carbon dioxide, carbon monoxide, water, and soot are products of combustion.

Each unit mass of a gpecies produced is carried in the flow to the various compartments and
accumulatesin the layers. The modd keeps track of the mass of each speciesin each layer, and knows
the volume of each layer as afunction of time. The mass divided by the volume is the mass
concentration, which dong with the molecular weight gives the concentration in volume % or parts per
million as gppropriate.

CFAST uses a combustion chemistry scheme based on a carbon-hydrogen-oxygen baance. The
schemeis gpplied in three places. Thefird is burning in the portion of the plume whichisin the lower



layer of the compartment of fire origin. The second is the portion in the upper layer, dso in the
compartment of origin. Thethird isin the vent flow which entrains air from alower layer into an upper
layer in an adjacent compartment. Thisis equivaent to solving the conservation equations for each

species independently.






2 Predictive Equations Used by the CFAST Model

This section presents a derivation of the predictive equations for zone fire models and explains in detall
the onesused in CFAST [6], [8]. The zone fire model used in CFAST takes the form of an initid vaue
problem for amixed system of differentid and algebraic equations. These equations are derived from
the conservation of mass and energy. Subsidiary equations are the ided gas law and definitions of
dengty and internd energy (for example, see[11]). These conservation laws are invoked for each zone
or control volume. For further information on the numerica implications of these choices please see
reference [12].

The basic dement of the model isazone. The basic assumption of azone modd is that properties such
as temperature can be gpproximated throughout the zone by some uniform function. The usua
goproximation is that temperature, dengity and so on are uniform within azone. The assumption of
uniform propertiesis reasonable and yields good agreement with experiment. In generd, these zones
are grouped within compartments.

There are two reasonable conjectures which dramaticaly improve the ease of solving these equations.
Momentum isignored within a compartment. The momentum of the interface has no sgnificancein the
present context. However, at boundaries such as windows, doors and so on, the Euler equation is
integrated explicitly to yield the Bernoulli equation. Thisis solved implicitly in the equations which are
discussed below. The other gpproximation is that the pressure is gpproximatdy uniform within a
compartment. The argument is that a change in pressure of afew tens of Pascds over the height of the
compartment is negligible in comparison with atmospheric pressure. Once again, thisis goplied to the
basic conservation equations. Thisis congstent with the point source view of finite eement models.
Volume is merely one of the dependent variables. However, the hydrogtatic variation in pressureis
taken into account in caculating pressure differences between compartments.

Many formulations based upon these assumptions can be derived. Severd of these are discussed later.
One formulation can be converted into another using the definitions of dengty, internd energy and the
ided gaslaw. Though equivdent andyticdly, these formulations differ in their numerical properties.
Also, until the development of FAST [6], al modds of this type assumed that the pressure equilibrated
ingantaneoudy, and thus the dP/dt term could be set to zero. However, as has been shown [13], itis
better to solve these equations in the differentid rather than the dgebraic form if the proper solver is
used.

Asdiscussed in references [12] and [14], the zone fire modeling differentid equations (ODE'S) are Hliff.
The term <tiff means that multiple time scdes are present in the ODE solution. In our problem, pres-
sures adjust to changing conditions much quicker than other quantities such as layer temperatures or
interface heights. Specid solvers are required in generd to solve zone fire modding ODE's because of
this stiffness. Runge-Kutta methods or predictor-corrector methods such as Adams-Bashforth require
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prohibitively smal time stepsin order to track the short-time scale phenomena (pressure in our case).
Methods that calculate the Jacobian (or at least gpproximate it) have a much larger stability region for
diff problems and are thus more successful at their solution.

Each formulation can be expressed in terms of mass and enthapy flow. These rates represent the
exchange of mass and enthal py between zones due to physica phenomena such as plumes, naturd and
forced ventilation, convective and radiative heat transfer, and so on. For example, avent exchanges
mass and enthal py between zones in connected rooms, afire plume typically adds hest to the upper
layer and transfers entrained mass and enthapy from the lower to the upper layer, and convection
trandfers enthapy from the gas layers to the surrounding walls.

We use the formalism that the mass flow to the upper and lower layersis denoted m; and m and the
entha py flow to the upper and lower layersisdenoted §, and § . It istacitly assumed that these rates
may be computed in terms of zone properties such as temperature and dengity. These rates represent
the net sum of al possible sources of mass and enthapy due to phenomena such as those listed above.
The numericd characteridtics of the various formulations are easier to identify if the underlying physica
phenomena are decoupled in this way.

Many agpproximations are necessary when developing physical sub-modes for the mass and enthadpy
terms. For example, most fire models assume that 1) the specific heet terms ¢, and ¢, are constant
even though they depend upon temperature, 2) hydrostatic terms can be ignored in the equation of state
(the ided gas law) relating dendty of alayer with its temperature. However, the derivations which
follow are dl based on the basic conservation laws.

2.1 Derivation of Equationsfor a Two-Layer Model

A compartment is divided into two control volumes, ardatively hot upper layer and ardatively cooler
lower layer, asillugtrated in Figure 2. The gasin each layer has dtributes of mass, internd energy,
density, temperature, and volume denoted respectively by my, E;, p;, T;, and V; wherei=L for the
lower layer and i=U for the upper layer. The compartment as awhole has the attribute of pressure P.
These 11 variables are related by means of the following seven condraints

i’

V.

i

p; = (densty) (1)
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= gnthalpy entering or leaving
a zone

Figure 2. Schematic of control volumes in atwo-layer zone modd.

E =cmT, (nternal energy) 2)
P=RoT, (deal gas law) @)
V=V, +V; (otal volume) (4

We get seven by counting dengity, internd energy and the ideal gas law twice (once for each layer).
The spexific heat at constant volume and at constant pressure ¢, and ¢, the universal gas congtant, R,
and the ratio of specific heats, v, arerelated by y = ¢,/ ¢, and R= ¢;- ¢,. For air, ¢, ~ 1000 kJkg K
and y = 1.4. Four additional equations obtained from conservation of mass and energy for each layer
are required to complete the equation set. The differentia equations for mass in each layer are

dm’l
dt
iy 5)

dt
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Thefirg law of thermodynamics sates that the rate of increase of interna energy plustherate a which
the layer does work by expansion is equd to the rate at which enthalpy is added to thegas. In
differentid form thisis

intemal energy + work = enthalpy
et Pt e e, 6
4z, a7, (6)
— + P— = 8,
dt

where ¢, is taken as constant, ¢,/c,=gand ¢,-c=R A differential equation for pressure can be derived
by adding the upper and lower layer versions of eq (6), noting that dV,/dt = -dV, /dt, and subgtituting
the differentid form of eq (2) to yidd

dP -1
E=YV & 4y (7)

Differentid equations for the layer volumes can be obtained by subgtituting the differentia form of eq (2)

into eq (6) to obtain
av 1 dP
—L={-9a-7=| ®
dt Py dt
Equation (6) can be rewritten using eq (8) to diminate dV/dt to obtain
dE; 1 daP
1t + 72| 9
) ¢
A differential equation for density can be derived by applying the quatient rule to % - ; %] and using
]

€q (8) to diminate dV,/dt to obtain

do, 1 { _ _
z " orp\ b

|24
i dP] (10)

y - ldt
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Temperature differentid equations can be obtained from the equation of state by applying the quotient
ruleto % - %{%] and using eg (10) to diminate dp/dt to obtain

4T, 1

((s', - enT,) + Vi% - (11)

dt cpini

These equations for each of the eleven variables are summarized in table 1. Thetime evolution of these
solution variables can be computed by solving the corresponding differentid equations together with
appropriate initid conditions. The remaining saven variables can be determined from the four solution
variablesusing egs (1) to (4).

There are, however, many possible differentid equation formulations. Indeed, there are 330 different
ways to sdect four variables from eeven. Many of these systems are incomplete due to the relation-
shipsthat exist between the variables given in egs (1) to (4). For example the variables, py, Vy, My,
and P form a dependent set since py, = my / V. Table 2 shows the solution variable selection made by
severd zone fire modds.

The number of differentid equation formulations can be consderably reduced by not mixing variable
types between layers, that is, if upper layer massis chosen as a solution variable, then lower layer mass
must aso be chosen. For example, for two of the solution variables choose m; and my, or p, and py,
or T, and T,. For the other two solution variables pick E, and E;, or P and V, or P and V. This
reduces the number of distinct formulationsto nine. Since the numerica properties of the upper layer
volume equation are the same as alower layer one, the number of distinct formulations can be reduced
to Six.
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Table 1. Conservative zone mode equations

Differentid Equation

Equation Type
I'th layer mass ﬂ =m
ay! i i
dP _ y-1
pressure a ?(‘I T tU)
dE, 1 P
ithl —t = 2| &+ Vv
iI'th layer energy % Y[ti idt]
v, _ 1 4P
i —_ -1 -y =
i'th layer volume % [(Y o -7 dt]
) . dp, __ 1 V: dp
i'th Iayer de'lsty 7 = - cpylyi[ ('ti Cp i) Iﬁ?
drT; 1 dP
i = & - +V,—
i'th layer temperature I op :V:[(i Cp :) t dt)
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Table 2. Consarvative zone model equation selections

Zone Fire Modd Equations Subdtitutions
dV, dT, dT
FAST AP T fu 2 AP=P-Py
& & &
dp,, d b
CCFM.HOLE dAP &y Py B AP=P- Py
& A d & Y= Vi Acom
IAP dm b
CCEM .VENTS AP & dry , —= AP =P - Py
& dt S & & Y= Vi Acom
dB, dm, dm
FIRST HARVARD 4By ,— 2 I
& & & &

2.2 Equation Set Used in CFAST

The current version of CFAST is sat up to use the equation set for layer temperature, layer volume, and
pressure as shown below. However, the interna structure of the modd is such that it will dlow any of

the formulations above to be subgtituted with relative ease.

P =P, +AP
% = L;(gz + :U)
djt'u - cpp:,Vu( (ér.r - G,’huTU)"'VU%)
d;t'z, = applez((tz - apszl)'l-V,,%)

15
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(13)

(14)

(15)

(16)
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3 Source Terms for the CFAST Model

The conserved quantities in each compartment are described by the set of predictive equations above.
The form of the equations is such that the physical phenomena are source terms” on the right-hand-side
of these equations. Such aformulation makes the addition and deletion of physicd phenomena and
changing the form of dgorithmsarelatively smple matter. For each of the phenomena discussed
below, the physical basis for the modd is discussed firg, followed by abrief presentation of the
implementation within CFAST. For dl of the phenomena, there are basically two partsto the
implementation: the physcd interface routine (which is the interface between the CFAST modd and
the agorithm) and the actud physica routing(s) which implement the physics. Thisimplementation
alowsthe physics to remain independent of the structure of CFAST and dlows easer insertion of new
phenomena.

3.1 TheFire

3.1.1 Specified Fire (Fire Types 1 and 2)

A specified fire is one for which the time dependent characteristics are specified as afunction of time.
The specified fire can be unconstrained (type 1) or constrained (type 2). The hest release rate for a
congrained fire may be reduced below its specified va ue based upon the concentration of fud or
oxygen available for combustion. Combustion chemigtry is not caculated for type 1 fires. The
pyrolysis rate for both fire types is specified asry, the burning rate asm, and the heat of combustion as
H. so that the heat release rate, Q, is

0, = H,m,,—a,(Tu— :r;)m,,- (17)

For the uncongtrained fire, m, = i, whereas for the constrained fire, i, < rhy, or equivaently the
burning rate may be less than the pyrolysisrate. Modes of specified fires generdly use an effective
heat of combustion which is obtained from an experimenta apparatus such as the cone caorimeter

[15]. A shortcoming of this approach isthat it does not account for increased pyrolysis due to rediative
feedback from the flame or compartment. In an actud fire, thisis an important consderation, and the
specification used should match the experimenta conditions as closely as possible.

The enthalpy which is reased goes into radiation and convection

"Themand sin egs (13) to (16)
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Q,(ﬁm) = Xr Qf
(18)
. (fre) = (1-xg) G
where, Cg , isthefraction of the fire s heat release rate given off asradiation. The convective heat
releaserate, QWe) then becomes the driving term in the plume flow. For a specified fire thereis

radiation to both the upper and lower layers, whereas the convective part contributes only to the upper
layer.

3.1.2 Combustion Chemistry (Fire Type 2)

Two types of fires can be sdlected. Thefirst generates heat as described above. The second type of
fireis congrained by the amount of avallable oxygen. The later schemeis goplied inthree places. The
fird is burning in the portion of the plume which isin the lower layer of the room of fire origin (region
#1). The second is the portion of the plume in the upper layer, dso in the room of origin (region #2).
Thethird isin the vent flow which entrains air from alower layer into an upper layer in an adjacent
compartment (region #3).These are shown schematicdly in Figure 3.

The species which are affected by this scheme are O,, CO,, CO, H,0, unburned hydrocarbons
(TUHC), and soot (OD). Nitrogen is carried asagas, but only acts asadiluent. There are a present
no nitrogen reactions. In achemicd equation, the individud atoms on the left and right hand sides must
balance. Thisistrue regardiess of whether the reaction is considered to be stoichiometric (complete).
We apply thisideato the combination of fud and oxygen to yield a badance of number density
(#volume). Intermsof the "regions” (Figure 3), we have

Room of Adjacent
fire origin compartment
T Region #3
Vent tlow
P2

Regicn #2
Uppgr-:r layer 5_3// T
__________________________________________________________ L

LRegim #1 Equivalent
ower fayer virtual plume

Figure 3. Schematic of entrainment and burning regions.
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M = pyrolysis rate of the source (kg/sec) (region #1)
or
M = m . from a previous region (kg/sec) (region #2 and #3).
and

I’h[uhc = rhf - mb
where tuhc stands for total un-burned hydrocarbons.

The smplest form of energy release is made by specifying a heet release rate, together with a consstent
mass release rate. Thiswould smulate the fire that occurs in an unconfined space. Assoon asoneis
congrained by the confines of a compartment, then the nature of the fire changes. In particular the
available oxygen may not be sufficient to dlow complete combustion. However, it is not consstent to
try to account for the oxygen done. All pertinent species must be followed.

The essence of the species production scheme which we now utilize isto dlow asredidtic fuel
composition as possible, i.e, include oxygen, carbon, hydrogen and chlorine as part of the fud.

Carbon monoxide, carbon dioxide, soot, water, hydrogen cyanide and hydrogen chloride are the
products of combustion. The fuel properties are specified as H/C, HCI/C, HCN/C and O/C which are
mass ratios of hydrogen, hydrochloric acid, hydrogen cyanide and oxygen to carbon respectively. The
production properties are HCI/f, HCN/f, CO/CO,, and S/CO, which again ae massratios. The
chemica symbols used here have their usud meaning, except for soot. The subscript S’ isused to
designate soot, and we assume it congists primarily of carbon, at least by mass.

The fuel burning rate in terms of the carbon production is
me= {-} xm, (19)

where {—} isthe multiplier in the fud production defined as

0) .
t E) = fIC. (20)

In order to avoid detailed chemical kinetics, we use the oxygen consumption concept [16], [17] to
relate the mass loss to the hest release rate. The following derivation isfor the heat rlease rate asa
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function of the fud burning rate, and the hesat release rate based on oxygen consumption. H/C, HCI/C,
HCN/C and O/C are the ratio of mass of that species to carbon in thefuel. Thus H/C isfor the mass of
hydrogen to the mass of carbon produced in pyrolyss. Thisisavery useful way to characterize the
fud. Thisisintermsof the dementa compostion of the fuel, and not dementa molecules, such asH,.
These are the ratios for the fuel, and the material which comesfrom it. For the products of the
combustion process, we have CO,/C, CO/C, H,O/C and SIC. Theseratios arein terms of free
molecules, generdly gaseous.

Thefirgt gep isto limit the actua burning which takes place in the combustion zone. In each
combustion zone, there is a quantity of fuel available. At the source this results from the pyrolysis of the
materid, my,. In other Stuations such as aplume or door j€, it is the net unburned fud available,
Mrune- 1N each case, the fuel which isavailable but not burned is then deposited into the “ myyc”
category. This provides a congstent notation. In the discusson below;, my is the amount of fud burned.
Thisvdueisinitidized to the available fud, and then reduced if there isinsufficient oxygen to support
complete combustion.  Subsequently, the avallable fuel, myyc, isreduced by the find vaue of m.
Thus we have a congstent description in each burning region, with an adgorithm that can be invoked
independent of the region being anayzed.

Q =m.x H,, (21)

with the mass of oxygen required to achieve this energy release rate (based on the oxygen consumption
principle[18]) of

m, = # = mfx # (22)
© " 132x107 1.32x107

If the fud contains oxygen (available for combustion), the oxygen needed to achieve full combustion is
less than thisvaue

"o (oeeded) = m, = m,(n the fiel) (23)

If sufficient oxygen isavallable, thenitisfully burned. However, if the oxygen concentretion is low
enough, it will congrain the burning and impaose a limit on the amount of fud actudly burned, as
opposed to the amount pyrolyzed. The actud limitation is discussed below and is presented as eq (38).

pastual) = siniesam of { it (available), e (ueeded) |, (24)
_ 132210
i (oot = g Catualy x +52X10 25)
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Essentidly, we limit the amount of fuel that is burned, as opposed to the amount that is pyrolyzed, to the
lesser of the amount pyrolyzed and that required to consume the available oxygen. The my(actud)
and my(actud) are the quantities used below. By way of explanation, eq (21) tells us how much energy
would be released by the available fud if there were no condraint (free burn). Equation (22) then tells
us the mass of oxygen required to achieve this energy releaserate. The relaionship is based on the
work in reference[19]. Equation (23) yields the amount needed based on the required amount less the
oxygen avalablein the fud. Solid propdlant would yidd avaue of zero a this point. Equation (24)
limits the amount used and eq (25) then yidds the amount of fuel actudly burned, as opposed to the
amount pyrolyzed.

We begin with the mass ba ance equation. The mass consumed as pyrolyzate plus oxygen must
reappear as product.

e =t H _m (0
e T e e () X(E)

(26)
=mm’ +mw+m,+m,)o+mm -I-mm_w

We then subgtitute the following definitions of mass produced of each species based on the amount of
carbon (ala fudl) consumed as

Wy = (%) x My = (”_’f_m) x m, @7

gy = (@] X Ty (HJC:N) <y (28)

o {5 (e (e (95
o, = ( "3’] X e (30)
(el el
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- co X - % X ﬂ X - co X
meo = (2] < e [c] [002] e [002] Mo, (@

Substituting the above definitions into the mass balance equation yields:

-} x |1+ e . 0OC —(@-r@-rQE]
(C‘O:] _ 132x107 (-} ¢ c c

c ()

(33)

With these definitions, we can substitute back into the equation for carbon dioxide production, which
yidds

HCl HCN _  H

.+ + 66—

[1 o 0/0] \c c c

1.32x107  {-) (-} (34)
Wiy = Wip :

I 5 . CO
1+ — + —
co, Co,

and the remainder follow explicitly.

The form in which we cast these equations evolves naturdly from the properties of combustion.
Hydrogen, carbon and bound oxygen are properties of the fue. They can be measured experimentally
independent of the combustion process. Thus we use these ratios as the basis of the scheme. Ina
smilar sense, hydrogen chloride and hydrogen cyanide are properties of the pyrolysis process. So
hydrogen chloride and hydrogen cyanide production are specified with respect to the fud pyrolysis.
Normdly thisis how they are measured, for example with the cone caorimeter, so we can use the
measured quantities directly. Other than the cyanide, chloride and water production, hydrogen does
not play arole. In genera, hydrogen has a much greeter affinity for oxygen than carbon, so dmost dl
of the hydrogen will be utilized. Thisdictates our next choice, which is that soot is essentidly dl carbon.
On amass bagis, thisis certainly true. On amolecular basis, however, it may not be so smple.

Carbon dioxide is adirect product of combustion, and the assumption is that most carbon will end up
here. Carbon monoxide and soot are functions of incomplete combustion. Thus they depend on the
environment in which the burning takes place. They are in no case afunction of the pyrolyss process
itsedf. Thus the production of these products is specified with respect to the carbon dioxide. At
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present, we must rely on measured ratios, but thisis beginning to change as we gain a better
understanding of the combustion process. So, in the present model, carbon goes to one of three fina
gpecies, carbon dioxide, carbon monoxide or soot, with the particular branching ratio depending on the
chemidry active a thetime,

Egs (29) through (34) are used in terms of the carbon production. We now need to recast HCI and
HCN interms of fud production rather than carbon production, since that is how they are measured.
Since HCl and HCN are aimilar, we will just make the argument for one, and then assume that the
derivation isthe same for the other. One smplification will be possible for the HCN though, and that is
that its production rate is always much less than the pyrolysis rate.

Since{—} isjust f/C,

Hen _(Hew  (y, B, HCL HCN | 0) @
c J c c c c
Therefore
1+ a7 + 9
(2] - () | e g .
S
and for hydrogen cyanide we have
HCN=HCNXI+£+£+Q_ 37)
c S c c c

In this latter case, we assume that the cyanide ratio (HCN/C) is smdl compared to unity. Itisthe
HCI/C and HCN/C ratios which are used by the modd!.

The relationship between oxygen and fuel concentration defines arange where burning will take place.
Therich limit iswhere, for agiven ratio of O, to N, (generdly theratio in air), there istoo much fud for
combugtion. At the other end, there is the lean flammakility limit, where thereistoo little fud for
combustion. In the CFAST modd, the rich limit isincorporated by limiting the burning rate as the
oxygen leve decreases until a“lower oxygen limit” (LOL) isreached. Thelower oxygen limit is
incorporated through a smooth decrease in the burning rate near the limit:

m (available) = rh'Yo’C'IOI (38)
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where m, is the mass entrainment flow rate and the lower oxygen limit coefficient, C, o, , isthe fraction
of the available fud which can be burned with the available oxygen and variesfrom O at the limit to 1
above thelimit. The functiona form provides a smooth cutoff of the burning over a narrow range above
the limit.

_ tanh(BO0(F, ~Frey)-4) + 1
2

For the lean flammability limit, an ignition temperature criterion isincduded, below which no burning
takes place.

Cia (39)

As gtated, the burning rate Smply decreases as the oxygen level decreases. We know that thereis an
oxygen concentration below which fud will not oxidize. Thisisreferred to asthe "rich flammability”
limit. In the present context we refer to this point as the lower oxygen limit (LOL). At the other end,
thereisa"lean flammakility” limit. The fue oxidation rateislimited at both ends. At present, we have
incorporated only the rich flammability limit. We do not have sufficient theoretical underpinnings, nor
aufficient experimentd deta, to include temperature dependence or the lean flammability limit. Inthe
lean flammahbility limit, we use only atemperature criterion below which we assume no burning takes
place.

In summary, we can predict the formation of some of the products of combustion, carbon dioxide,
carbon monoxide, soot, water, hydrogen cyanide, and hydrogen chloride given the branching ratios
CO/CO,, S(so0t)/CO,, the composition of the fud, H/C, O/C, HCI/f and HCN/f and the flammability
limit. At present, in practice we use experimental values, such as those from Morehart et al.[20]. The
compostion of the fud is ameasurable quantity, athough it is complicated somewhat by physica
effects. The complication arisesin that materials such as wood will yield methane in the early stages of
burning, and carbon rich products &t later times. Thus the H/C and O/C ratios are functions of time,
Findly, the production ratios of CO/CO,, §(soot)/CO, are based on the kingticswhichinturnisa
function of the ambient environment.

In earlier versons of CFA ST, the chemigtry routine was called once. However, arecent test case
pointed out along standing problem in the way CFAST coordinates plume entrainment with fire Size.
Before the fix outlined here, CFAST cd culated plume entrainment via a two step process.

1) Determine the plume entrainment in FIRPLM via McCaffrey's method using the fire sze
uncongrained by the available oxygen.

2) Oncetheactud fire szeis caculated from the available oxygen in CHEMIE, anew estimate for
the plume entrainment is determined by asmple linear correction of
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’ﬁ"#ﬂ.ﬂl = ”a‘!ﬂllﬂll"”“'z— (40)

Since the plume entrainment is not a linear function of the fire Sze and the fire Sze depends on the
oxygen entrained, this smple process can lead to an incongstency between the fire sze (caculated from
the uncongtrained plume entrainment) and the new estimate of the plume entrainment. For very large
fireswhere the fire Sze islimited by the amount of oxygen entrained, this can leed to sgnificant
differences between the calculated fire 9ze and the amount of oxygen actudly available for the
combustion.

Thefix isagmpleone when thefireislimited by the available oxygen entrained into the plume, the
plume entrainment and fire Sze are both re-calculated by calling FIRPLM and CHEMIE a second time
to get a better estimate of the actual oxygen available (and thus the actud fire Sze).

3.2 Plumes

Buoyancy generated by the combustion processesin afire causes the formation of aplume. Such a
plume can trangport mass and enthalpy from the fire into the lower or upper layer of a compartment. In
the present implementation, we assume that both mass and entha py from the fire are deposited only
into the upper layer. In addition the plume entrains mass from the lower layer and transports it into the
upper layer. Thisyields anet enthapy transfer between the two layers.

A fire generates energy at arate Q. Some fraction, g, will exit thefire asradiation. The remainder,

Y, Will then be deposited in the layers as convective energy or heat additiond fud so that it pyrolyzes.
We can use the work of McCaffrey [21] to estimate the mass entrained by the fire/plume from the
lower into the upper layer. This corrdation divides the flame/plume into three regions as given in eq(41).
This prescription agrees with the work of Cetegen et al. [22] in the intermittent regions but yields
gregter entranment in the other two regions. This difference is particularly important for the initid fire
since the upper layer isfar removed from thefire.

. 3 Z \0.568 4

Raming: 2 = oo11(Z 0.00< —Z| <0.08
2 (&) (&

intermitent: £ = 0,026 (i)”'” o.oss(i <0.20 (41)
2 % 0%
L3 Z \ 1895 z
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McCaffrey's corrdation is an extension of the common point source plume modd, with a different set of
coefficients for each region. These coefficients are experimenta correlations, and are not based on
theory.

Within CFAST, the radiative fraction defaults to 0.30 [23]; i.e., 30 % of the firesenergy isreleased via
radiation. For other fuels, the work or Tewarson [24], McCaffrey [25], or Koseki [26] is available for
reference. These place the typical range for the radiative fraction from about 0.15 to 0.5.

In CFAST, there isacongrant on the quantity of gas which can be entrained by a plume arisng from a
fire. The condraint arises from the physicd fact that a plume can rise only so high for agiven szeof a
heat source. Inthe earlier versons of thismodel (FAST verson 17 and earlier), the plume was not
treated as a separate zone. Rather we assumed that the upper layer was connected immediately to the
fire by the plume. The implication is that the plume is formed ingtantaneoudly and stretches from the fire
to the upper layer or celling. Consequently, early in afire, when the energy flux was very smdl and the
plume length very long, the entrainment was over predicted. Thisresulted in the interface faling more
rapidly than was seen in experiments. Also the initid temperature was too low and the rate of rise too
fast, whereas the asymptotic temperature was correct. The latter occurred when these early effects
were no longer important.

The correct sequence of eventsis for asmdl fire to generate a plume which does not reach the ceiling
or upper layer initidly. The plume entrains enough cool gas to decrease the buoyancy to the point
where it no longer rises. When thereis sufficient energy present in the plume, it will penetrate the upper
layer. The effect istwo-fold: firgt, the interface will take longer to fal and second, the rate of rise of the
upper layer temperature will not be as great. To this end the following prescription has been
incorporated: for agiven szefire alimit is placed on the amount of mass which can be entrained, such
that no more is entrained than would alow the plume to reach the layer interface. Theresult isthat the
interface fals at about the correct rate, athough it sarts alittle too soon, and the upper layer
temperature is over predicted, but follows experimenta data after the initia phase (see sec. 5).

For the plume to be able to penetrate the inversion formed by a hot gas layer over a cooler gas layer,
the dengdity of the gasin the plume a the point of intersection must be less than the dengty of the gasin
the upper layer. In practice, this places amaximum on the air entrained into the plume. From
conservation of mass and entha py, we have

i, = e+, “2)

MpCplp = METe + Ty 43
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where the subscripts p, f, e, and | refer to the plume, fire, entrained air, and lower layer, respectively.

The criterion that the dengty in the plume region be lower than the upper layer impliesthat T, < 7;.
Solving eq (43) for T, ad eliminatingrhp using ] (42) yidds

Tm,+ Ton
T =M>T

» m+ m, u (44)
or
Subdtituting the convective energy released by thefire,
Q,(ﬁre)=m.,cp?} . (46)

Subdtituting eq (46) into eq (45) yidds the fina form of the entrainment limit used in the CFAST modd:

. Qo (47)

ST

which isincorporated into the modd. It should be noted that both the plume and layers are assumed to
be well mixed with negligible mixing and transport time for the plume and layers.

3.3 Vent Flow

Mass flow (in the remainder of this section, the term “flow” will be used to mean massflow) isthe
dominant source term for the predictive equations because it fluctuates most rapidly and transfers the
greatest amount of enthalpy on an ingtantaneous basis of al the source terms (except of course thefire).
Also, it ismost sendtive to changes in the environment. CFAST modd s horizonta flow through vertica
vents and vertica flow through horizontal vents. Horizonta flow encompasses flow through doors,
windows and so on. Horizonta flow is discussed in section 3.3.1. Verticd flow occursin ceiling vents.
It isimportant in two separate Situations: on a ship with open hatches and in house fires with roof
venting. Verticd flow isdiscussed in section 3.3.2.
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3.3.1 Horizontal Flow Through Vertical Vents

Flow through norma vents such as windows and doors is governed by the pressure difference across a
vent. A momentum equation for the zone boundaries is not solved directly. Instead momentum transfer
a the zone boundaries is included by using an integrated form of Euler's equation, namely Bernoulli's
solution for the velocity equation. This solution is augmented for restricted openings by using flow
coefficients [27] to dlow for condriction from finite Sze doors. The flow (or orifice) coefficient isan
empirica term which addresses the problem of congtriction of velocity streamlines a an orifice.

Bernoulli's equation istheintegrd of the Euler equation and gppliesto generd initid and find veocities
and pressures. The implication of using this equation for azone modd isthat the initid velocity in the
doorway is the quantity sought, and the find veocity in the target compartment vanishes. That is, the
flow velocity vanishes where the find pressure is measured. Thus, the pressure a a stagnation point is
used. Thisisconggtent with the concept of uniform zones which are completely mixed and have no
internd flow. The generd form for the velocity of the mass flow is given by
12
=

v=C_C [
where C isthe congriction (or flow) coefficient (=0.7), p isthe gas density on the source side, and DP
isthe pressure across the interface. (Note: at present we use a constant C for al gas temperatures)

The smplest means to define the limits of integration is with neutrd planes, that is the height a which
flow reversal occurs, and physica boundaries such as sills and soffits. By bresking the integra into
intervals defined by flow reversal, a soffit, asil, or azoneinterface, the flow equation can be integrated
piecewise andyticdly and then summed.

The gpproach to calculating the flow field is of some interest. The flow caculations are performed as
follows. The vent opening is partitioned into at most sSix dabs where each dab is bounded by alayer
height, neutral plane, or vent boundary such as asoffit or sll. The most generd caseisillugtrated in
Figure 4.

The mass flow for each dab can be determined from

, 1 x? + xy +y2
= —C(8p)A 49
mi-a 3 ( p} 4 x-l-y ( )

where x = |P¢ | 12 andy = |Pb |1’2. P, and P, are the cross-vent pressure differential at the top

and bottom of the dab respectively and Ay, iSthe cross-sectiond area of the dab. The value of the
dengity, p, is taken from the source compartment.
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A mixing phenomenon occurs a vents which is Smilar to entrainment in plumes. As hot gases from one
compartment leave that compartment and flow into an adjacent compartment a door jet can exist which
isandogousto anormd plume. Mixing of thistype occursfor rm,; > 0 asshown in Figure 5. To
cdculate the entrainment (1,5 in this example), once again we use a plume description, but with an
extended point source. The estimate for the point source extenson is given by Cetegen et al. [22].
Thisvirtua point source is chosen so that the flow at the door opening would correspond to a plume
with the heating (with respect to the lower layer) given by

F =1 oo noan

Saco 1d com =1t
vl § = ¢ (= Ty)mng (50)
Upper Laver //1 I //////// Uppzr Layz-
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Iy = -cioghl ¢ s5eil

By - heght of 31l

Layzs noroers rezs ta amenzhue: used inooxt

Figure 4. Notation conventions for two-layer model in two compartments
with a connecting vernt.

The concept of the virtua source isthat the enthapy flux from the virtua point source should equd the
actud enthdpy flux in the door jet a the point of exit from the vent using the same prescription. Thus
the entrainment is calculated the same way as was done for anorma plume. The height, z,, of the
plumeis

Z.P =S —_—+ V_p (51)

where v, the virtua point source, is defined by inverting the entrainment processto yield
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The units of this height, z, and of v,,, are not length, but rather the reduced notation of McCaffrey [21].
That is, the z, defined hereisthe term z/Q?* used earlier. Although outside of the normal range of
vdidity of the plume model, alevel of agreement with experiment is gpparent (see section 5). Sincea
door jet forms aflat plume whereas anormd fire plume will be approximately circular, strong agree-

ment is not expected.
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The other type of mixing is much like an inverse plume and causes contamination of the lower layer. It
occurs when there is flow of the typer,, > 0. The shear flow causes vortex shedding into the lower
layer and thus some of the particulates end up in the lower layer. The actud amount of mass or energy
transferred is usudly not large, but its effect can belarge. For example, even minute amounts of carbon
can change the radiative properties of the gas layer, from negligible to something finite. 1t changesthe
rate of radiation absorption by orders of magnitude and invaidates the smplification of an ambient
temperature lower layer. Thisterm is predicated on the Kelvin-Hemholz flow ingtability and requires
shear flow between two separate fluids. The mixing is enhanced for greater density differences be-
tween the two layers. However, the amount of mixing has never been well characterized. Quintiere et
al. discuss this phenomenafor the case of crib firesin asingle room, but their correlation does not yield
good agreement with experimenta datain the generd case [28]. In the CFAST modd, it is assumed
that the incoming cold plume behaves like the inverse of the usua door jet between adjacent hot layers;
thus we have a descending plume. It is possible that the entrainment is overestimated in this case, Since
buoyancy, which isthe driving force, is not nearly as strong as for the usudly upright plume.

3.3.2 Vertical Flow Through Horizontal Vents

Fow through a celling or floor vent can be somewhat more complicated than through door or window
vents. The amplest form is uni-directiond flow, driven solely by a pressure difference. Thisisanao-
gousto flow in the horizontal direction driven by a piston effect of expanding gases. Once again, it can
be cdculated based on the Bernoulli equation, and presents little difficulty. However, in generd we
must ded with more complex Stuations that must be modeled in order to have a proper understanding
of smoke movement. Thefirg isan occurrence of puffing. When afire existsin a compartment in
which there is only one hole in the ceiling, the fire will burn until the oxygen has been depleted, pushing
gasout the hole. Eventualy the fire will die down. At this point ambient air will rush back in, endble
combustion to increase, and the process will be repeated. Combustion isthus tightly coupled to the
flow. The other caseis exchange flow which occurs when the fluid configuration across the vent is
unstable (such as a hotter gas layer underneath a cooler gas layer). Both of these pressure regimes
require acaculaion of the onset of the flow reversd mechanism.

Normaly a non-zero cross vent pressure difference tends to drive unidirectiona flow from the higher to
the lower pressure Sde. An unsgtable fluid dengity configuration occurs when the pressure done would
dictate stable dratification, but the fluid densties are reversed. That is, the hotter gas is underneath the
cooler gas. How induced by such an ungtable fluid density configuration tends to lead to bi-directiond
flow, with the fluid in the lower compartment rising into the upper compartment. This Stuation might
aiseinared fireif the room of origin suddenly had a hole punched in the calling. We make no
pretense of being able to do thisingability caculaion andyticaly. We use Cooper's algorithm [29] for
computing mass flow through celling and floor vents. It isbased on correlaions to modd the unsteedy
component of the flow. What is surprising is that we can find a correlation at dl for such a complex
phenomenon. There are two componentsto the flow. Thefirst isanet flow dictated by a pressure
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difference. The second is an exchange flow based on the relative dengties of the gases. The overdl
flow is given by [29]

1/
= CRye) [ %] 4, (53
where g = ¢,/c, istheratio of specific heats and
C = 0.68 + 0.17¢, (54)
e = %P- (55)

and f isawesk function of both y and €. In the Situation where we have an ingability, we use Cooper's
corrdaions. The agorithm for this exchange flow is given by

ngAvsD] [10_ 2.‘1‘,2 8p

(56)
Pay §? g 3 D°

m,, = 0.1

where

x

and Sis0.754 or 0.942 for round or square openings, respectively.
3.3.3 Forced Flow

Fan-duct systems are commonly used in buildings for heating, ventilation, air conditioning, pressuriza:
tion, and exhaugt. Figure 6(a) shows smoke management by an exhaudt fan at the top of an atrium, and
Figure 6(b) illustrates a kitchen exhaust. Cross ventilation, shown in Figure 6(c), is occasiondly used
without heating or cooling. Generdly systems that maintain comfort conditions have ether one or two
fans. Residences often have a sysems with asingle fan as shown in Figure 6 and 7(a). In this system
return ar from the living quartersis drawn in a one location, flows through filter, fan and coils, and is
digtributed back to the resdence. This system does not have the capability of providing fresh outsde
ar. These sysems are intended for gpplications where there is sufficient naturd air leakage through
cracks in walls and around windows and doors for odor control. Further information about these
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gysemsis presented in Klote and Milke [30] and the American Society of Heeting, Refrigerating and
Air Conditioning Engineers[31].

The modd for mechanical ventilation used in CFAST is based on the theory of networks and is based
on the model developed by Klote[32]. Thisisasmplified form of Kirchoff'slaw which saysthat flow
into a node must be baanced by flow out of the node. Adapting Ohm's law,

voltage = current x resistance,

to HVAC flow, we have

pressure change = mass flow x resistance
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Figure 6. Some simple fan-duct systems.
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which can then be written equivaently

mass flow = conductance x (pressure drop across a resistance)” .
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Figure 7. Network representation of aresdentia system

For each node, this flow must sum to zero. There are severd assumptions which are made in computing
thisflow in ducts, fans, ebow, etc. First, we assume unidirectiond flon. Given the usud sze of ducts,
and the nomind presence of fans, thisis quite reasonable. Also, the particular implementation used here
[32] does not dlow for reverse flow in the fans. The difficulty liesin describing how afan behavesin
such acase.

Each fan-duct system is represented as a network of nodes, each at a specific temperature and
pressure. The nodes may be connected by fans, ducts, fittings and other components. Except for fans,
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arr flows through these components from nodes of higher pressure to nodes of lower pressure. For
example, theresdentiad system illustrated in 7(a) is represented in 7(b) as a network of afan, eight
resstances and ten nodes. These resstances incorporate al the resstance to flow between nodes. For
ingtance, the equivaent resstance, R;, between nodes 1 and 2 accounts for resistances of the inlet,
duct, filter and connection to the fan.

Given that we can describe mass flow in terms of pressure differences and conductance, the conserva
tion equation for each nodeis

S P -">’¥ Py = 0. (58)

Theindex “j” isasummation over connections to a node, and thereis an equation “i” for each node.
The remaining problem is to specify the boundary conditions. At each connection to a compartment,
the pressure is specified. Then, given that flow at each connection is unidirectiond (at a given ingtant of
time, theflow isether dl into or al out of agiven connection), the mass and enthdpy flow into or out of
aroom can be caculated explicitly. Thuswe end up with a set of equations of the form

SHPy P, ) =0
S PPy ) = 0 (59)
FuP Py ) = 0

Thisisan dgebraic set of equations that is solved smultaneoudy with the equations for flow in the
compartments.

The equations describe the rel ationship between the pressure drop across a duct, the resistance of a
duct, and the mass flow. The pressure can be changed by conditionsin a compartment, or afanin line
in the duct system. Resistance arises from the finite Size of ducts, roughness on surfaces, bends and
joints. To carry the dectrical andog alittle further, fans act like constant voltage sources. The andogy
breaks down in this case because the pressure (voltage) is proportiond to the square of the velocity
(current) rather than linearly related asin the dectrical case. Since we are using the current form of the
conservation eguation to balance the system, the flow can be recast in terms of a conductance

» = GyaP. (60)
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The conductance can be expressed generdly as

2p
= |2P 4
A 0 (61)

where C, isthe flow coefficient, and A, isthe area of the inlet, outlet, duct, contraction or expansion
joint, coil, damper, bend, filter, and so on. Their vaues for the most common of these items are tabu-
lated in the ASHRAE Handbook [33].

The mechanicd ventilation system is partitioned into one or more independent systems. Differentiad
equations for species for each of these systems are derived by lumping dl ductsin asystem into one
pseudo tank. This set of equationsis then solved at each time step. Previoudy the mechanica
ventilation computations in CFAST were performed as a Sde caculation using time splitting. This could
cause problems since time-splitting methods require that the split phenomenon (the pressures and
temperaturesin this case) change dowly compared to other phenomenon such as room pressures, layer
heightsetc. The pressures at each internal node and the temperatures in each branch (duct, fan) are
now determined explicitly by the solver, once again usng conservation of mass and energy discussed in
this section.

3.3.3.1 Ducts

Ducts are long pipes through which gases can flow. They have been studied much more extensively
than other types of connections. For this reason, eq (61) can be put into aform which alows one to
characterize the conductance in more detail, depending on the type of duct (e.g., oval, round, or
square) and isgiven by

FL
G = :
Y (62)

where F isthe friction factor, L and D, are the length and effective diameter of the duct respectively.
The temperature for each duct d is determined using the following differentid equation:

accumulated heat = (heet in - heat out) - convective |osses through duct walls

dT,
cuprif = M AT Tous) = MaAs(Ts Toua) (63)
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where c,, ¢, are the constant volume/pressure specific heats; V, isthe duct volume, py is the duct gas
dengity, dT,/dt isthe time rate of change of the duct gas temperature, my is the mass flow rate, T,,, and
T, &€ the gas temperatures going into and out of the duct, ¢y, Ay are the convective heset transfer
coefficient and surface areafor duct d and T, isthe ambient temperature. Thefirs term on the right
hand side of eq (63) represents the net gain of energy due to gas trangported into or out of the duct.
The second term represents heat transferred to the duct walls due to convection. In version 1.6, the
loss coefficient is set to zero. We retain the form for future work. The differentid and dgebraic (DAE)
solver used by CFAST solves e (63) exactly aswritten. A normd ordinary differentia equation solver
would require that this equation be solved for dT/dt. By writing it this way, the duct volumes can be
zero which is the case for fans.

3.3.3.2Fans

This section provides background information about fan performance. For more information about
fans, readers are referred to Jorgensen (1983) and ASHRAE (1992). Norma fan operating range is
represented by the line segment AB in Figure 8. Inthisfigure, Ap is the static pressure of the fan, and
15} isthe volumetric flow of thefan. The point B represents amargin of safety sdected by the fan

manufacturer in order to avoid unstable flow.

QI 3 Ql

A

‘.‘.: V-f
§E

Q Il IV

Figure 8. Typica fan performance at constant speed.
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Fans operating in the positively doping portion (CD of Figure 8) of the fan curve exhibit ungable
behavior called surging or pulsing. Ungtable flow conssts of violent flow reversals accompanied by
ggnificant changesin pressure, power and noise. Thereislittle information about how long afan can
operate in the unstable region beforeit is destroyed.

Backward flow through a fan occurs when the static pressure is greater than thet a point D. Thisis
aso caled second quadrant flow. Quadrant terminology is customarily used in description of fan
performance. The horizontal axis and the verticd axis divide a plane into four quadrants which for
convenience arelabded Q 1, Q 11, Q 11l and Q IV on Figure 8. Backward flow can be exhibited by al
types of fans. The wind blowing into the outlet of a propeller fan can result in backflow, and pressures
produced by fires could aso produce backflow. Fourth quadrant flow is probably representative of al
fans. As Ap; becomes negative, the flow increases with decreasing Ap; until a choking condition
develops at point E.

It is common practice in the engineering community and fan industry to represent fan performance with
Ap; onthe vertica axisand 151'. on the horizontd axis. Probably the reason is that 15} can be thought of

asasgngle vadued function of Ap; for flow in the first and second quadrants. Fan manufacturers
generdly supply flow-pressure data for the norma operating range, and they often supply data for the
rest of the fan curve in the first quadrant. Specific datais not available for either second or fourth
quadrant flow. No approach has been developed for smulation of unstable fan operation, and
numerica modeling of unstable flow would be a complicated effort requiring research.
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Numerical Approximation of Fan Performance: Figure 9 illustrates four approaches that can be
used to gpproximate fan performance without smulation of unstable flow. For al of these approaches,
the fan curveis used for the norma operating range of AB. Also for dl of the approaches, flows above
the norma operating range are approximated by a Sraight line tangent to the fan curve a point A. This
results in fourth quadrant flow that is smilar to the expected flow provided that Ap; is not overly far
below the horizontal axis. In Figure 9(a), flows below the norma range are gpproximated by alinear
curve tangent to the fan curve at point B. This avoids smulation of ungtable flows, but the
goproximated flow is higher than expected in the first quadrant and lower than expected for much of the
fourth quadrant.

The approach of Figure 9(b) reduces the gpproximated flow in the first quadrant. In this approach, the
fan curveis dso used for the range BF, and flows above the normal operating range are gpproximated
by adtraight line tangent to the fan curve a point F. To increase the flow in the second quadrant,

Qo <
e g <
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™
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Figure 9. Some approaches to approximation of fan performance
for computer smulation

Figure 9(c) uses aline passing through point D with the dope of the fan curve a point A. Both of the
modification of Figure 9(b) and Figure 9(c) are combined in the gpproach of Figure 9(d).
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Fan manufacturer datais routingly either in tabular or graphical form. Asindicated by Jorgensen [34],
the use of apolynomia form of fan curve is common within the indutry.

V; = By + BAp, + By(Apy® + - + B,(Apy*” ! (64)

The unitsfor 15} and ap; in CFAST are /s and Parespectively. Therefor the units for the
coefficients B, (i=1, ..., 5) are m*/(s Pa). The coefficients can be entered as data or calculated by
least squares regression from flow and pressure data. For constant volumetric flow applications, the
only non-zero coefficient in eq (64) isB, (n = 1). For incompressible fluids, eq (64) isindependent of
temperature and pressure. For fan data at 20 °C, compressibility effects amount to an error of about 6
% at atemperature of 200 °C.

3.3.3.3 Effective Resistance

Theresstance, R, of aflow dement can be defined as

m

where Ap isthe pressure loss through the dement corresponding to amass flow rate, m. The effective
resi stance between two nodes is dways positive, however, sometimes one of the resistances between
nodes can be negative as will be explained later. To account for this, R = K* can be substituted into eq
(65) to give

Ap = Em? (66)

Thetotal pressure loss, Ap,, from one node to the next is the sum of the losses, Ap;, through each flow
element, i, between the nodes.

AP, = Ei AP; (67)

The effective value, K., relates the total pressure lossto the massflow rate as Ap, = K, m?, and K;
rel ates the pressure loss through lement i as Api =K im’. These pressure losses can be substituted
into eq (67), and canceling like termsyields

X=Xk (68)

z

40



Vaues of K; can be cadculated for each element using equations developed later, and K, can be
caculated by eq (68).

Resistance of Ducts For astraight section of duct with constant cross sectional area, the Bernoulli
equation incorporating pressure loss, Ap;,, due to friction is commonly written

Py Py = APJ;- + pgZ, - Z,) (69)

where the subscripts 1 and 2 refer to the duct inlet and outlet respectively, p is pressure, Z iseevation,
g isthe acceleration due to gravity, and p isthe dengty of the gas. The pressure loss dueto friction is
expressed by the Darcy equation in most eementary trestments of flow in pipes and ducts [35], [36],
[37].

L p?
R (70)

wheref isthefriction factor, L isthe duct length, D, isthe effective diameter of the duct and U isthe
average velocity intheduct (. = p UA where A isthe cross-sectiond area of the duct). For a
circular duct, the effective diameter isthe duct diameter. For rectangular duct, Huebscher [38]
developed the relationship

NCL i

D, =13
@ + by

(71)

where a isthe length of one sde of the duct, and b is the length of the adjacent sde. For flat ova duct,
Heyt and Diaz [39] developed the rdationship

1.55406%%
i 72

where A and P are the cross-sectiond area and the perimeter of the flat ova duct. The areaof aflat
ovd ductis

A = (xb2/4) + bz - b) (73)

and the perimeter of aflat ova duct is
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P=1xb+20a - b)

(74)
where a isthe mgor dimension of theflat ova duct, and b isthe minor dimension of the duct.
Combining egs 65 and 69 resultsin

iy = =py = P 7 PR, - B) ©
Combining egs 66 and 70 resultsin
K= ﬁ (76)

where A isthe cross sectional area of the duct. Colebrook devel oped the following equation for the
friction factor [40].

A opog 5 4 28
JF 31D,  RF

(77)

where R, isthe Reynolds number (UDJv where v is the kinematic viscosity) and e is the roughness of
the ingde surface of the duct. Data on roughness of duct materids arelisted in Table 3. A graphica

presentation of the Colebrook equation devel oped by Moody [41] was used for decadesto calculate
friction factors. However, today it is practicd to solve the Colebrook equation with computers.
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Table 3. Absolute roughness vaues for common duct materias

Duct Materia Roughness | Absolute Roughness, €
Category mm ft
Uncqated Carbon Sted, Clean. PVC Plastic Pipe. Smooth 0.03 0.0001
Aluminum.
Gdvanized Sted, Longitudina Seams, 1200 mm
Joints.
Gavanized Stedl, Continuoudy Roalled, Spird Seams, Medium
3000 mm Joints. Smooth 0.09 0.0003
Gavanized Sted, Spird Seam with 1, 2 and 3 Ribs,
3600 mm Joints.
Galvanized Sted, Longitudind Seams, 760 mm Joints. Average 0.15 0.0005
Fibrous Glass Duct, Rigid. ,
: . - : Medium

Fibrous Glass Duct Liner, Air Side With Facing

: Rough 0.9 0.003
Materid.
Fibrous Glass Duct Liner, Air Side Spray Coated.
Hexible Duct, Metdlic.
Flexible Duct, All Types of Fabric and Wire. Rough 30 0.01
Concrete.

L ocal L oss Resistances. The pressure loss, Ap, through many other eements can be expressed as

ol
2

Ap = C, (78)

where U, isthe average velocity at cross section o within the dement, and C, isaloca loss coefficient.
This equation is commonly used for inlets, outlets, duct contractions and expansions, heating and
cooling cails, dampers, bends and many filters. For alarge number of these elements, values of C,
have been empiricdly determined and are tabulated frequently as functions of geometry in handbooks
[10- 12]. Manufacturers literature also contains some vaues of C,. Thevdueof K for these
resstancesis
K = G
2
2pA,

where A, isthe area at cross section o.
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34 Corridor Flow

A standard assumption in zone fire modeling is that once hot smoke enters a compartment, awell
defined upper layer forms instantly throughout the compartment. This assumption bresks down in large
compartments and long corridors due to the time required to fill these spaces. A smple procedureis
described for accounting for the formation delay of an upper layer in along corridor by using
correlaions developed from numerical experiments generated with the NIST fire modd FDS (Fire
Dynamics Smulator) [42]. FDSisacomputationd fluid dynamics modd capable of amulating fire flow
velocities and temperatures with high resolution. Two parameters related to corridor flow are then
estimated, the time required for a ceiling jet to trave in acorridor and the temperature distribution down
the corridor. These estimates are then used in CFAST by ddlaying flow into compartments connected
to corridors until the ceiling jet has passed these compartments.

IFSisused to estimate celling jet characteristics by running a number of casesfor variousinlet layer
depths and temperatures. The vent flow agorithm in CFAST then uses thisinformation to compute
mass and enthapy flow between the corridor and adjacent compartments. This is accomplished by
presenting the vent agorithm with a one layer environment (the lower layer) before the celling jet
reaches the vent and a two layer environment afterwards. Estimated celling jet temperatures and depths
are used to define upper layer properties.

The problem isto estimate the celling jet temperature and depth as a function of time until it reachesthe
end of the corridor. The gpproach used hereisto run afield mode as a pre-processing step and to
summaxrize the results as corrdations describing the celling jet's temperatures and velocities. An outline
of this processis given by

1. Modd corridor flow for arange of inlet calling jet temperatures and depths. Inlet velocities are
derived from the inlet temperatures and depths.

2. For each mode run cdculate average ceiling jet temperature and vel ocity as a function of
distance down the corridor.

3.  Correlate the temperature and velocity distribution down the hall.

The zone fire mode then uses these corrdations to estimate conditions in the corridor.
An outline of the epsinvolved is given by

1. Edimatetheinlet temperature, depth and velocity of the calling jet. If the corridor is the fire
room then use astandard correlaion. If the source of the celling jet is another room then
cdculaetheinlet caling jet flow usng Bernoulli's law for the vent connecting the source room
and the corridor.



2. Usecorrddionsin 3. above to estimate the calling jet arrivd time at each vent.

3. For each vent in the corridor use lower layer properties to compute vent flow before the celling
jet arrives at the vent and lower/upper layer properties afterwards.

3.4.1 Assumptions

The assumptions made in order to develop the corrdations are:

. Thetime scae of interest is the time required for a celling jet to traverse the length of the
corridor. For example, for a 100 m corridor with 1 m/s flow, the characteristic time period
would be 100 s.

. Cooling of the celling jet due to mixing with adjacent coal air is large compared to cooling due
to heat lossto wdls. Equivaently, we assume that walls are adigbatic. Thisassumption is
conservative. An adiabatic corridor mode predicts more severe conditions downstream in a
corridor than amodel that accounts for heat transfer to walls, since cooler ceiling jets travel
dower and not asfar.

. We do not account for the fact that calling jets that are sufficiently cooled will stagnate. Similar
to the previous assumption, this assumption is conservative and results in over predictions of
conditions in compartments connected to corridors (since the modd predicts that a celling jet
may arrive at a compartment when in fact it may have stagnated before reaching it).

. Caling jet flow is buoyancy driven and behaveslike a gravity current. Theinlet velocity of the
cealling jet isrelaed to its temperature and depth.

. Calling jet flow lost to compartments adjacent to the corridor is not considered when estimating
caling jet temperatures and depths. Smilarly, a celling jet in a corridor is assumed to have only
one source.

. The temperature and velocity at the corridor inlet is congtant in time.

. The corridor height and width do not effect a ceiling jet's characterigtics. Two celling jets with

the same inlet temperature, depth and velocity behave the same when flowing in corridors with
different widths or heights aslong astheratio of inlet widths to corridor width are equd.
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. Flow entering the corridor enters at or near the celling. The inlet celling jet velocity is reduced
from the vent inlet velocity by afactor of Wy e /W, oom Where Wy, and w,., are the width of the
vent and room, respectively.

3.4.2 Corridor Jet Flow Characteristics

Caelling jet flow in acorridor can be characterized as aone dimensiond gravity current. To afirg
approximation, the velocity of the current depends on the difference between the density of the gas
located at the leading edge of the current and the gas in the adjacent ambient air. The velocity dso
depends on the depth of the current below the celling. A ample formulafor the gravity current velocity
may be derived by equating the potentid energy of the current, mgd,/2, measured at the haf-height d/2
with its kinetic energy, mU?%2 to obtain

“eh

where mismass, g is the accderaion of gravity, d, isthe height of the gravity current and U isthe
veocity. When the density difference, between the current and the ambient fluid is small, the velocity U
is proportiondl to ‘/ngAp/pf‘/ngAm where pa, Tam @ the ambient density and
temperature and pg, T, are the density and temperature of the ceiling jet and AT = Ty- T,y iSthe
temperature difference. Here use has been made of the ided gaslaw, pamy Tamn = pgTg Thiscan be
shown using terms defined in Figure 10 by using an integrated form of Bernoulli's law noting thet the
pressure drop at the bottom of the celling jet is P, = O, the pressure drop a thetop is

P,=gd0(pq—p ) N USNG @ vent coefficient ¢, Of 0.74, to obtain
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Figure 10 Schematic of agravity current defining terms used to estimateitsinlet velocity

Formulas of the form of the above equation lead one to conclude that a celling jet's characterigticsin a
corridor depend on its depth, d,, and relative temperature difference, ATIT,,,,, . Therefore, asthe jet
cools, it dows down. If no heat transfer occurs between the ceiling jet and the surrounding walls, then
the only mechanism for coaling is mixing with surrounding cool air.

Twenty numerica experiments were performed using the field model 1FS[42] in order to better
understand the effects of the inlet ceiling jet temperature and depth on celling jet characteridtics
downstream in acorridor. These cases were run with five different inlet depths and four different inlet
temperatures. Theinlet ceiling jet temperaturerise, AT, and depth, d,, were used to define an inlet
veocity, U, using eq(81). Theinlet ceiling jet depths, d,, used in the parameter sudy are 0.15 m, 0.30
m, 0.45m, 0.60 m and 0.75 m. Theinlet caling jet temperature rises, T, used in the parameter sudy
are 100 °C, 200 °C, 300 °C and 400 °C.

3.4.3 Corréations
Calling jet functions were plotted as a function of distance down a corridor for each of the twenty test
cases. Theseresultsare shown in Figure 11. Note that dl but the 0.15 m ceiling jet datalies on

essentidly the sameline,

The best fit line is given in the form of

AT
lo, =g + bx.
g=A7B a X
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Figure 11 Common log of relative temperature excess downsreamin a
corridor using an adiabatic temperature boundary condition for severd inlet
depths and inlet temperature rises.

Thisisequivdent to

AT | C,10™ = cl(l]mm
AT, 2

where C; = 10? and h,,,= - log(2)/b. The parameter h,,, hasaphysica interpretation. It is the distance
down the corridor where the temperaturerise T, fals off to 50 per cent of its origind vaue or
equivdently, T (X + hy,) = T (X)/2.

The hdf-distance, hy,, can be gpproximated by h,, =10g(2)/0.018 = 16.7 m whereb =-0.018 is

givenin Figure 11. Smilarly, the coefficients C, is approximated by C; = 10*= 10°%3 =~ 1 whereais
dso giveninFigure 11. Therefore the temperaturerise, AT , may be approximated by
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AT = A:q,( %) 167

The numerica experiments with IFS demongtrated that for the cases smulated, celling jet characteristics
depend on the rdlative inlet temperature rise and not the inlet depth. Flow in long corridors ( greater
than 10 m) need to be better characterized due to the flow stagnation which may occur because of the
ceiling jet's temperature decay.

3.5 Heat Transfer

This section discusses radiation, convection and conduction, the three mechanisms by which hegt is
transferred between the gas layers and the enclosing compartment walls. This section aso discusses
heet trandfer dgorithms for ca culating target temperatures.

3.5.1 Radiation

Objects such aswalls, gases and fires radiate as well as absorb radiation. Each object has its own
properties, such as temperature and emissvity. Aswe are solving the enthapy equation for the gas
temperature, the primary focusisin finding out how much enthapy is gained or lost by the gas layers
dueto radiation. To calculate the radiation absorbed in azone, a heat balance must be done which
includes al surfaces which radiate to and aosorb radiation from azone. The form of the termswhich
contribute heet to an absorbing layer are the samefor dl layers. Essentidly we assumethat dl zonesin
these models are smilar so we can discuss them in terms of a generd layer contribution.  For this
cdculation to be done in atime commensurate with the other sources, some gpproximations are neces-
sary.

Radiation can leave alayer by going to another layer, by going to the wals, by exiting through a vent,
by heeting an object, or by changing the pyrolysisrate of the fuel source. Similarly, alayer can be
heated by absorption of radiation from these surfaces and objects as well asfrom the fireitsdf. The
formaism which we employ for the geometry and view factor caculation isthat of Sege and Howel
[44]. Although the radiation could be done with a greet dea of generdity, we have assumed that the
zones and surfaces radiate and absorb like a grey body.

Radiation is an important mechanism for heat exchange in compartments subject to fires. It isimportant

in the present application because it can affect the temperature distribution within a compartment, and
thus the buoyancy forces. In the present implementation the fire is assumed to be a point source; it is
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assumed that plumes do not radiate. We use asmplified geometrical equivadent of the compartment in
order to caculate the radiative transfer between the celling, floor and layer(s). The origind paper which
described FAST pointed out that there was an inconsgistency in the interaction between the two wall
radiation and the four wall conduction agorithms used to transfer heat between the gas layers and the
walls A four wall radiation heat transfer dgorithm fixes this problem. A radiative hest transfer
cdculation could easlly dominate the computation in any fire mode. Thisis because radiation exchange
isagloba phenomena Each portion of an enclosure interacts raditively with every other portion thet it
“sees” Therefore, it isimportant to construct dgorithms for radiative heet transfer that are both
accurate and efficient [43].

Thisisa“next sep” dgorithm for computing radiative heet transfer between the bounding surfaces of a
compartment containing upper and lower layer gases and point source fires. The two-wal radiation
model used has been enhanced to treat lower layer heating and to treat radiative heat exchange with the
upper and lower walls independently of the floor and ceiling. We refer to this as the four wal modd.

The origind radiation agorithm used the extended floor and celling concept for computing radiative heat
exchange. For the purposes of this caculation, the room is assumed to consst of two wall segments. an
extended ceiling and an extended floor. The extended ceiling consisted of the celling plus the upper

wadl ssgments. Smilarly, the extended floor consisted of the floor plus the lower wall segments. The
upper layer was modeled as a sphere equa in volume to the volume of the upper layer. Radiative heat
trandfer to and from the lower layer wasignored. This dgorithm isinconsistent with the way heet
conduction is handled, since we solve up to four heat conduction problems for each room: the ceiling,
the upper wall, the lower wall and the floor. The purpose of the new radiation agorithm then isto
enhance the radiative module to dlow the ceiling, the upper wall segments, the lower wall segments and
the floor to transfer radiant heat independently and consistently.

The four wal agorithm for computing radiative heat exchange is based upon the equations developed in
Siegel and Howdl [44] which in turnis based on the work of Hottdl [45]. Siegel and Howell modd an
enclosure with N wall segments and an interior gas. A radiation agorithm for atwo layer zonefire
mode requires treatment of an enclosure with two uniform gases. Hottel and Cohen [46] developed a
method where the enclosure is divided into a number of wal and gas volume ements. An energy
baanceiswritten for each eement. Each balance includes interactions with al other dements.
Treatment of the fire and the interaction of the fire and gas layers with the wallsis based upon the work
of Yamada and Cooper [47]. They mode fires as point heat sources radiating uniformly in al
directions and use the Lambert-Beer law to modd the interaction between heat emitting eements (fires,
wadlls, gaslayers) and the gas layers. The origind formulation isfor an N-wall configuration. Although
this gpproach would alow arbitrary specification of compartment surfaces (glass window walls, for
example), the computationd requirements are significant.

Even the more modest gpproach of afour wall configuration for computing radietive hest transfer is
more sophigticated than was used previoudy. By implementing afour wall rather than an N wal modd,
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ggnificant agorithmic speed increases were achieved. Thiswas done by exploiting the smpler sructure
and symmetry of the four wal problem.

The radiation exchange at the k'th surface is shown schematically in Figure 12. For eech wall seg-
ment k from 1 to N, we must find a net heat flux, Aq,", such that

Qutgolng Radlatlon Incoming Radlatlon

Incoing radiallon from

Grey body olhar surlaces, lres, ard
sJrzce Reflected cm kting. ahsarbihg gas
adilion radlant energy layers

Agc,l, (1= q* qc

Enlalpy adead 1 the K h
surface .o maltaln &
conslant larmparalure

AAqg,

~

Figure 12. Radiation exchange in atwo-zone fire model.

Ae ot + (1-e)ap = g + AAg) (k=1 17). (85)

Radiation exchange a each wall segment has emitted, reflected, incoming and net radiation terms.
Equation (85) then represents a system of linear equations that must be solved for Aq'" to determine the
net fluxes given off by each surface. The setup and solution of this linear system is the bulk of the work
required to implement the net radiation method of Siegel and Howdll. Equation (86) derived by Siegdl
and Howell [44] and listed there as egs 17 to 20, is called the net radiation equation,

" N N
E 1-e, n 4 4 °k
—-YX—Ag, R 1 .=0T, -Y0T, F_ 1,, - —. (86)
& 1 G,- J T kj ok k 1 J " kJFE Ak

where o isthe Stefan-Boltzman congtant, €, is the emissvity of the k'th wall segment, T, isthe tem-
perature of the k'th wall segment, F,; a configuration factor, and t isatransmissivity factor. Thislatter
is the fraction of energy passing unimpeded through a gas dong a path from surfacej tok. The
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parameters ¢, represent the various sources of heet, namely the fireitself and the gaslayers. Inthe
form shown, the view factor of the k'th eement isincluded in the parameter c,.

The actud implementation uses adightly modified form of eq (86), namely

o B J T kj o

" g " 4 g 4 Cx
- 1-edA3. ' F,_ 1. . =0T, - ZoT,"F_.1_, - —=, where 87
k j_lc A, k e T2 kT 7 (87)

/4 /4
= §A . (88)

There are two reasons for solving eq (87) rather than eq (86). First, since g, does not occur in the
denominator, radiation exchange can be cdculated when some of the wall segments have zero
emissvity. Second and more importantly, the matrix corresponding to the linear system of eq () is
diagondly dominant [43]. Iterative dgorithms can be used to solve such systems more efficiently than
direct methods such as Gaussan dimination. The more diagondly dominant a matrix (the closer the
emissvities are to unity), the quicker the convergence when using iterative methods. Typicd vaues of
the emissvity for wals subject to afire environment are in the range of 0.85< € < 0.95, so thisisa
reasonable approximation. The computation of, F;, ;. and ¢ is discussed by Forney [43]. Itis
shown how it is possible to use the symmetries present in the four wall segment problem to minimize the
number of direct configuration factor calculations required. In earlier versions of CFAST, the gas
transmittance per unit length was assumed congtant. In this new version, is calculated from the
properties of the gas layers. Appendix A provides details of the gas transmittance calculation.

For rooms containing afire, CFAST models the temperature of four wall segments independently. A
two wall modd for radiation exchange can break down when the temperatures of the ceiling and upper
wadlsdiffer dgnificantly. Thistypicaly happensin the room of fire origin when different wal materids
are used as boundaries for the celling, wals and floor.

To demondrate this consder the following example. To smplify the comparison between the two and
four wall segment moddls, assume that the wall segments are black bodies (the emissvities of dl wall
segments are one) and the gas layers are transparent (the gas absorptivities are zero). Thisislegitimate
since for this example we are only interested in comparing how atwo wall and afour wal radiation
agorithm transfer hest to the wall segments. Let the room dimensions be (4x4x4) m, the temperature
of the floor and the lower and upper wals be 300 K. Let the ceiling temperature vary from 300 K to
600 K.

Figure 13 shows a plat of the heet flux to the ceiling and upper wal as afunction of the calling

temperature [43], [48]. The two wal modd predicts that the extended ceiling (a surface formed by
combining the ceiling and upper wall into one wall segment) cools, while the four wall modd predicts
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that the ceiling cools and the upper wal warms. The four-wall modd moderates temperature
differences that may exist between the ceiling and upper wall (or floor and lower wall) by dlowing heet
transfer to occur between the calling and upper wal. Thetwo wal modd is unable to predict heat
transfer between the celling and the upper wal since it modd s them both as one wall segment.
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Figure 13. An example of two-wadl and four-wall calculaions for radiation
exchange on a celling and wal surface.

3.5.2 Convection

Convection is one of the mechanisms by which the gas layerslose or gain energy to walls, objects or
through openings. Conduction is a process which isintimately associated with convection; but as it
does not show up directly as aterm for heat gain or loss, it will be discussed separately. Convective
heating describes the energy transfer between solids and gases. The enthapy transfer associated with
flow through openings was discussed in the section on flow through vents.
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Convective heet flow is enthapy trandfer across athin boundary layer. The thickness of thislayer is
determined by the temperature difference between the gas zone and the wall or object being heated
[49]. In generd, convective heat transfer, ¢, is defined as

¢ =hA(T, - T). (89)

The convective heat transfer coefficient, h, is defined in terms of the Nussdt number, adimensonless
temperature gradient a the surface, which is defined via correaions of the form

Nu, k "
h = = CRay (90)

where the Rayleigh number,

eB(7, - T)L®

Ra, = Gr, Pr = —

(91)

is based on a characterigtic length, L, of the geometry. The power nistypicaly 1/4 and 1/3 for laminar
and turbulent flow, respectively. All properties are evauated at the film temperature, Ty = (To+ T)/2.
Thetypica corrdations gpplicable to the problem at hand are available in the literature [50]:

Geometry Correlation Redtrictions
2
0.387Ra; "
Nu, = |0.825 +
Walls (1 + (0.492PH°N8P27 norne
= 0.12 Ra;">
Calings and floors B
(hot surface up or cold Nu; = 0.13 Rz, 2:10% < Rg_ < 10"
surface down)
Calings and floors
(cold surface up or hot Nu, = 0.16 Razm 10® < Ra_ < 10%
surface down)

The thermd diffusivity, «, and therma conductivity, k, of air are defined as a function of the film
temperature from data in reference [50].



e = 10x107° T
0.0209+2.33x 10757, (92)
k= A
1-0.0002677,

I mplementation: The agorithm isimplemented as described above in the routine CONVEC in
CFAST. The vaues of the correlation coefficients have changed in the new agorithm. Intheold
implementation, these were 0.21 and 0.012 for hot surface up and hot surface down respectively. In
the new implementation, these are 0.16 and 0.13. The new vaues come from currently accepted
engineering literature pertaining to this generd area. As an example of the effect of the new dgorithm,
Figure 14 shows layer and wal temperatures for a single room test case with ardatively smal 100 kW
fire. Only minor differences are seen in the temperatures. For larger fires, the effect should be even
less pronounced since convection will play alesser role asthe temperaturesrise. A mgor advantage in
the new agorithm should be a speed increase due to the closer correlation coefficients and smooth

trangition for cases where the surfaces are cooling — a point where the existing code tends to dow
dramaticaly.
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Figure 14. Effects on layer and wdl temperatures of
modifications to the convection agorithm in CFAST.
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3.5.3 Conduction

Heat loss or gain between awal and a gas layer is due to convection or radiation not conduction.
Conduction transfers heat within thewall. Therefore, source terms for conduction do not appear in the
gas layer ordinary differentia equations. However, convection and radiative heat transfer calculations
provide the boundary conditions for the conduction agorithm discussed below.

The partid differentid equation which governsthe heat trandfer in solidsis

T.Ltyr (93)

o pc

It must be solved by a different technique than is used for the ordinary differentid equations used to
model gas layer quantities. We assume that the coefficientsk, p and ¢ are independent of temperature
throughout the materid. This may not be the case, especidly for some materids such as gypsum for
which the vaue of k may vary by afactor of two or more. However, to the accuracy that we know
most of the thermal properties, it is a reasonable approximation. Procedures for solving 1-d heat
conduction problems are well known. For finite difference methods such as backward difference (fully
implicit), forward difference (fully explicit) or Crank-Nicolson, see [51]. For finite dement methods
see[52].

A finite difference gpproach [53] using a non-uniform spatial mesh is used to advance the wall
temperature solution. The heet equation is discretized using a second order centrd difference for the
gpatid derivative and a backward differences for the time derivative. The resulting tri-diagona system
of equationsis then solved to advance the temperature solution to time t+ DT. This processis repeated
, usang the work of Moss and Forney [53], until the heat flux gtriking the wall (caculated from the
convection and radiation agorithms) is consstent with the wall temperature gradient & the surface via
Fourier’slaw

=- K—

where K isthe thermd conductivity. This solution Strategy requires adifferentid agebraic (DAE) solver
that can smultaneoudy solve both differentia (gas ODE's) and dgebraic equations (Fourier's law).
With this method, only one or two extra equations are required per wal segment (two if both the
interior and exterior wall segment surface temperatures are computed). This solution strategy is more
efficient than the method of lines sSince fewer equations need to be solved. Wall segment temperature
profiles, however, sill have to be stored so there is no decrease in Storage requirements. Conduction is
then coupled to the room conditions by temperatures supplied a the interior boundary by the
differentia equation solver. The exterior boundary condition types (constant flux, insulated, or constant
temperature) are specified in the configuration of CFAST.
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A non-uniform mesh scheme was chosen to alow breakpointsto cluster near the interior and exterior

wall segment surfaces. Thisis where the temperature gradients are the steepest. A breskpoint x, was
1

defined by x,= MIN(x, W/2) where x, = 2(%}; erfa ~ 1(05) and erfc? denotes the inverse of the
complementary error function. The vaue x,, isthe location in a semi-infinite wall where the temperature
riseis5 % after t;,, Seconds and is sometimes called the penetration depth. Eighty % of the
breakpoints were placed on the interior sde of x,, and the remaining 20 % were placed on the exterior
Sde.

To illugtrate the method, consider a one room case with one active wall. There will be four gas equa
tions (pressure, upper layer volume, upper layer temperature, and lower layer temperature) and one
wall temperature equation. Implementation of the gradient matching method requires that storage be
dlocated for the temperature profile a the previoustime, t, and a the next time, t + 6t. Giventhe
profile a timet and vaues for the five unknowns at timet + 6t (initia guess by the solver), the tem-
perature profile is advanced fromtimet totimet + dt. Thetemperature profile gradienta x = O is
computed followed by the resduds for the five equations. The DAE solver adjusts the solution vari-
ables and the time step until the resdudsfor dl the equations are below an error tolerance. Once the
solver has completed the step, the array storing the temperature profile for the previous time is updated,
and the DAE solver isready to take its next step.

One limitation of our implementation of conduction isthat it serves only as aloss term for enthapy.
Heat lost from a compartment by conduction is assumed to be logt to the outside ambient. In redlity,
compartments adjacent to the room which contains the fire can be heated, possibly catastrophicdly, by
conducted energy not accounted for in the model.  Although solving the conduction equations for this
gtuation is not difficult, the geometrica specification is. For this reason, we have chosen to assume that
the outside of a boundary is dwaysthe ambient. A meansto connect compartments physicdly so that
heet can be transported by conduction is under active study.

3.5.4 |nter-compartment Heat Tr ansfer

Heat transfer between verticaly connected compartmentsis modeled by merging the connected
surfaces for the ceiling and floor compartments or for the connected horizontal compartments. A heat
conduction problem is solved for the merged walls using a temperature boundary condition for both the
near and far wall. As before, temperatures are determined by the DAE solver so that the heat flux
griking the wall surface (both interior and exterior) is consstent with the temperature gradient at that
surface. Thisoption isimplemented with the CFCON (for vertical heat transfer) and the HHEAT (for
horizonta hest transfer) keywords.
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For horizontd heat transfer between compartments, the connections can be between partid wall
surfaces, expressed as afraction of the wall surface. CFAST firgt estimates conduction fractions
andogousto radiative configuration factors.  For example, a conduction fraction between arear wall
inroom 1 and afront wall room 2 is the heet flux fraction from the room 2 wall that strikes contributes
to room 1'swal heat trander. Alternatively, these fractions can be specified on the HHEAT keyword
line. Once these fractions are determined, an average flux, 0, is caculated using

qmg = Euaﬂx Fﬂ.,,nj

where F;; isthe fraction of flux from wall i that contributesto wall j, g; istheflux striking wall j

3.5.5 Heating of Targets

The target caculaion is Smilar to the heat conduction through boundaries. The net flux griking atarget
can be used as a boundary condition for an associated heat conduction problem in order to compute
the surface temperature of the target. This temperature can then be used to estimate the conditions at
the target, ie whether the target will ignite. Alternatively, if the target is assumed to be thin, then its
temperature quickly risesto alevel where the net heat flux gtriking the target is zero, ie to a Seady ate.
The caculation is done using the concept of net heet flux, which literdly implies aKirchoff law for the
radiation. While this should be obvious, it has not dways been done this way in fire modeing.

The net heet flux, A" g, striking atarget t is given by

Ag, = gyag@n + gy ~ Gyag (ot (95)

where g" ,,4(in) isthe incoming radiaive flux, q" e 1S the convective flux and ", ,4(out) isthe
outgoing radiaive flux, Figure 15. The incoming radiative flux can be split into components from each
fire, 9", each wal segment, q",; and each gaslayer, " 4. Theincoming rediaive flux, g .4(in) is
obtained by summing over al fires, wal segments, and gas layersto obtain

g, (7 = Xf) g+ E due * 2‘? dg; (96)

The outgoing radiaive flux, q" , ,q(out), has contributions due to target emisson or emissive powe,
€.0T%, and afraction, 1-¢,, of the incoming radative flux that is reflected at the target surface. It is given

by
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gTg = (1-e)g'myte, 0T, (97)

where €, is the emittance of the target and o isthe Stefan-Boltzman congtant. Substituting egs (96) and
(97) into (95) we obtain
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Figure 15. Radiative and convective hest transfer at atarget.
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w

The heat flux, A" g, specified by eq(98) can be used in one of two ways: to estimate the surface
temperature of the target or as a boundary condition to solve the heat conduction problem

oT _ k &T
E(x't) = p_C’g(x't) (99)
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T@,0) = Tpk) (100)

oT "
k=0 = A
ax( £) g, (101)

kax & =0 (102)

for the target temperature profile T where k, p and C are the therma conductivity, density and hest
capacity of the target, L isthe thickness of the target and T, isthe target's initid temperature profile.

Alternatively, we can assume that the target temperature isdways a steady date, i.e. that A"g,=0. A
temperature, T;, can then be found using Newton's method that will satisfy A" g, = 0. Toilludtrate,
suppose that the convective flux is given by " e = ¢(T4-Tr) Where ¢ is a convective heat transfer
coefficient and Ty is the gas temperature adjacent to the target. Then, eq(98) can be simplified to

STy = €,0T; ~c(T,~T)-¢,a,.,6m) = A", (103)

We wish to find atemperature T, satisfying f(T;) = -A” g, = 0. The non-linear eq(103) can be solved
using Newton's method. There are three steps necessary to complete this calculation: 1) caculate the
heet trandfer through the compartment; 2) caculate the hesat flux to the target or object; and findly 3)
compute the target temperature. In order to calculate the radiation heeat transfer from fires, gaslayers
and wall surfaces to targets we must be able to caculate configuration factors, gas layer transmissivity
and absorptance.

Configuration Factors: Figure 16 illudrates the definition of a configuration factor between two finite
aress. A configuration factor between two finite areas 1 and 2 denoted F,., isthe fraction of radiant
energy given off by surface 1 that isintercepted by surface 2. The following terms are needed to define
aconfiguration factor mathematicaly. Vectors n, and n, are unit vectors perpendicular to surfaces 1
and 2. sisavector with origin on surface 1 and destination on surface 2. S= ||g|| isthe length of this
vector. The angle between n, and sis6,. Smilarly the angle between the vector n, and -sis0,. The
sgnisreversed because the origin of sison surface 1 not 2. The cosines of angles 0, and 0, are
cos(@,) = e Ul (104)
Il
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oos(@,) = -ﬁ (105)
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Figure 16. Setup for a configuration factor caculation between two arbitrarily
oriented finite areas

The configuration factor, F,_, isthen given by

Fy_y= Iff e dA,dA, (106)
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When the surfaces A; and A, are far apart relative to their surface area, eg(106) can be approximated
by assuming that 0,, 0, and S are congtant over the region of integration to obtain

cos(8,)coe (02)-“12

182

F = (107)

The dot product form of the cosine defined in egs (104) and (105) can be substituted into the previous
equation to obtain

o dEy 9

F .=
1-2 IS4

4, . (108)

A smpler, though less accurate, gpproximation for the configuration factor can be made using the
following observation. Suppose that surface 1 is a differentia element at the center of abase of a
hemisphere with area A, and surface 2 isaregion on this hemisphere with area A,, then F1_, = AJ/A,,.
Therefore, if surface 1 isadifferential element (i.e. our target) in a compartment and surface 2 isawall
in this compartment, then F,_, can be approximated by

Fy o= A)A (109)

where A, isthe area of the wdl and A, isthetotal area of the surfaces ‘seen’ by thetarget. The
above equation rather than eq(108) is used to gpproximate the configuration factors.

Transmissivity: The tranamissvity of agas volumeisthe fraction of radiant energy that will pass
through it unimpeded and is given by

10) =¥ (110)
where a is the absorptance per unit length of the gas volume and y is a characterigtic path length.
In atwo layer zone modd, a path between an object (fire, wal segment, etc.) and atarget may traverse
through both layers. In this case, the length of the path in the lower layer, v, , can be computed given the

total distance S between the object and target, and the elevations of the target, y;, object, y, and layer,
Yiay, tO bE
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, 0 Ve ,
Y = ﬁs Veuin*Viay Ve [ (111)
8 Pi> Vs
where
o = )

the path length in the upper layer isy, = S-y,, and the transmittance of the lower (upper) layer is
denoted T, (ty).

Absorptivity: The absorptivity, «, of agas volumeisthe fraction of radiant energy absorbed by that
volume. For agrey gasa + T = 1. The absorptivity of the lower (upper) layer isdenoted o, (zy).
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Arriving at
interface: a ;sT,*

Yo

Arriving at target:
t,a,sT*+a,sT* Target

ay =1-exp(-a,y,) = emittance of upper layer
a,_=1-exp(-a_y,) = emittance of lower layer

t, = exp(-a.y,) = transmittance of lower layer

Figure 17. Radiative heet trandfer from awadl surface in the upper layer
to atarget in the lower layer.

3.5.5.1 Computing the Heat Flux to a Tar get

There are four components of heet flux to atarget: fires, walls, gas layer radiation and gas layer
convection.

Heat Flux from a Fire to a Target: Figure 18 illustrates terms used to compute hest flux from afire
to atarget. Let n, be aunit vector perpendicular to the target and g, be the angle between the vectors -s
and n,.

Using the definition thet g; is the radiative portion of the energy release rate of thefire, then the heet flux
on asphere of radius Sdueto thisfireis ¢, /{Ax8?). Correcting for the orientation of the target and
accounting for heet transfer through the gas layers, the heet flux to the target is

q”= i
B az8?

'L
005(8,) Ty, 1,07 = —q,;;ﬁtu@,mcm (113)
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Radiative Heat Flux from a Wall Segment to a Target: Figure 17 illustrates terms used to
compute heet flux from awall segment to atarget. The flux, ", from awall segment to atarget can
then be computed using

n_ A, 4‘/("”':)&-

fup = =Tyl (114)
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Figure 18. Radiative heat trandfer from apoint source fire to atarget.

where q",(out) isthe flux leaving the wal segment, A,,, A; are the areas of the wall segment and target
respectively, F,. isthefraction of radiant energy given off by the wall segment thet is intercepted by the
target (i.e. a configuration factor) and t(yy) and 7, (y,) are defined as before. Equation (113) can be
smplified usng the symmetry rdaion A, F,.. = AlF.,, (see[54], eq(7-25) or [55]) to obtain

4u,./: = g CUOF, Ty 0T, 0) (115)

where

Aal

Ell

g)uty = oT} - (1-¢,) (116)
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(see[54, eq (17-15)]) and o = 5.678 WI(m?K*?), T,, isthe temperature of the wall segment, €,, isthe
emissvity of thewal segment and Ag,,”" isthe net flux gtriking the wall segment.

Yu
Arriving at
interface: t ,q,,,
YL
Arriving at

interface: t t Qo Target

t, = exp(-ayyy) = transmittance of upper layer

t, = exp(-a_y,) = transmittance of lower layer

Figure 19. Radiative heat transfer from the upper and lower layer gas
layersto atarget in the lower layer.

Radiation from the Gas Layer to the Target: Figure 19 illudtrates the setup for cadculating the heet
flux from the gas layersto the target. The upper and lower gas layersin aroom contribute to the heat
flux striking the target if the layer absorptancesis non-zero. Heet transfer does not occur to the target
when there are no fires and conditions are isothermd,, i.e,, target, wall segments and gas layers are at
the same temperature. Therefore, subgtituting g';=0 into eq (98) we must have

1/ /! 7.4 /!
A”qt =0=g, 2 qu,t"'; PR P L (— (117)
w

whenever T, = T, = T,, for each wall segment and each gas layer.
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Let g",,:(gas) denote the flux striking the target due to the gas g in the direction of wall segment w.
Then

oF,  (Trusty + Ty &y)w is inthe lower layer

0y (Eas) = . ] (118)
OF_ (Tyuyt; + T; ;) w is in the upper layer

The totd target flux due to the gas (upper or lower layer) is obtained by summing eq (118) over each
wall segment or

a), = ; du.,(gas). (1129)

The procedure expressed in egs (118) and (119) for computing heet flux to the target from the gas
layers stisfies the iso-thermal condition, eq (117), that no heat transfer occurs when dl materia have
the same temperature. To seethis, assumethat T, = T,, = T, and subdtitute egs (115), (118) and
(119) into eq (117) . Then " coree=0 and

E dy "'E e = 3 Fp w(qu:,("”tﬁzrﬁ T °(Tz4"u":z "'714"1)) t
E F.Ja, outyty 1y t 0(7':4"1.%"'7':4%»
= UT E F, [Tyt tepTptey) + (120)
o T4E F, i, 1y + @, Ty
o S E, - ot
v
sncet Ty + o Ty oy =1 =1yt +eyty + o, O, (out)=cT4 (AQ",, in eg (119) is zero when
conditions are iso-thermd) and 2, F..,, = 1.
Convective Heat Transfer from a Gas Layer to a Target: The convective heet transfer from an

adjoining gas layer to the target can be computed using existing CFAST routines. These routines
require the orientation of the target, i.e., whether it is horizontd or vertical.

3.5.5.2 Computing Target Temperature
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The steady dtate target temperature, T, can be found by solving the equation f(T;) = O where f(T,) is
defined in eg (103). This can be done by using the Newton iteration

S )
Towe = Taa~ 121
T (120
where
fTy = e,0T} - (T, ~T) - &d,(n)
(122)

d 4__1 3 de
STy = — e, 0T, -4, ) = 46,6 T +c -—(T_-T)
dzvt t- "t ) t t dyvt £ t

Notethat " ,,4(in) does not depend on the target temperature T, so that d/dT,(q",,4(in)) = 0. If the
convective heat transfer coefficient, c, in the above equation isindependent of T, then d/dT.(q" conver) =
-c, otherwise (e.g. in the case of CFAST) this derivetive may be evduated numericdly using finite
differences. Equation (121) isiterated until the difference T, - Tyq ISSUfficdently smdll.

3.5.6 Celling Jet

Rdaively early in the development of afire, fire-driven celling jets and gas-to-ceiling convective heat
transfer can play asignificant role in room-to-room smoke spread and in the response of near-ceiling
mounted detection hardware. Cooper [56] details amodd and computer agorithm to predict the
ingantaneous rate of convective heet transfer from fire plume gases to the overhead calling surfacein a
room of fireorigin. The room is assumed to be arectangular pardleopiped and, at times of interest,
calling temperatures are smulated as being uniform.  Also presented is an estimate of the convective
heet trandfer due to ceiling-jet driven wal flows. The effect on the heat transfer of the location of the
firewithin the room is taken into account. This dgorithm has been incorporated into the CFAST
mode. In this section, we provide an overview of the model. Complete details are availablein
reference [56].

A schemdic of afire, fire plume, and ceiling jet is shown in Figure 20 The buoyant fire plume rises from
the height Z;;, . toward the ceiling. When the fire is below the layer interface, its mass and enthdpy flow
are assumed to be deposited into the upper layer at height Z,,.. Having penetrated the interface, a
portion of the plume typicaly continuesto rise toward the ceiling. Asit impinges on the celling surface,
the plume gases turn and form a rdaively high temperature, high velocity, turbulent celling jet which

68



Figure 20. Convective hegt trandfer to ceiling and wall
surfaces viathe ceiling jet.

flows radidly outward aong the ceiling and transfers heet to the relatively cool celling surface. The
convective hegt trander rate is a strong function of the radid distance from the point of impingement,
reducing rgpidly with increesing radius. Eventudly, the rdatively high temperature ceiling jet is blocked
by the rdatively cool wall surfaces[57]. The celling jet then turns downward and outward in a compli
cated flow dong the vertica wall surfaces[58], [59]. The descent of the wal flows and the heat
trandfer from them are eventuadly stopped by upward buoyant forces. They are then buoyed back
upward and mix with the upper layer.

The average convective heat flux from the celling jet gasesto the ceiling surface, Q;, can be expressed
inintegrd form as

Xt T

Ot = [ [ 4 edrs) dedy (123)

0 O
The indtantaneous convective heat flux, " .(X,Y) can be determined as derived by Cooper [56]:

2" (x3 = b (Td—:l'ﬂ) (124)

where T, acharacteristic celling jet temperature, is the temperature that would be measured adjacent
to an adiabatic lower ceiling surface, and h, isa heat transfer coefficient. h, and T, are given by
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0.219, |**

O = [
EQ
cpTI»ip

(132)

In the above, H is the distance from the (presumed) point source fire and the ceiling, X, and Y;;,. are
the pogtion of thefirein the room, Pr isthe Prandtl number (taken to be 0.7) and v, isthe kinematic
viscosity of the upper layer gas which is assumed to have the properties of air and can be estimated
from v, = 0.04128(10")T,*?/(T,+110.4). Q4" and Qg are dimensionless numbers and are messures
of the strength of the plume at the ceiling and the layer interface, respectively.

When the ceiling jet is blocked by the wall surfaces, the rate of heat transfer to the surface increases.
Reference [56] provides details of the caculation of wall surface areaand convective heet flux for the
wall surfaces.

3.6 Detection

Detection is modded using temperatures obtained from the celling jet[60]. Rooms without fires do not
have celling jets. Sensorsin these types of rooms use gas layer temperatures instead of celling jet
temperatures. The characteristic smoke detector temperature is Smply the temperature of the caling jet
(at the location of the smoke detector). The characteristic heet detector temperature is modeled using
the differentid equation[61]

drT, Iy
i DN ACEAD) (139
T,0) = T,0) (134

where T, Ty are the link and gas temperatures, Sisthe flow speed of the gas and RTI (responsetime
index) isameasure of the sensor's sengtivity to temperature change (thermd inertia). The heet detector
differential eq (133) may be rewritten to

% = a@)-bE)TE) (135)

Ty = T,
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where

aft) = Si;;'tt) b = %

Equation (135) may be solved using the trapezoidd rule to obtain

T .-T
7T = YT + (o BT

where the subscript | denotestime at t;. Equation (138) may be smplified to

Ti+1 = "4!4-1 _bi-l-l Ti-i-l

At

'Ai-l-l = Tt+ > at_bt‘rt-rai-l-l)

At
Bi-l-l =7bi+l
which has a solution
At
1-—b
-_,.:A:--l: 2 ', M {“:"'”:-1
i+l {
1+B At At 2
i+l 11-71)“1 1 -|-7I>Mk

(137)

(138)

(139)

(140)

(141)

(142)

Equation (142) reduces to the trgpezoida rule for integration when b(t) = 0. When a(t) and b(t) are
constant (the gas temperature, T, and gas velocity, S are not changing), eq (133) has the solution
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¢ HEVGT -4 ]
7 = &+ L — = T,te VR ORI o T (143)

3.7 Suppression

For suppression, the sprinkler is modeled using a smple modd [62] generdized for varying sprinkler
spray dendities[63]. Fire suppression in CFAST is then modeled by attenuating dl firesin the room
where the sensor activated by aterm of the form e(-@V/rae where t,, is the time when the sensor
activated and t, . IS a congtant determining how quickly thefire attenuates. The term t, .. can be related
to spray dendity of agprinkler using a correlation developed in [63]. The suppresson correlation was
developed by modifying the heet release rate of afire. For t>t,, the heat rdeaseis given by

—(-t 12
dpyt) = 0 ety

where Qg IS the spray dengity of asprinkler. Note that decay rate can be formulated in terms of either
the attenuation rate or the spray dendity. Both options are available. t, .. can be expressed in terms of

qspray as

o = 30dpms (145)

toows = S (146)

and the decay time (time to 50% attenuation) as the input line dlows the specification of either the spray
density of the sprinkler gqy4, OF the time required to reduce the fire release rate by 509%, tsy,. The
chemigry routine performs the combustion chemistry, making sure thet the fuel burned is congstent with
the available oxygen. If detection has occurred then the mass and energy release rates are attenuated by
theterm ee=t _ to obtain

,,:,w‘@ = o, mﬂ@ﬂ) (147)
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O NN I (148)

Another approach would be to calculated the m,,,,(t) mass production rate that would result in the
desired condtrained energy release rate computed in CHEMIE. Thisis not practica snce the energy
release rate Quemidt) isanonHinear function (via the plume entrainment function) of the pyrolisrate

mpyrol s(t) '

There are assumptions and limitations in this gpproach. 1ts main deficiency is that it assumes that
sufficient water is applied to the fire to cause a decrease in the rate of heat release. This suppression
modd cannot handle the case when the fire overwhdms the sprinkler. The suppression model as
implemented does not include the effect of a second sprinkler. Detection of dl sprinklers are noted but
their activation does not make the fire go out any faster. Further, multiple firesin aroom imply multiple
ceiling jets. It isnot clear how this should be handled, ie how two celling jets should interact. When
there is more than one fire, the detection dgorithm uses the fire that resultsin the worst conditions
(usudly the closest fire) in order to caculate the fire sensor temperatures. The ceiling jet agorithm that
we use results in temperature predictions that are too warm (as compared to celling jet full scae
experiments of Madrzykowski). This has not been resolved.

3.8 Species Concentration and Deposition

3.8.1 Species Transport

The species trangport in CFAST isredly amatter of bookkeeping to track individual species mass asiit
is generated by afire, transported through vents, or mixed between layers in a compartment. When the
layers areinitidized at the start of the smulation, they are set to ambient conditions. These are theinitid
temperature specified by the user, and 23 % by mass (21 % by volume) oxygen, 77 % by mass (79 %
by volume) nitrogen, a mass concentration of water specified by the user as ardative humidity, and a
zero concentration of al other species. Asfud isburned, the various species are produced in direct
relation to the mass of fud burned (this rdation is the goecies yidd specified by the user for the fue
burning). Since oxygen is consumed rather than produced by the burning, the “yield” of oxygenis
negdtive, and is set internaly to correspond to the amount of oxygen used to burn the fue (within the
condraint of available oxygen limits discussed in sec. 3.1.2).

Each unit mass of a pecies produced is carried in the flow to the various rooms and accumulates in the
layers. Themode keeps track of the mass of each speciesin each layer, and knows the volume of
each layer asafunction of time. The mass divided by the volume is the mass concentration, which
aong with the molecular weight gives the concentration in volume % or ppm as gppropriate.
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For soot, the input for C/CO, isused to cdculate a“soot” yield from the fire (assuming dl the carbon
goes to soot). This soot generation is then transported as a species to yield a soot mass concentration
to usein the optical density caculation based on the work of Seader and Einhorn[64].

3.8.2 HCI Deposition

Hydrogen chloride produced in afire can produce a strong irritant reaction that can impair escape from
thefire. It has been shown [65] that significant amounts of the substance can be removed by adsorp-
tion by surfaces which contact smoke. In our modd, HCI production is treated in amanner smilar to
other species. However, an additiond termis required to dlow for deposition on, and subsequent
absorption into, materia surfaces.

The physical configuration that we are modeling is a gas layer adjacent to a surface (Figure 21). The
gas layer is a some temperature T, with a concomitant dengity of hydrogen chloride, pyc. The mass
transport coefficient is calculated based on the Reynolds analogy with mass and hest trandfer: that is,
hydrogen chloride is mass being moved convectively in the boundary layer, and some of it amply sticks
to the wall surface rather than completing the journey during the convective roll-up associated with
eddy diffuson in the boundary layer. The boundary layer a the wdl isthen in equilibrium with the wall.
The latter isa datistica process and is determined by evaporation from the wal and stickiness of the
wall for HCl molecules. This latter is greatly influenced by the concentration of water in the gas, in the
boundary layer and on the wall itsdlf.

Qaz Layar Wal Beunsary _ayar wall
at T. a~d LR aT . n-w-l::|
k = frgaspon coafoant < = equilhrum ¢ooFgont k - wall ahsomton cocHicier

{r %) (G0 " %)

Figure 21. Schematic of hydrogen chloride deposition region.

The rate of addition of mass of hydrogen chloride to the gas layer is given by
d
3 Ha T souree - k, x (Pm - Pbma) x 4, (149)

where source is the production rate from the burning object plus flow from other compartments.
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For the wdl concentration, the rate of addition is

d
jdxa,w =k, x (pm - pbma) -k x mpa, (150)

where the concentration in the boundary layer, pna, IS related to the wal surface concentration by the
equilibrium congtant ke,

Poma = dpaw | K, - (151)

We never actudly solve for the concentration in the boundary layer, but it is available, asis aboundary
layer temperatureif it were of interest. The trandfer coefficients are

ko= —9

- ATp.o (152)
1500/T, b6
b, e v b.lp
k, = . 1+ e - (153)
1+b,¢ * Pra [pyzom = pyzo,,r

] L)

k, = bye (xr, | (154)

The only vaues currently available [66] for these quantities are shown in table 4. The*b” coefficients
are parameters which are found by fitting experimenta data to egs (149) through (154). These
coefficients reproduce the adsorption and absorption of HCI reasonably well. Note though that error
bars for these coefficients have not been reported in the literature.
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Table 4. Trandfer coefficients for HCl deposition

Surface b, b, bs b, bs bs b,
(m) (mkg) (shH (¥g-moal) (notea) | (noteb) (note c)
Painted Gypsum 0.0063 191.8 0.0587 7476. 193 1.021 0.431
PMMA 9.6x10° 0.0137 0.0205 7476. 29 1.0 0.431
Cailing Tile 4.0x10°% | 0.0548 0.123 7476. 30° 1.0 0.431
Cement Block 1.8x107 5.48 0.497 7476. 30° 1.0 0.431
Marinite® 1.9x10°2 0.137 0.030 7476. 30° 1.0 0.431

a unitsof bs are (Mkg)"(by-b)

b very goproximate vaue, insufficient data for high confidence vaue

¢ non-dimensiona

The experimenta bass for poly(methyl methacrylate) and gypsum cover a sufficiently wide range of
conditions that they should be usable in avariety of practicd Stuations. The parameters for the other
surfaces do not have much experimenta backing, and so their use should be limited to comparison

pUrpOSES.

3.9 Flame Spread

The Quintiere-Cleary flame spread mode incorporated into CFAST is based on five smple differentia
equations. One each for concurrent, eq (155), and opposed flow flame spread, eq (156). One each,
€gs (158) and (157) for the two burnout fronts and the last one for burn out at the ignition point eq

(159).

dx

P _

& kpe(T,-TY?

4, - Y1
dt T -T
i
dr
¢ Jor T> mei:l
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0",

z " o (157)
dy_ 07ty 1) (158)
/4
€ Onr
and
e 4 4
dg"_ €y ~0T; 0T 1gm ) (159)

dt AL

The equations describe the growth of two rectangles. At ignition asingle rectangle, R,, is defined and its
growth is determined by eq (155) for soread up the wall and eq (156) for lateral spread aswell as
spread down thewall. When Q" < 0 asecond rectangle, R,, the same Size as R, was originaly starts
growing. It isgoverned by egs (158) and (157). After R, starts to be tracked the pyrolysis areais

R-R»
When a flame spread object is defined, CFAST adds five additiond differentid equationsto the
equation set. A target is aso placed at the specified location on the specified wall surface and the
maximum time step is set to be 1 s. This dlows the temperature of the target to be tracked and the
ignition temperature and time to be caculated,

Once aflame spread object ignites, its mass loss and heeat release rate are cal culated and then treated
like any other object fire by CFAST.

3.10 Single Zone Approximation

A single zone gpproximation may be derived by using two-zone source terms and the subgtitutions:
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Mg =yt oy,
my o =0
- (160)
dy =4d; t dy.
g =0

Thisis not afundamenta improvement, but rather is designed to fit in with the concept of single zone
and network models that are being utilized currently.

3.11 Miscellaneous Phenomena

Severa improvements have been incorporated into the fire model based on experiencein usng it. One
was to include the calculation of the species oxygen in the basic equation set. Asis discussed
elsawhere, the basic equations are for the upper and lower layer temperatures, the upper layer volume
and the pressure a the floor of the compartment. These equations are derived from fluid dynamics and
are based on the conservation of mass, momentum and energy. They can form a set of giff, ordinary
differentid equations. In generd, however, it has been a common practice to assume that the
phenomena that drive these flows happen either much more quickly or much more dowly than that
characterigtic of the fluid flow time scdes. In the case of fireswhere lack of oxygen can limit the
combugtion, and therefore the driving force, the oxygen which flowsinto afire isintimately coupled to
the forcing of the fluid flow and therefor the set becomes Hiff.
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4 Structure of the Model
In this chapter, details of the implementation of the modd are presented. Theseinclude

. an overview of the modd formulation,

. the sructure of the modd including the mgor routines implementing the various physicd
phenomenaincluded in the modd,

. the organization of data initialization and data input used by the modd,

. the structure of data used to formulate the differentia equations solved by the modd,

. asummary of the main control routines in the model that are used to control dl input and output,
initidize the modd and solve the gppropriate differentid equation set for the problem to be
solved, and

. guiddines for modifying the modd to include new or enhanced physica phenomena

4.1 Subroutine Sructure

The mode can be split into digtinct parts. There are routines for reading data, calculating results and
reporting the results to afile or printer. The mgor routines for performing these functions are identified
in Figure 22. These physical interface routines link the CFAST modd to the actud routines which
cdculate quantities such as mass or energy flow at one particular point in time for a given environment.

The routines SOLVE, RESID and DASSL are the key to understanding how the physica equations are
solved. SOLVE isthe control program that oversees the genera solution of the problem. It invokes
the differential equation solver DASSL [67] which in turn cals RESID to solve the transport equations.
The problem that these routines solve isasfollows. Given asolution a timet, what is the solution at
timet + At? Thedifferentid equations are of the form

@
X fv.0) (160
Yo =W

wherey isavector representing pressure, layer height, mass, etc. and f is a vector function that
represents changes in these values with respect to time. Theterm y, isaninitid condition & theinitid
timet,. The subroutine RESID (see sec. 4.3) compuites the right hand side of eq (161) and returns a
st of residuals of that calculation to be compared to the values expected by DASSL. DASSL then
checksfor convergence. Once DASSL reaches an error limit (defined as convergence of the
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equations) for the solution at t+ At, SOLVE then advances the solution of species concentration, wall
temperature profiles, and mechanica ventilation for the same time interva.

{ N
Input Routines
ok -\
AMOZE NAP - i R s i
CMI IN INE N . ClrAS /i Mair* kou ine
LCAD N NPL™ -
NFL=ONI RTADCE
\ J

Sove Auxlicry Equaricrs

Dutput Routines
CISMAY 50T DUVTER

Zave Iife-erfial | Fuarkers [ DASE_
<

Cooulate Rigar —cns Side
< Differartial Equaticrs ene RLSID

WSS

P N . : , - , > p ) . N N
| MFLOWJ (I—I'_OW | VH(JW] Thes ) (odr ) cemt (C\/HI-AI ) | C\JHm] (a-a1) [ ko
AN, / \, N N / s
M::char ¢ -creon-al /et lice: Fre Fhwar i Coiirg . TS ol es ieers JERTITI =-C_
\/en'll(‘;ﬁoﬁ \‘FGW llow Cherrlry [es lets Curvi:lin Corduc i Ladalion Bapos or
| iy |
Fhysicol inlorfaze oulires i
CILAS 0 N vidl physea olgatams

Figure 22. Subroutine structure for the CFAST Modd!.

Note that there are severd distinct time scaes that are involved in the solution of this type of problem.
The fastest will be chemica kinetics. We avoid that scale by assuming that the chemidry isinfinitely
fast. The next larger time scae isthat associated with the flow field. These are the equations which are
cadt into the form of ordinary differentid equations. Then thereisthe time scale for mechanica
ventilation, and findly, heat conduction through objects. By way of example, chemica kinetic times are
typicaly on the order of milliseconds. The trangport time scale will be on the order of 0.1s. The
mechanicd ventilation and conduction time scales are typicaly severd seconds, or even longer. Unlike
earlier versons of the mode, this new verson dynamicaly adjudts the time step over the entire
samulation to avaue gppropriate for the solution of the currently defined equation set. In addition to
alowing a more correct solution to the pressure equation, very large time steps are possible if the
problem being solved approaches steady-state.
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4.2 Data Flow

4.2.1 Input and Initialization

Command Line and Program Options. Each main modulein the CFAST suite cals a set of
routines which set up the physica environment for the modd. The routines are READOP and
OPENSHEL. They perform anumber of housekeeping tasks. Thisinformation isrelated to the
environment (computer platform) on which the modd is running.

Firgt, the command lineisinterpreted, providing file names and options. Up to two file names are
avalable. Thefirg entry isether aninput file, or aconfiguration file. If it isan input file, then the name
isprovided in the variable “NNFILE” in the shell common block. It will not be opened. When afileis
opened for input, the unit number IOFILI should be assigned. If thereisavdid output file, its nameis
provided in the variable “OUTFILE.” It will be opened, and the unit number isIOFILO. Thereisa
default configuration file HV 1.CF which will be read unless an dternative is provided on the command
line. A configuration file name can be provided in place of theinput file. In this case, the input file will
be fetched from the variable DFILE from within the configuration file. 1n any case, the current
configuration file will be named in CONFIG Mast modules will not run without the configuration file.

Second, the options are stored in the shell common blocks. There are currently four options available.
All five are available to dl modules. They are pecified on the command line by

- (or /) option.

An example is the option to prevent the header from printing. Thiswould be
-N.

The four which are presently read and decoded are

Report type (Rnn)

No header (N)

Turn on error logging (L)

Pass an environment file (Ffilename) - used internally by CFAST to pass an environ-
ment file between modules

~AwbdpE

These options are read and interpreted by the routine READORP.
Input Data File Processing: The datafile is opened by the input routine, NPUTP. It isclosed by

this routine after al data has been read. There should be no units assigned, opened or closed while
dataretrieval isin process. Thus data entry should be done within the scope of NPUTP or NPUTQ
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only by theseroutines. Any data can be retrieved from the datafilesby NPUTQ. If subsdiary infor-
mation is needed, then areference file name should be read and stored in avariable kept in the PAR-
AMS common block (or unlabeled common), and data fetches made after the second exit from
NPUTP. Thisprecludesinitidization of such data during the geometry and fire specification process.
The thermd properties are retrieved by the initidization routines at this point (after the restart return).

New key words that are to be added to the data file are placed in NPUTQ. It isimportant to follow
the protocol aslaid out therein, so that consistency checks can be performed on the data. Any physica
initidization that needs to be done should be included in NPUTP, after the call to NPUTG At this
point, the mode is completely set up. The only data that is not done are the total masses of the upper
and lower layers. Thisis deferred to the originating routine. The name of the primary datafileisinthe
variable NNFILE, but is open at this point, and pointing to the end of NNFILE. NPUTP can be
referenced twice if arestart has been requested. In each case, NNFILE is closed prior to exiting.

In the process of inserting key words into NPUTQ, one will note that there are two case statements for
the key words. Thefirst isfor anorma start, and the second isfor arestart. In the latter case, some
variables are not, and should not, be vaid. An example of the difference: the fire specification can
change, but it makes no sense to change the physica layout, such as the number of compartments.

The next condderation is the setup provided for the physica system. Initidization is done by CFAST,
or INITFSin the case of the data editor. Both preset memory, and cdl the routine NPUTP. NPUTP
does the actud physicd initidization. It in turn cals the routine NPUTQ which reads the deta files.
Subsequently, the geometry, species and graphics descriptors are set. Finally the environment is set by
CFAST or INITFS. Thisincludes reading the thermophysica properties and assgning them to the
correct boundary, and dl other auxiliary files as necessary. It iséat this point thet al the datafilesare
closed, and the unit IOFILI isavailable. 1t should be closed, opened to the appropriate file, and subse-
quently closed if used for other purposes.

Problem I nitialization: There are severd logical switches that are set, based on the problem to be
solved. The two most common are ACTIVS and SWITCH. Theformer isfor active species. The
latter serves two purposes, for active conduction and for miscellaneous parameters.

If agpeciesis being computed, for whatever reason, then ACTIVS will be TRUE, otherwise it will be
FALSE. Thisparameter isdimensioned to NS, the number of specieswhich CFAST will follow. The
order isshown in table 5.

For each speciesthat is tracked, the variable ACTIVS(i) is set to true. There are two types of action
that hinge on the setting of thisvariable. Thefirg isin the availability and display of speciesinformation.
The second is in the packing used in preparing the source terms for, and extracting them from the
solver. The details of this activity are in the section on the data copy and RESID routines.



Table 5. Indices for speciestracked by CFAST

INDEX | SPECIES APPLICABLE KEY WORD
1 Nitrogen none
2 Oxygen 02
3 Carbon dioxide none
4 Carbon monoxide CO
5 Water vapor none but HCR isrelated
6 Hydrogen chloride HCL
7 Unburned hydrocarbons none
8 Hydrogen cyanide HCN
9 Soot OD
10 Concentration time dose CT (not a species)

The variable SWITCH isused intwo places. Thefird isto specify which boundaries in which com-
partments can conduct heat and where HCI deposition takes place. The parameter isset in NPUTQ,
but verified by NPUTT. It can be set in NPUTQ if specified in the datafile, but subsequently turned off
by NPUTT if the name of the boundary can not be found in the thermophysical database. When the
primary model is running, it will terminate if thislatter condition is found, wheress the data editor will
distinguish between the boundary being considered adiabatic with the name “ OFF” and not found by
“NONE.” SWITCH isdimensoned NWAL by NR.

Since conduction is only dlowed for NR-1 compartments, the last column can be used for miscella
neous variables. Once again, the default isfase, but if the gppropriate key word has been s, then the
variable will be st to true,

(1,NR) - print the flow field and species - set in NPUTP; used only by the main model
The order of initidization isimportant. Thisis particularly true because of the cavest above that in-
put/output units should not be assigned during the primary initidization. Firgt, the main routing, CFAST

or INITFS, initidize memory, and some physica congtants such as the gravitational congtant. Themain
datafileisthen opened. If one can not be found, then the model quits. The next sepisto cal NPUTP
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with the restart parameter of ISRSTR=1. NPUTP reads the header line to check for a correct file,
then calls NPUTQ, with the ISRSTR=1. NPUTQ does dl of the actud data entry, via unit IOFILI.
After control isreturned to NPUTP, physicd initidization is done, for example setting the atmospheric
ambient, calculating the volume of the compartments, and so forth. Then the graphics descriptors are
read by LOADIN. These processes occur whether or not arestart will be done. Then control is
returned to the main module. Some additional processing takes place to set the species of the ambient
environment. If arestart has been requested, the gppropriate history file is read for the requested
interval. NPUTP rewinds the input file and once again cdls NPUTQ, with ISRSTR=2. At this point
there are some differences. Within NPUTQ, the case statement (discussed above) prevents some
parameters from being rest.

Units are specific to the operating systlem. There are two generd input/output units named IOFILI and
IOFILO. In the current implementation they are numbered 1 and 6 respectively. There are additiona
units as follows:

1) ISRSTR tdlsusif thisisanormd input file, or arestart
0 => Mos data has been set - do initidization only

Implies anormd read, with open
2 => Implies an update after restart

=
Il
\Y

1 => Configuration file, primary datafile and data bases - opened and closed
by each routine

2 => Hdpfiles

3 => Logfile- opendl thetime

9 => Hidory filei/o & font files - both are open intermittently

98 => ASCII higtory output

99 => *“Other Objects’ database

4.2.2 Data Sructure and Data Flow Within CFAST

Information is passed between the various subroutines and main modules by the use of files and com-
mon blocks. The modd has saverd common blocks associated with it. Of interest to most program-
mersisthe way these data are used in the model. Appendices A through D provide details of the
subroutines and variables in the CFAST modd!.

86



4.3 The Control Programs (SOLVE and RESID)

As discussed above, the routine RESID controls most of the modd calculations. SOLVE coordinates
the solution and output, but the physical phenomena are accessed by RESID. This section provides an
annotated overview of these two control programs.

4.3.1 SOLVE

Since much of the function of the control routine SOLVE is bookkeeping, the source code is not par-
ticularly illugtrative. Rether, for this routine, we will provide an summary of the functioning of the routine
below.

1. Initidize the print, history, and plot times to the user's input specifications.

2. By cdling routine INITSOLN, determine aset of initia pressures congstent with the initia
conditions (temperatures and vent sizes) of the problem to be solved. By solving aset of linear
equations to determine appropriate steady-state initial conditions for the pressures, the
differentid equation solver is adle to determine solutions for the dways difficult first second of
the solution severa times fagter than alowing the differentia equation solver to find the initid
solution.

3. Output results (or initid conditions a time t=0) of the caculation by printing (routine RESULT),
writing ahigtory fileinterva (routine DUMPER), or plotting (routine DISPLAY C) results if
current time is appropriate for such output.

4, Cdl the differentid equation solver, DASSL, to advance the solution in time. The length of the
advance in timeis chosen dynamicaly by DASSL. DASSL chooses the time step but reports
back a solution based on the lesser of the print, display and dump intervals. DASSL call
RESID to compute the actud solution, aswell as the resduds.

5. Advance the solution for species not handled directly by the differential equation solver by
cdling routines RESID (again, but with different switches) and TOXIC.

6. Repeat steps 3-5 until the fina time is reached.

Note that many of the defaults, switches, and tolerances can be changed in the initidization routine.
SOLVE cdlstheinitidization routine INITSLV. It has switches built in which can be redefined with the
configuration file, SOLVERL.INI. If thisfileisnot present, then internd defaults are used which are the
best available. However, for testing, turning off phenomena, dternative settings can be useful. Seethe
gppendices a the end for the format of this configuration file.
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4.3.2 RESID

RESID is split into severd parts. Firdt, the current environment is copied from the form used by the
differentia equation solver into the environment common blocks for use by the physica routinesin
CFAST. Then the physica phenomena are caculated with cals to appropriate physicd interface rou-
tines. Each physical interface routine returns its contribution to mass, enthdpy, and species flows into
each layer in each room. These are then summed into total mass, enthapy, and species flowsinto each
layer in each room. Findly, the differentid equations are formed for each room, wall surface, and
mechanica ventilation sysem in the problem.

This portion of the mode isthe real numerica implementation and is accessed many times per Smula
tion run. Careful thought must be given to the form of the routines since the execution timeis very
sengtive to the coding of the software. What followsis an annotated form of the routine RESID.
Extraneous comments have been left out to shorten the listing somewhat.

SUBROJN NE RESI O TSEC X, XPSQALVE, CELTA | RES RPAR | PAR

Common blocks go here to define the environment for CFAST use by dl physca routines. Definition
of temporary variables used to store the output of each physical routine are o included here. See
section 4.4 for the format of each of these variables. The routine DATACOPY s called to copy the
environment from the form used by the differentid equation solver into the environment common blocks
for use by the physicd routinesin CFAST.

XX0 = 0.0D0

ND =0
NPROD = NLSPCT
Dr = TSEC- TAD
N RV= NVL

CALL DATACCPY( X, (CEVARAHIEVARB)

The IPAR and RPAR parameters are passed from SOLVE to RESID viaDASSL and are used to
control the calculation of theresduals by RESID. For acdl to RESID from the differentid equation
solver, DASSL, IPAR(2) is equa to the parameter SOME to indicate that the routine is to caculate the
st of differentid equations without including the species. Species are updated by SOLVE once
DASSL has found an gppropriate solution for the smaller equation set.

IF (IPAR2). EQ SOM) THEN
UPDATE = . FALSE

BSE

UPDATE = . TRE

B\D I F

EPSP = RPAR 1)
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All of the physicd phenomenaincluded in the modd are included here with cdlsto the physica inter-
face routines for each phenomena. Each physicd interface routine returns its contribution to mass,
enthapy, and species flows into each layer in each room.

CALAULATE ALONTHROUGH VENTS (HFLOVFCR HR ZONTAL FLOV
THROUGH VERTI CAL VENTS, VAFLONFCR VERTI CAL ALON THROUGH
HR ZONTAL VENTS, AND MENT FCR MECHAN CAL VENTI LATT QN

O0000

CALL HRLONTSEG EPSP, NPROD, FLVIWNT, QLPQLY)

CALL VFLONFLWANT, QPQH

CALL MV/ENT( X NCFPMA) , X(NCFTMAL) , XPSCLVE( NOFTMAL) , FLVY,
+  DELTA(NGFPMAL) , DELTANCFTMAL) , XPR ME(NOFHVPRH1) , NPRD)

o0

CALAULATE HEAT AND MASS FLOM DLE TO A RES

(¢}

CALL FI RE( TSEG LW, QPQUF, NI RE, | FROOM XFI RE)
CALL SCRTFR(NFI RE, | FROOM XFI RE, | FRPNT)
CALL DIET(NA RE, ALVIDIF, XF R

CALQULATE FLONVAND FLUX DLE TO HEAT TRANSFER ((H LI NG JETS
GOWVECTI ON AND RADI ATI ON

O000

CALL CJET( | FRPNT, XFI RE, ND XD, YD, ZD, ALVWCIET, ALXCIET, TD, VD)
CALL OVHEAT( | FRPNT, FLVQV, ALXQV)
CALL ROHEAT(| FRPNT, XFI RE, ALWRAD, FLXRAD

o0

CALAULATE H1. DEPCS TI ON TO WALLS

CALL HOL(FLWHIL, FLXHCL)

The flows returned from each physicd interface routine are then summed into tota mass, enthalpy, and
species flows into each layer in each room. The form of each of these flowsis discussed in section 4.4.
In generd, the array FLWTOT (room,specieslayer) contains the total flow of each speciesinto each
layer of each room in the smulation. For ease of definition, mass and enthdpy areincluded in this array
as pseudo-species (1 & 2) and summed aong with the actua species (3 to 2+lp). Heat flux to
surfacesisincluded in asmilar manner for used by the conduction routine.

c

C  SUMFLONFR | NS CE ROVG

o]

DO50 IROM=1, NRV

QPQRI ROV = QPQMIRY + QPQAHIRINV + QPQHIRY +
FLVOV(I ROV LL) + FLVWOM(I ROMUY + FLVIRAD(| ROOMLL) +
FLVWRAD( | ROOM W) + ALVCIET(I ROOM LL) + ALVCIET(IROOMU) +
AVIIF(| ROOMQLL) + AVIIR(IROOMQUY +
FLWA( I ROV Q LL) + FLVWA | RooM Q W)

DO 40 IPRD =1, NRD + 2

+ + + o+

1P = | ZPVA(| PRD)
FLWOT(| ROOM | PROD LL) = FLVIWNT(| RODM | PRI LL) +
+ FLVIM(| ROV | P, LL) + FLWK(IROOM I P, LL) +
+ FLVIJF(1 ROOM [ P, LL) + FLWAWNT(I ROOM | P, LL)
FLWOT(| ROOM | PRID U) = FLWWNT(| ROOM | PRI WY +
+ FLVWM | RODM I P, W) + FLWK(I ROOM I P, W) +
+ FLVDIF(| ROOM | P, U)) + FLVWAT(I| ROOM | P, )
40 QNTNE

c
C  ADINHL GINTR BUTI ON TO FLWOT
c
IF (ACTIV(6)) THEN
FLWOT(I ROOM 1, LL) = FLWOT(I RIOM 1, LL) + FLWAOL(I ROOM 1, LL)
FLWOT(1 ROV 1, U) = ALWOT(1 ROM 1, W) + FLWACL(I ROV 1, W)
FLWOT(I ROOM 8, LL) = FLWOT(1 ROOM 8, LL) + FLWAOL(I ROV 8, LL)
FLWOT(1 ROV 8, U) = FLWOT(1 ROOM 8, W) + FLVWACL(I ROV 8, W)
END IF
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FLWOT(IROOMQLL) = AWOT(IROMQLL) + FVOIROMLL) +
+ FLVWRAD( | ROOM LL) + FLVIET(I ROV LL)

AWO(IROMQUW) = AWO(IRIMQUY) + FVOVIROMW) +
+ FLVWRAD( | ROOM W)+ FLWZIET( | RaOM WY

50 QONTINLE
C SIM ALWX FR | NSICE ROV

DO 70 IRKM= 1, NRV
DO 60 IVALL = 1, NMAL
IF (SWTCHIWALL, | ROV) THEN
FLXTOT(| ROOM I WALL) = FLXOV(1 ROOM I WALL) +
+ FLRAD( | ROOM I WALL) + FLXCIET(| ROOM | WALL)

END IF

60  CONTINLE

70 QONTINE

The differential equations are formed for each room, wall surface, and mechanica ventilation syslem in
the problem. These follow directly from the derivation in section 2.2.

DO 80 IRIM= 1, NRM
AROOM = AR | ROV
HEL = HRIRIN
PABS = ZZPABS(| RO\
H NTER = ZZHAY(I RIM LL)
Q = ALWOT(IRIMQLL)
Q = AWOT(IRaaM Q W)
T = FLWOT(| RaOM M W)
M. = FLWOT(| RaOM M LL)
QP = QPQRI RV

(¢}

PRESSLRE BEQUATI ON

POOT = (GAWWA-1.000) * QPQU/ (ARCOMIHCH L)
XPRME(I ROV = PDOT

o0

UPPER LAYER TEMPERATURE EQUATI ON

TLAYDU = (QU P TMFZTEM( | ROM W) / (CP*ZZMRSS(| RIM W)
IF (CPTONFOB) . EQ QY THN
TLAYDU = TLAYDU + PDOT / (CP*ZZRHY I RIOM W)
BEND IF
XPR ME(| REOMINCFTY) = TLAYDU

o0

UPPER LAYER VALUME EQUATI ON

VLAYD = (GAWWVA- 1. 000) * QU/ ( GAWMAYPABS)
IF (CPTTONFCE). EQ O THEN

WLAYD = VLAYD - Z2VQL(1 RIM WY * POOT / ( GAVMAYPABS)
BND I F

XPR ME(| ROOMNCFW) = LAYD

(¢}

LOMR LAYER TEVPERATURE EQUATI (N

TLAYIL = (Q- GP*TM*ZZTEMA( | RIM LL)) / (CP*ZZMASS(I ROV LL))
IF (CPTTONFCE). EQ O THEN
TLAYDL = TLAYDL + POOT / (CP*ZZRHY(I ROV LL))
BND I F
XPR ME(| ROOMNCFTL) = TLAYDL
80 CONTINE

The species are only caculated once DASSL has an acceptable solution for the equation set not in-
cluding the species. We presume that the species production rates occur on atime scae smilar to the
total mass production which is solved directly.
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IF (NPROD GT. 0. AND | PAR(2) . EQ ALL) THEN
I PROOU = NOFPRD - 1
DO 100 IPRD = 1, NRD
D09 IRIM= 1, \M.
HEL = IRV
H NTER = ZZHAY(I ROM LL)
IPRCDU = | PRODU + 2
IPRCOL = IPRODU + 1
IF (HNTER LT. HE L) THEN
XPR ME(| PROIDY = FLWOT(| ROOM | PRIDF2, W)
ELSE | F (H NIER GE HEE L. AND ALWOT(1 ROM | P, L) . LT. XX0)

+ THEN
XPR ME(| PROIDY) = ALWOT( | ROoM | PRID+2, U
BSE
XPR ME(I PRI = X0
BDIF

IF (H NTER GT. XX0) THEN
XPRME(1 PRODL) = FLWOT( | ROOM | PROD#2, LL)
ELSE | F (H NTER LE XX0. AND FLWOT(I ROV | P, LL) . GT. XX0) THEN
XPRME(1 PRODL) = FLWOT(| ROOM | PROD#2, LL)
BSE
XPR ME(| PROL) = X0
END I F

90  QNNNE

100  GONM NE

END IF

Fndly, the resduals are caculated. These are Smply the difference between the solution vector ca-
culated by RESID and that passed to RESID by the differentiad equation solver. Thisisdonein severd
parts to correspond with the layout of the solution vector.

c
C  RESIDUALS FCR PRESSLRE, LAYER VAUME AND LAYER TEMPERATURES
c
DO110 | = NOFP + 1, NOFP + NML
DALTA() = XPRME(1) - XPSQLVE(l)
110 GONTINLE
D0120 | = NFTU+ 1, NOFTU+ 3 * N
DALTA(l) = XPRME(1) - XPSQLVE(l)
120 QONTINLE

QONDLCTT ON RES DUAL

o0

CALL ONHEAT( UPDATE, DT, FLXTCT, DELTA)

RES DUALS FCR GAS LAYER SPEQ ES, NOTE THAT DASSL IS NOT SM NG FCR
SPEAES NOV THS IS DONE IN SOMVE

O000

DO130 | = NFPRD+ 1, NOFPRD + 2 * NPRID * NML
DALTA(l) = XPRIME(I) - XPSQLVE(I)
130 GONTINLE
c
C  RESIDUAL FR HVAC SPEQES
c
IF (NPROD NE 0) THEN
DO 140 | = NOFFMPR + 1, NCFHVPR + NLSPCT * NHVSYS
DELTA() = XPRIME(I) - XPSALVE(1)
140  QONTNE
BENDIF
IF (IPAR(2). EQ SOM) THEN
NPROD = NPRODSV
BNDIF
RETURN
BND
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4.4 Interfacetothe CFAST Physical Interface Routines

Each physicd interface routine caculates flow and/or flux terms as appropriate for dl rooms and/or
surfaces of the smulation being modeled. These flow and flux terms are the effect of the phenomenon
on each of the layers and/or surfaces and includes flows due to mass, enthalpy and products of
combustion. Rather than usng multiple variables for each room, these are organized into asingle array
for each phenomenon. This structure is shown in Figure 23. To illudtrate the organization of the
physicd interface routines, the following outlines the steps in caculating one of the phenomena.

The physicd interface routine, FIRES, calculates the rates of addition of mass, enthdpy, and species
into dl layersin dl roomsfrom dl firesin asmulaion. For each fire, the following schemeis employed:

1.

2.

Initialize the fire data sructure, FLWEF, to zero.

For each specified fire, the routine PY ROLS (for the main fire) or OBJNT (for object fires)
cd culates time dependent quantities for the time of interest by interpolating between the time
points specified by the user. The routine DOF RE ca culates the plume entrainment rete.
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Figure 23. Data structure for flow and/or flux terms returned
from physicd interface routines to the control routine RESID.

For atype 1 (uncongtrained) fire, the routine DOFIRE sets the burning rate to the pyrolysis
rate. The heat rdleaserate is found by multiplying the burning rate by the heat of combustion.
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For atype 2 (constrained) fire, the prescribed chemistry scheme, discussed above, is used to
congtrain the burning rate based on both the fue and oxygen available. This chemistry scheme
isimplemented in the routine CHEMIE. This caculation is done for both the lower layer (from
the mass entrained by the plume) and for burning in the upper layer (with oxygen and fud
avaladlein thelayer).

Sum the contributions from Al firesinto the fire data structure for return to the control routine.
The following code fragment istypica of thosein al of the physica interface routines

FLWHLFBQ M LPPER) = FLW(LFBQ M UPPER + BMY(LFBO
AV LFBQ MLOMR) = ALVH(LFBQ M LOMR) - BV LFBO
FLWKLFBQ Q LPPER) = FALWKLFBQ Q LPPER) + QR(LFBO + GBME + GBWP
ALV LFBQ Q LOMR) = ALWHLFBQ Q LOMR) - (B
QPQHLFBO = QPQA(LFBO + L0 + &w
D040 LSP =1, NS
FLW(LFBQ LSP+2, LPPER) = FLWK LFBQ LSP+2, UPPER +
XNTVE UPPER LSP)
FLW(LFBQ LSP+2, LOMR) = FLWK LFBQ LSP+2, LONR +
XNTVE LO/ER LSP)
QONTI NLE
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5 Discussion and Summary

The software conssts of a collection of data and computer programs which are used to simulate the
important time-dependent phenomenainvolved in fires. The mgor functions provided include
cdculaion of:

. the buoyancy-driven as well asforced transport of this energy and mass through a series of
specified compartments and connections (e.g., doors, windows, cracks, ducts),

. the resulting temperatures, smoke optical densities, and gas concentrations after accounting for
hest trandfer to surfaces and dilution by mixing with clean air.

As can be seen from thislig, fire modding involves an interdisciplinary consideration of physcs,
chemigry, fluid mechanics, and hest trandfer. In some areas, fundamenta laws (conservation of mass,
energy, and momentum) can be used, whereas in others empirica correlations or even “educated gues-
ses’ must be employed to bridge gapsin existing knowledge. The necessary gpproximations required
by operationd practicality result in the introduction of uncertainties in the results. The user should
understand the inherent assumptions and limitations of the programs, and use these programs judi-
cioudy — including sengtivity andyses for the ranges of vaues for key parameters—in order to make
estimates of these uncertainties. This section provides an overview of these assumptions and limitations.

5.1 Specified Fire Limitations

An important limitation of CFAST is the absence of afire growth modd. At the present time, it is not
practicd to adapt currently available fire growth models for direct incluson in CFAST. CFAST utilizes
auser specified fire expressed in terms of an energy and meass release rates of the burning item(s) at
varioustimes. Such data can be obtained by measurements taken in large- and smdl-scde
caorimeters, or from compartment burns. Examples of their associated limitations are as follows:

1. For alarge-scale caorimeter, a product (e.g., chair, table, bookcase) is placed under alarge
collection hood and ignited by a 50 kW gas burner (smulating a wastebasket) placed adjacent
to theitem for 120 s. The combustion process then proceeds under assumed “free-burning”
conditions, and the release rate data are measured. Potential sources of uncertainty include
measurement errors related to the instrumentation and the degree to which “free-burning”
conditions are not achieved (e.g., radiation from the gases under the hood or from the hood
itself, and redtrictionsin the air entrained by the object causing locally reduced oxygen
concentrations affecting the combustion chemigtry). There are limited experimentd data for
upholstered furniture which suggest that prior to the onset of flashover in a compartment, the
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influence of the compartment on the burning behavior of theitem issmal. The differences
obtained from the use of different types or locations of ignition sources have not been explored.
These factors are discussed in reference [68].

2. Where small-scale calorimeter data are used, procedures are available to extragpolate to the
behavior of afull-szeitem. These procedures are based on empirica correlations of data
which exhibit Sgnificant scatter, thus limiting their accuracy. For example, for upholstered
furniture, the peak hesat release rates estimated by the “triangular gpproximation” method aver-
aged 91 % (range 46 to 103 %) of vaues measured for agroup of 26 chairs with noncombus-
tible frames, but only 63 per cent (range 46 to 83 %) of vaues measured for agroup of 11
chairswith combustible frames [69]. Also, the triangle neglectsthe “talls’ of the curve; these
aretheinitiad time from ignition to Sgnificant burning of the item, and the region of burning of the
combustible frame, after the fabric and filler are consumed.

3. The provided data and procedures only relate directly to burning of items initiated by relatively
large flaming sources. Little dataare currently available for release rates under smoldering
combustion, or for the high externd flux and low oxygen conditions characteristic of post-
flashover burning. While the modd alows multiple items burning Smultaneoudy;, it does not
account for the synergy of such multiple fires. Thus, for other ignition scenarios, multiple items
burning smultaneoudy (which exchange energy by radiation and convection), combustible
interior finish, and post-flashover conditions, the move can give estimates which are often
nonconservative (the actua release rates would be greater than estimated). At present, the
only sure way to account for dl of these complex phenomenais to conduct afull-scae
compartment burn and use the pyrolysis rates directly.

5.2 ZoneMode and Trangport Limitations

The basic assumption of al zone fire modes is that each compartment can be divided into asmal
number of control volumes, each of which isinterndly uniform in temperature and composition. In
CFAST dl compartments have two zones except for the fire room which has an additiona zone for the
plume.

The boundary between the two layersin a compartment is called the interface. 1t has generdly been
observed that buoyantly Sratified layers form in the spaces close to the fire. While in an experiment the
temperature can be seen to vary within a given layer, these variations are smal compared to the
temperature difference between the layers.

Beyond the basic zone assumptions, the model typicaly involves a mixture of established theory (eg.,

conservation equations), empirical correlations where there are data but no theory (e.g., flow and en-
trainment coefficients), and approximeations where there are neither (e.g., post-flashover combustion
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chemigiry) or where their effect is consdered secondary compared to the “cost” of incluson. An
example of awidely used assumption is that the estimated error from ignoring the variation of the
therma properties of structurd materids with temperatureis smal. While thisinformation would be
fairly smple to add to the computer code, data are scarce over a broad range of temperatures even for
the most common materids.

The user should be aware of the generd limits of zone modding and some specific manifestationsin
CFAST. These include the following:

1. Burning can be congtrained by the available oxygen. However, this* condrained fire’ (a“type
2" fire, see page 17) is not subject to the influences of radiation to enhance its burning rate, but
isinfluenced by the oxygen available in the compartment. If alarge masslossrate is entered,
the modd will fallow thisinput until thereisinsufficient oxygen available for that quantity of fud
to burn in the compartment. The unburned fuel (sometimes called excess pyrolyzate) is tracked
asit flows out in the door jet, where it can entrain more oxygen. |If this mixture iswithin the
user-specified flammable range, it burnsin the door plume. If not, it will be tracked throughout
the building until it eventudly collects as unburned fud or burnsin avent. The enthalpy released
in the fire compartment and in each vent, aswell asthe total enthalpy released, is detailed in the
output of the model. Since mass and enthapy are conserved, the total will be correct.
However, since combustion did not take place adjacent to the burning object, the actua mass
burned could be lower than that specified by the user. The difference will be the unburned fud.

2. An oxygen combustion chemistry scheme is employed only in congrained (type 2) fires. Here
user-specified hydrocarbon ratios and species yields are used by the modd to predict concen-
trations. A baance among hydrogen, carbon, and oxygen moleculesis maintained. Under
some conditions, low oxygen can change the combustion chemidry, with aresulting increase in
the yields of products of incomplete combustion such as CO. Guidanceis provided on how to
adjust the CO/CO, ratio. However, not enough is known about these chemica processes to
build this relaionship into the model at the present time. Some dataexist in reports of full-scale
experiments (e.g., reference [70]) which can assist in making such determinations.

3. The entrainment coefficients are empiricaly determined vaues. Smdl errorsin these vaues will
have asmdl| effect on the fire plume or the flow in the plume of gases exiting the door of that
compartment. In amulti-compartment mode such as CFAST, however, smdl errorsin each
door plume are multiplicative as the flow proceeds through many compartments, possibly
resulting in asignificant error in the furthest compartments. The data available from vaidation
experiments [ 71] indicate that the vaues for entrainment coefficients currently used in most zone
models produce good agreement for a three-compartment configuration. More data are need-
ed for larger numbers of compartments to study this further.
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4, In red fires, smoke and gases are introduced into the lower layer of each compartment
primarily due to mixing at connections between compartments and from the downward flows
aong walls (where contact with the wall cools the gas and reduces its buoyancy). Doorway
mixing has been incdluded in CFA ST, using the same empiricaly derived mixing coefficients as
used for caculating fire plume entranment. Downward wal flow has not been included. This
could result in underestimates of lower layer temperatures and Species concentration.

5.3 Modd Evaluation

The ASTM guide for evauating the predictive cgpability of fire modes [72] identifies four areas
important for fire mode evauation: 1) mode and scenario definition, 2) theoreticd basis and
assumptions in the modd, 3) mathematica and numerica robustness of the mode, and 4) quantifying
the uncertainty and accuracy of the mode. The first two of these are largely documentation issues for
the modd developer. For the CFAST modd, auser’ s guideis avalable to guide modd and scenario
definition [73]. This publication provides details of the theoretical basis and assumptionsin the CFAST
mode. Additiond guidance isavailable in the ASTM guide for fire model documentation [74]. The
work of Forney [75] examines the numerica robustness of fire models using the CFAST moded asan
example. Sengtivity andyss and experimenta comparisons are the primary focus of thefind area. An
overview of published literature related to FAST / CFAST in these areasis presented below.

A number of researchers have sudied the level of agreement between computer fire models and red-
scaefires. These comparisonsfal into two broad categories: fire reconstruction and comparison with
laboratory experiments. Both categories provide aleve of verification for the models used. Fire
recongtruction, athough often more quditative, provides a higher degree of confidence for the user
when the modds successfully smulate red-life conditions. Comparisons with laboratory experiments,
however, can yidd detalled comparisons that can point out wesknesses in the individud phenomena
included in the modds. The comparisons made to date are mostly quditative in nature. The level of
agreement between the mode s and experiment is typicaly reported as “favorable,” “satisfactory,” “well
predicted,” “successful,” or “reasonable.” Some of the comparisonsin the literature are reviewed
below.

Nelson [76] used smple computer fire models dong with existing experimenta data to develop an
andyds of alarge high-rise building fire. This andys's showed the vaue of available anaytica
cdculationsin recongructing the events involved in amultiple-story fire. Bukowski [77], [78], [79] has
gpplied the FAST and CFAST moddsin severd fad fire recondructions. Detalls of the firesincluding
temperatures, vent flows, and gas concentrations were cons stent with observed conditions and witness
accounts.

Severa studies comparing model predictions with experimental measurements are available. Dedl [80]
reviewed four computer fire models (CCFM, FIRST, FPETOOL[81] and FAST) to ascertain the
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relative performance of the modelsin smulaing fire experimentsin asmal room. All the models
smulated the experimenta conditions including temperature, species generation, and vent flows, ?quite
satisfactorily.” Duong [82] studied the predictions of severd computer fire models (CCFM, FAST,
FIRST, and BRI), comparing the models with one another and with large firesin an arcraft hanger.
For a4 MW fire size, he concluded that al the models are ?reasonably accurate.” At 36 MW,
however, ?none of the models did well.” Beard [83], [84] evaluated four fire models (ASET, FAST,
FIRST, and JASMINE[85]) by modeling three well-documented experimentd fires, ranging in scope
from single compartments to alarge-department-store space with closed doors and windows. He
provides both a quditative and quantitative assessment of the models ahility to predict temperature,
smoke obscuration, CO concentration, and layer interface position (for the zone-based models).
Peacock, Jones, and Bukowski [86] and Peacock, et. d. [87] compared the CFAST model to arange
of experimentd fires. The modd provided predictions of the magnitude and trends (time to critica
conditions and generd curve shape) for the experiments studied which range in qudity from within a
few % to afactor of two or three of the measured vaues.

The CFAST modd has been subjected to extensve evauation studies by NIST and others. Although
differences between the mode and the experiments were evident in the studies, they are typicaly
explained by limitations of the mode and of the experiments. Like al predictive modes, the best
predictions come with a clear understanding of the limitations of the model and of the inputs provided to
the calculations.
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Appendix A A Note on Total Gas Layer Absorption
John B. Hoover and Jean L. Bailey
Code 6180
US Naval Research Laboratory
Washington, DC 20375
A.1 Theoretical Considerations
Absorption is known to be afunction of several parameters, including the concentrations of various gases (primarily
particle sze digtribution of the soot, the temperature of the radiation source and the temperature of the absorbing gas
relationship isindicated by
A =function ([COy], [H2Q], soot, T, ...) (A2
Given avolume filled with gases and suspended particulates, radiation traversing that volume will be transmitted, ab
1=T+A+S (A2)
where T, A, and S represent the energy fractions which are transmitted, absorbed and scattered, respectively. For o
component, because: (a) scattering would add congderable complexity (computationd time) to the modd; and (b) m
detailed knowledge of the particulate Sze didtribution and of the optica properties of individua particles.
As areasonable gpproximation, we assume exponentia attenuation, so transmittanceis

T=exp(-aCL) (A3)

where a is the specific absorption coefficient, C is the concentration of the absorbing species and L is the path lengtr
dimensionless, a isin unitsof (CL)1.

In generd, the specific absorption coefficient is afunction of waveength, so we should caculate totd tranamittance k
transmittance over the entire waveength region of interest. Because that caculation is computationaly expensive, we
averagevaueof a isvalid for the entire wavelength region. Thisis a reason-able approximation for black- or gray b
continuous absorption spectra. We also assume that absorption is only due to soot, H,O and COo.
Applying eq (A3) to soat, the transmittance becomes

Ts=exp (-asCdl) (A4)
where asiis the effective soot specific absorption coefficient and Csis the soot concentration.
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Making the assumption that absorption is additive, except for a correction for band overlap, the gas absorbance will
AG = An20 + Acoz- C (A5)

For typicd fire conditions, the overlap amounts to about half of the CO, absorbance [A1] so the gas transmittance i<
Te=1-AH20-0.5AC0O2 (A6)

Due to the band structure of gas absorption spectra, the assumption of continuous absorption is not a good approxir
were estimated from graphs of detailed band absorbance calculations [A2].

Thetotd transmittance of a gas-soot mixture is the product of the gas and soot transmittances
Tr=TsTg (A7)

Subdtitution of eq (A4) and (A6) into eq (A7) yields

Tr=exp (-asCd) [1 - AH20 - 0.5 ACO2] (A8)

The parameters as and Cs may be lumped together ask, which, in the opticdly thin limit, is the Planck mean aosorpt
limit, is the Rosseland mean absorption coefficient. For the entire range of optical thicknesses, Tien, et. al. [A3] repo

k=kfyT (A9)

wherek is a constant which depends on the optical properties of the soot particles, fy is the soot volume fraction an
than attempt to caculate k from first principas, we have taken a semi-empiricad approach, usng vaues of k, fy, and”
and Tien [A4] for various fud types. As seen in C-1, k is quite variable [mean: 14.2; sandard deviation: 13.5 (95%)
after normdizing for fy and T, k is found to be nearly congtant [mean: 1195.5; standard deviation: 43.6 (4%0)]. There
vaid gpproximation for awide range of fuels. The soot volume fraction, fy, is calculated from the soot mass, soot der
assumed to be in thermd equilibrium with the gas layer.

Equation (A8) was developed for the case of point-to-point transfer, in which the vaue of L is known. In the contex
ambiguous since the source is digtributed over the volume of alayer and the destination is the surface area of the layt
length must be calculated. The mean beam length concept trests an emitting volume asiif it were a hemisphere of arac
center of the circular base is equd to the average boundary flux produced by the real volume. The vaue of this radiu
but, for an arbitrary shape, Tien et. al. [A5] have found an gpproximate vaueto be

L=c4VI/A (A10)
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where L isthe mean beam length in meters, ¢ is a congtant (gpproximately 0.9, for typica geometries), V is the emitti
surface area (meter2) of the gas volume. The volume and surface area are caculated from the dimensions of the laye
first term of eq (A8).

Edwards [AZ2] absorbance data for HoO and CO» are reported as log(emissivity) versus log(gas temperature), with
temperature is in Kelvin and gas concentrations is expressed a pressure-path length, in units of atmosphere-meters.
into alook-up table, implemented as atwo-dimensiond array of log(emissvity) vaues, with indices based on tempe
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Figure A-1. Comparison of varigbility of k and k for various fudls.

It should be noted that the literature usudly reports the results of emisson, rather than absorption, in experiments anc
radiation impinging on gray bodies which are in therma equilibrium with their surroundings, absorption and emisson
assumptions for the case of soot particles sugpended in air, therefore the use of emission data to estimate absorbance
gpproximation is not as good in the case of gases, but the dternative, a detailed absorbance band caculation, is comg
have assumed that absorbance and emissivity are equivaent.

111



The number of moles of each gasisfound usng the gas molecular weights and CFAST's estimated gas mass fraction
in units of amosphere-meters, are caculated from the number of moles, the universa gas congtant, temperature, laye
(A10). For each gas, the log(absorbance) is estimated from the corresponding look-up table by linear interpolation it
log(concentration) domains. In the event that the required absorbance lies outsde the temperature or concentration 1
acceptable vaue isreturned. Error flags are dso returned, indicating whether each parameter wasin or out of range i
low. Presently, these flags are only used to generate a warning message (sent to the default output device, unit 6) int
the future, they could be used for other purposes. For example, they might trigger a more complex extrapolation rou

This entire processis carried out for both CO, and HO. Since the interpolated values are actualy log(absorbance),
gas absorbances are substituted into the second term of eq (A8) to caculate the tota transmittance. Findly, the latter
coefficient

agrr=-In(T1) /L (Al11)
A.2 Results

Prior to the development of this dgorithm, CFAST used constant absorbance coefficients of 0.5 for upper layers anc
for the case of sooty upper layers and clean lower layers, but can lead to mideading predictions in other cases.

The interaction of radietive transport with walls, floor, calling and gas layersis very complex and the addition of vari:
Stuation even more complicated. Asaresult of this complexity, it is not possible to make generd statements regardir
coefficient. However, the effects of the new dgorithm may readily be seen in specific cases.

To illugrate this point, we modeed full-scae fire tests usng both the old and the new dgorithms. The test involved fc
the Navy'sfire test ship, ex-USS SHADWELL, with adiesd spray fud firein compartment 1. For these tests, pilot f
goray fireswereignited at +183 s. The configuration isillustrated in C-2; the double-headed arrows indicate vents b
compartment and the exterior. A complete description of the test is given in Bailey and Tatem [A6].

Figure A-3 shows that the new absorption calculation had relatively little effect on the predicted upper layer tempera
very sooty fires and, for that compartment, the absorption coefficient vaue assumed by the origind agorithm was a
predicted the observed air temperatures.

For comparison, we have included the results obtained with the new agorithm when soot generation is turned off (by
zero). Compared with the case of aredistic amount of soot, CFAST predicts much higher upper layer temperatures
quaitatively explained asfollows:

The only source of energy in the fire compartment is the fire, modeled as a plume which injects the combustion prod
congtant for the two cases, the same amount of energy is ddlivered to the upper layer in both cases. The upper layer
conduction of energy. The latter two are unaffected by any change in the absorbance, but the radiative losses will be
that, for agray body, the emissvity is the same as the absorptivity) when soot is eiminated. With smdller radiaive lo:
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therefore the no-soot gas temperature will be higher than in the basdline case.

The Stuation in the upper layer of compartment 2 is different from that in the upper layer of the fire compartment. Tt
from the hot deck so the temperature is directly related to layer absorbance. As seen in Figure A-4, the new agoritl
bringsit into closer agreement with experimenta vaues. For the no-soot case, absorbance is sgnificantly reduced, re
predictions.

Filot House
T (Compartment 4)

¢ , CIC
({Compartment 3)
Ricer 2
+—»
T (Compartment 2)
: " ¢ Berthing 2

({Compartment 1)

Figure A-2. Schematic of shipboard full-scale fire test area.

In this case, the vertica vent between compartments 1 and 2 was very small (0.002 ), which had two effects. (a)
energy transport mechanism within compartment 2; and (b) very little soot was present in compartment 2. As a cons
overestimated the absorbance of the upper layer and overpredicted the layer temperature. The new agorithm better
concentration and comes closer to the actual temperatures. As we would expect, even less absorbance would occur
observed temperatures. This interpretation is consistent with the absorption coefficients shown in Figure A-5. The n
to the H>O and CO» contributions.
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Figure A-5. Predicted upper layer absorption coefficient for compartment 2.

Symboal

<44 unrr>=x300 2> >

Mathematical symbols

Meaning Units
Layer surface area meter2
Absorbance dimensonless
Specific aosorption coefficient (meter-concentration) -1
Concentration unspecified
Mean beam length congtant dimensonless
Soot volume fraction dimengonless
Optical constant for soot (meter-Kdvin)-1
Mean absorption coefficient meter-1
Path length meter
Scattering fraction dimensionless
Temperature Kevin
Transmittance dimengonless
Layer volume meter3

Subscript Meaning
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EFF Effective

G Gas
T Total
S Soot

116



References

[Al]

[A2]

[A3]

[A4]

[A3]

[A6]

Tien et. al., "Radiation Heat Trandfer” in DiNenno, PJ. (Ed.) The SFPE Handbook of Fire Protection
Engineering, 1st Ed., National Fire Protection Association, Eq. 34, p. 1-99 (1988).

Edwards, D.K., "Radiation Properties of Gases' In Rohsenow, W.M., Handbook of Heat Transfer Fund:
Ed., Chap. 14, Figures 2 and 3, pp. 74-75 (1985).

Tien, et. al., "Radiation Heat Trandfer.” in DiNenno, PJ. (Ed.) The SFPE Handbook of Fire Protection
Engineering, 1st Ed., National Fire Protection Association, Eq. 39, p. 1-100 (1988).

Hubbard, GL. and Tien, C.L. "Infrared Mean Absorption Coefficients of Luminous Flames and Smoke," J.
(1978).

Tien, et. al., "Radiation Heat Trandfer.” in DiNenno, PJ. (Ed.) The SFPE Handbook of Fire Protection
Engineering, 1st Ed., National Fire Protection Association, Table 1-52, p. 1-98 (1988).

Baley, J.L. and Tatem, PA., "Validation of Fire/Smoke Spread Modd (CFAST) Using Ex-USS SHADWE
Control (ISCC) Fire Tests," US Nava Research Lab. Memo Report 6180-95-7781 (1995) [NTIS No. Al

117



Appendix B CFAST Input Data File Format

The CFAST mode requires a description of the problem to be solved. This section providesa
description for the input data used by the model. In generd, the order of the datais not important. The
one exception to thisisthe firgt line which specifies the verson number and gives the datafile atitle.

Mogt entriesin the input data file can be generated usng FAST. FAST provides online help
information in addition to context-sengtive error checking. For example, FAST will not dlow the user
to select afire compartment outsde the range of compartments specified on the Geometry screen.
Because of these features, FAST isthe preferred method for cregting and editing most CFAST input
files. However, some input file key words are not supported by FAST. For these special cases,
editing of the ASCII input file using any ASCII text editor is necessary. The following sections detail
the avalable input file key words and group them by their availability within FAST. Subsection titlesfor
the FAST key words correspond to the subsection titlesin the FAST chapter of thisreference. This
has been done as an aid to understanding the organization of the input file,

The number of linesin agiven data set will vary depending, for example, on the number of openings or
the number of speciestracked. A number of parameters such as hest transfer and flow coefficients
have been st within CFAST as constants.

B.1 General Format of an Input FileLine
Each line of the data file begins with a key word which identifies the type of dataon theline. The key

words currently available are listed below. The maximum number of arguments for each keyword is
shown in parentheses at the right of the description for the keyword.

ADUMPF gpecify afile namefor saving time higtories in spreadshest form 2
CEILI gpecify name of ceiling descriptor(s) (N)
CFCON caling floor heat conduction 2
CHEMI miscellaneous parameters for kinetics (7)
CET caling jet (@)
CO CO/CO, massrdio (Ifmax)
CT fraction of fue whichistoxic (Ifmax)
CVENT opening/closing parameter (Ifmax + 3)
DEPTH depth of compartments (N)
DETECT fire detection and suppression 9)
DUMPR soecify afile name for saving time histories (1)
EAMB externad ambient 3
FAREA area of the base of thefire (Ifmax)

118



FHIGHheight of the base of the fire

(Ifmax)

FLOOR specify the name of floor property descriptor(s) (N)
FMASS pyrolyssrate (Ifmax)
FPOS exact pogtion of thefire using X, v, z coordinates ©)]
FQDOT hedat release rate (Ifmex)
FTIME points of time on thefiretimeine (Lfmax + 1)
HALL Specify corridor flow mode @
HCL hcl/pyrolyss massratio (Ifmax)
HCN hcr/pyrolyss massratio (Ifmex)
HCR hydrogen/carbon massratio of the fue (Ifmax)
HEIGH interior height of a compartment (N)
HHEAT heat transfer between connected compartment walls (2x N)
HI/F absolute height of the floor of a compartment (N)
HVENT gpecify vent which connect compartments horizontaly )
INELV gpecify interior node eevations (for ventilation ducts) (2 x # of interior nodes)
LFBO compartment of fireorigin @
LFBT type of fire @
LFPOS position of the fire in the compartment @
MVDCT describe a piece of (circular) duct work 9
MVFAN give the pressure - flow relationship for afan (5t09)
MVOPN Specify an opening between a compartment and ventilation system (5)
OBJECT additional objectsto be burned )
OBJFL dternative object database file @
oD C/CO, massratio (Ifmax)
02 ratio of oxygen to carbon in the fuel (Ifmax)
RESTRspecify aregtart file 2
ROOMA Specify room cross-sectiond area as afunction of height (Ifmax)
ROOMH specify room heights corresponding to areas specified with ROOMA (Ifmax)
SELECT gpecify compartments for graphica digplay in GUI interface 3
SHAFT specify single zone modd for a compartment @
STPMAX gpecify maximum ODE solver timestep @
TAMB ambient insde the Sructure ©)]
TARG specify asmplified wal surface target

TARGET specify targets for caculation of loca surface temperature and flux (20)
THRMF dterndive thermd propertiesfile @
TIMES time step control of the output (5)
VERSN versgon number and title (fixed format 2)
VVENT gpecify avent which connects compartments verticaly 4
WALLS gpecify the name of wall property descriptor(s) (N)
WIDTH width of the compartments (N)
WIND scding rule for wind effects 3
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The number in parenthesis is the maximum number of entries for that line. "N" represents the number of
compartments being modeled. The outside (ambient) is designated by one more than the number of
compartments, N+1. Thus, athree compartment model would refer to the outside as compartment
four. Anentry for Ifmax is no longer supported directly. The vaue for Ifmax is determined by the
number of entries on the FTIME line.

Each line of input conggts of alabd followed by one or more dphanumeric parameters associated with
that input label. The labd must dways begin in the first space of theline and be in capitd |etters.
Following the labdl, the vadues may sart in any column, and dl vaues must be separated by ether a
commaor aspace. Vaues may contain decimd pointsif needed or desired. They are not required.
Unitsare gandard Sl units. Most parameters have default vaues which can be utilized by omitting the
gopropriate line. These are indicated in the discusson. The maximum line length is 128 characters, so
al datafor each key word mugt fit in this number of characters.

B.2 Entering aTitlefor the Input File

Thefird line in the file must be the version identification dong with an optiona short description for the
gamulation. Itisarequired input. The VERSN lineisthe line that CFAST keys on to determine
whether it has a correct datafile. The format isfixed, that isthe data must gppear in the columns
specified in the text.

Example

VERSN 1 Exanpl e Case for FAST User's Quide

Key word: VERSN
Inputs. Verson Number, Title

The verson number parameter specifies the version of the CFAST
Version Number moded for which the input data file was prepared. Normdly, thiswould
be 3. It must bein columns 8-9.

Thetitle isoptional and may consst of letters, numbers, and/or symbols
Title that gart in column 11 and may be up to 50 characters. It permits the
user to uniquely label each run.
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B.3 Specifying Smulation and Output Times

A TIMESIineisdso required in order to specify the length of time over which the amulation takes

place.

Example

VERSN 1 Exanpl e Case for CFAST 1.6 User's Quide

TI MES 200

10

0 0

Key word:

TIMES

Inputs. Simulation time, Print Interval, History Interva, Display Interval, Copy Count

Smulaion Time

(8

Smulation time is the length of time over which the Smulation takes
place. The maximum vaue for this input is 86400 s (1 day). The
smulation time parameter is required.

Print

Interva
(9

The print interva is the time interval between each printing of the output
vaues. If omitted or lessthanor equal to zero, no printing of the output
vaueswill occur.

History Interva

(8

The history interva isthe time interva between eachwriting of the output
tothe higtory file. The higtory file soresdl of the output of the modd at
thespecifiedinterva inaformat whichcan be efficently retrieved for use
by other programs. Section B.13 provides detals of the higtory file. A
zero must be used if no higtory fileisto be used.

Display Interva

(s

Thedisplay intervd isthe time interval between each graphical display
of the output as pecified in the graphics specification, sectionA.16. If
omitted, no graphica display will occur. There is a maximum of 900
intervas alowed. If thechoicefor this parameter would yield morethan
900 writes, the graphs are truncated to the first 900 points.

Copy Count

Copy count is the number of copies of each graphica display to be
made on the selected hard copy device as specified in the graphics
Specification, section A.16. If omitted, a value of zero (no copies) is
assumed.

When running simulations in the GUI interface, up to three compartments may be selected and
displayed in tabular and graphica form as the smulation proceeds. The SELECT keyword specifies
the user’s choice for the (up to) three compartments.
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Key word: SELECT
Input: Compartment 1, Compartment 2, Compartment 3

Each of up to three inputs may be included on the input line to specify
the compartmentsto be displayed intabular, graphical, and spreadsheet
Compartment 1 : . : :
Compartment 2 form during the Smulation. The compartment numbers may be in any
Comgim ot 3 order and any compartmentsincluded inthe smulationmay be sel ected.
Entrieslessthanone, or greater thanthe number of compartmentsinthe
smulation are ignored.
Example
SELECT 3

12
SELECT 1 0 0

There are saverd fileswhich CFAST uses to communicate with its environment. They include 1) a
configuration file, 2) the therma database, 3) the objects database, 4) a history file, and 5) arettart file.
The format of the thermal database and objects database are detailed in Appendices B and C.

The output of the smulation may be written to adisk file for further processing by programs such as
REPORT or to restart the CFAST modd from the end of a previous smulation. At eech interva of
time as specified by the higtory interva in the TIMES labd, the output is written to the file specified.
For efficient disk storage and optimum speed, the datais stored in an interna format and cannot be
read directly with atext editor. The RESTR lineisan optiond line used to restart the modd at a
gpecified amulation time within an exiging higory file.

Example

DUMPR PRM HI
ADUMPF PRM CSV NF
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Key word: ADUMPF

Input: Spreadsheet File, Output Options

The name specifies a file (up to 63 characters) to which the program
outputs are written in a form readable by spreadsheet programs.
Spreadshest file is an optiond input. If omitted, the file will not be

Spreadishest File generated. Notethat inorder to obtain a spreadshet file, this parame-
ter mugt be specified, and the display interval (see Section B.2) must be
set to anon-zero value.

Output Options Specifies the type of output(s) written to the spreadsheet file. One or

more of the letters WINFS may be specified. See Appendix B.

Key word: DUMPR
Input: Higtory File

Hidory File

The name specifies a file (up to 17 characters) to which the program
outputs for plotting are written. Higtory file is an optiond input. If
omitted, the file will not be generated. Note that in order to obtain a
history of the variables, this parameter must be specified, and the history
interva (see Section B.2) must be set to a non-zero vaue.

Key word: RESTR

Input: Redtart File, Restart Time (see Section B.2)

The name specifiesafile (up to 17 characters) from which the program

Redart File reads data to restart the modd. This data must have been generated
(written) previoudy with the history parameter discussed earlier.
Restart Time A time gep is given after the name of the file and specifies a what time
(9 the restart should occur.

B.4 Setting Ambient Conditions

The ambient conditions section of the input data alows the user to specify the temperature, pressure,
and gation eevation of the ambient atmosphere, as well as the absolute wind pressure to which the
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dructure is subjected. There is an ambient for the interior and for the exterior of the structure. The key
word for the interior of the structureis TAMB and for the exterior of the sructureis EAMB. Theform
isthe same for both.

The key word for the wind information isWIND. The wind modification is gpplied only to the vents
which lead to the exterior. Pressure interior to a structureis caculated smply as alapse rate based on
the NOAA tables. Thismodification is applied to the vents which lead to the exterior ambient. The
caculated pressure change is modified by the wind coefficient for each vent. This coefficient, which can
vary from -1.0 to +1.0, nominaly from -0.8 to +0.8, determines whether the vent is facing away from
or into thewind. The pressure change is multiplied by the vent wind coefficient and added to the
externa ambient for each vent which is connected to the outside.

The choice for the station eevation, temperature and pressure must be consstent. Outside of that
limitation, the choice is arbitrary. It is often convenient to choose the base of a structure to be at zero
height and then reference the height of the structure with respect to that height. The temperature and
pressure must then be measured at that position. Another possible choice would be the pressure and
temperature a sealeve, with the structure devations then given with respect to mean sealevd. Thisis
aso acceptable, but somewhat more tedious in specifying the congtruction of astructure. Either of
these choices works though because consstent data for temperature and pressure are available from
the Wesather Service for either case.

If the EAMB or TAMB lineisnot included in the input file, default values are used. The WIND lineis
optiond.

Example
TAMB  300. 101300. 0.
EAMB  300. 101300. 0.
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Key words. EAMB and TAMB
Inputs. Ambient Temperature, Ambient Pressure, Station Elevation
(Externd and Internd, respectively)

(m)

Ambient Ambient temperature is the temperature of the ambient atmosphere.
Temperature Default is 300.

(K)

Ambient The ambient pressure is the pressure of the ambient atmosphere.

Pressure Default is 101300.

(Pa)

The dtation devation is the devation of the point a which the ambient

Sation pressure and temperature (see above) are measured. The reference

Elevation point for the devation, pressure and temperature must be consistent.

Thisisthe reference datum for caculaing the density of the atmosphere
as wdl as the temperature and pressure indde and outside of the
dructure as afunction of height. Default isO.

Key word: WIND
Inputs: Wind Speed, Reference Height, L apse Rate Coefficient
Wind Speed Wind speed &t the reference devation. The default isO.
(m/s)
Reference Height at whichthe reference wind speed ismeasured. Thedefaultis10
Height m.
(m)
Lapse Rate The power law used to ca culate the wind speed as a function of height.
Codfficient The default is 0.16.

B.5 Defining Compartments

This section alows the user to portray the geometry of the structure being modeled. The size and
location of every compartment in the structure MUST be described.  The maximum number of
compartmentsis 15 compartments (plus the outdoors). The structure of the datais such that the
compartments are described as entities, and then connected in appropriate ways. It isthus possible to
have a set of compartments which can be configured in avariety of ways. In order to specify the
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geometry of asructure, it is necessary to give the physical characterigtics. Thusthe lines [abelled HI/F,
WIDTH, DEPTH and HEIGH are dl required. Each of these lines requires"N" data entries, that is

one for each compartment.

Example

WDTH  4.00 4.00

DEPTH  4.00  4.00

HEIGH  2.30 2.30

H/F 0.00 2.30
Key word: WIDTH

Input: Compartment Width

(m)

Compartment Width

Compartment width specifies the width of the compartment. The
number of valuesonthe linemust equa the number of compartmentsin
the Smulation.

Key word:

DEPTH

Input: Compartment Depth

(m)

Compartment Depth

Compartment depth specifies the depth of the compartment. The
number of vaues on the line musgt equa the number of compartmentsin
the smulation.

Key word:

HEIGH

Input: Compartment Height

(m)

Compartment Height

Compartment Height specifies the haight of the compartment. The
number of vaues on the line must equal the number of compartmentsin
the smulation.
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Key word: HI/F
Input: Hoor Height

The floor height is the height of the floor of each compartment with
respect to station elevation specified by the TAMB parameter. The
reference point must be the same for dl devaionsinthe input data. The
number of vaues on the line must equal the number of compartmentsin
the amulation.

Foor Height
(m)

Two additiona commands, ROOMA and ROOMH, may be used for defining compartment properties.
The ROOMA and ROOMH commands alow the user to define non-rectangular rooms by specifying
cross-sectiond areaas afunction of height.

Example
ROOVMA 1 3 10.0 5.0 3.0
ROOWH 1 3 0.0 1.0 20

The above example specifies that compartment 1 has a cross-sectional areaof 10, 5 and 3 n¥ at
elevations 0.0, 1.0 and 2.0 m respectively.

Key word: ROOMA
Input: First Compartment, Number of Area Data Points, Area Data Point(s)

The compartment in which the cross-sectiond areavariesasa

Firs Compartment function of height

A varying cross-sectiond areais specified by including a specified
number of cross-sectional area values as afunction of height, with
matching height values specified with the ROOMH command. The
Number of AreaDataPoints | number of area data points specified must equd the number of
matching cross-sectiond area values specified below. The number
of vaues for the compartment must match those included for the
same compartment on the ROOMH command, below

Vaues of cross-sectiona area of the compartment as a function of
height measured from the floor of the compartment. The vauesfor
the compartment correspond to height vaues included for the same
compartment on the ROOMH command, below

Area Data Point(s)
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Key word: ROOMH
Input: First Compartment, Number of Height Data Points, Height Data Point(s)

The compartment in which the cross-sectiond areavariesasa

First Compartment function of height

A varying cross-sectiond areais specified by including a specified
number of height values with matching cross-sectiond areavaues
specified with the ROOMA command. The number of height deta
points specified must equa the number of matching cross-sectiond
area vaues specified above. The number of vaues for the
compartment must match those included for the same compartment
on the ROOMA command, above

Number of Height Data
Points

Vaues of height for the corresponding cross-sectiond area values
measured from the floor of the compartment. The vaues for the
compartment coorespond to cross-sectiona area valuesincluded
for the same compartment on the ROOMA command, above.

Height Data Point(s)

B.6 Thermal Properties

The thermophysica properties of the enclosing surfaces are described by specifying the therma
conductivity, specific heat, emissvity, dendity, and thickness of the enclosing surfaces for each
compartment. Currently, therma properties for materials are read from atherma database file unique
to CFAST. Thedatain thefile smply gives a name (such as CONCRETE) which isapointer to the
propertiesin the therma database. The thermophysical properties are specified a one condition of
temperature, humidity, etc. There can be as many as three layers per boundary, but they are specified
in the therma database itsdlf.

If the thermophysical properties of the enclosing surfaces are not included, CFAST will tregt them as
adiabatic (no heat trander). If anameisused which isnot in the database, FAST will turn off the
conduction caculation, and CFAST will stop with an appropriate error message.

Since most of the heat conduction is through the celling, and since the conduction calculation takes a
ggnificant fraction of the computation time, it is recommended that initid caculations be made usng the
celing only. Adding the walls generdly has asmdl effect on the results, and the floor contribution is
usudly negligible. Clearly, there are cases where the above generdization does not hold, but it may
prove to be a ussful screening technique.
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The default name for the thermal properties database is THERMAL.TPF. Another name can be used
by sdecting it during ingtdlation, or by using the key word THRMF in the CFAST datafile.

Example

CEl LI GYPSUM GYPSUM
WALLS PI NEWOOD Pl NEWOOD
FLOOR CONCRETE CONCRETE

Key word: CEILI
Inputs. Calling Materias

Caling
Materids

Thelabd CEILI indicates that the names of thermophysica properties
on this line describe the caling materid. If this parameter is present,
there must be an entry for each compartment.

Key word: WALLS
Inputs. Wall Materids

WAl
Maerids

Thelabel WALL Sindicatesthat the names of thermophysica properties
onthisline describe the wal materid. If this parameter ispresent, there
must be an entry for each compartmen.

Key word: FLOOR
Inputs. Foor Materias

F oor
Materids

Thelabe FL OOR indi catesthat the names of thermophysica properties
on thisline describethe floor materid. If thisparameter ispresent, there
must be an entry for each compartment.

Key word: THRMF
Input: Therma Database

Therma Database

The name specifies afile (up to 12 characters) from which the program
readsthermophysica data. If thisparameter isnot specified, then either
the default (THERMAL.DAT) is used, or the name is read from the
configuration file
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B.7 Defining Connectionsfor Horizontal Flow

This section of the input datafileis required to specify horizonta flow connections between
compartments in the structure. These may include doors between compartments or windowsin the
compartments (between compartments or to the outdoors). These specifications do not correspond to
physicaly connecting the walls between specified compartments. Lack of an opening prevents flow
between the compartments. Openings to the outsde are included as openings to a compartment with a
number one greeter than the number of compartments described in the Geometry section. The key
word iISHVENT. If the HVENT lineis entered, the first Six entries on the line are required. Thereisan
optiona seventh parameter to specify awind coefficient. The soffit and Sl specifications are with
respect to the first compartment specified and is not symmetric. Reversing the order of the
compartment designations does make a difference.

Horizonta flow vents may be opened or closed during the fire with the use of the CVENT key word.
Theinitid format of CVENT issmilar to HVENT specifying the connecting compartments and vent
number. Each CVENT linein the input file detail s the open/close time dependent characteristics for
one horizontd flow vent by specifying afractiona vaue for eech LFMAX time entry. The default is 1.0
which isafully openvent. A vaue of 0.5 would specify a vent which was hafway open.

Example

HVENT 1 3 1 1.07 2.00 0.00 0.00
HVENT 2 3 1 1.07 2.00 1.00 0.00
CVENT 1 3 1 1.00 1.00

CVENT 2 3 1 1.00 1.00
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Key word: HVENT

Inputs. First Compartment, Second Compartment, Vent Number, Width, Soffit, Sill, Wind

Frgt Compartment The first compartment is smply the first connection.
The second compartment is the compartment number to which the first
compartment is connected.
Second Compartment
The order has one Sgnificance. The height of the ill and soffit are with
respect to the first compartment specified.
There can be as many as four vents between any two compartments.
Vent Number This number specifieswhich vent is being described. It can range from
oneto four.
Width The width of the opening.
(m)
Soffit Pogtion of the top of the opening above the floor of the compartment
(m) number specified as the first compartment.
Sl Sl height isthe height of the bottom of the opening above the floor of
(m) the compartment number specified as the first compartment.
Optiona parameter, the wind coefficient is the cosne of the angle
Wind between the wind vector and the vent opening.  This applies only to
ventswhichconnect to the outside ambient (specified withEAMB). The
range of vauesis-1.0to +1.0. If omitted, the value defaultsto zero.
Firg Compartment Optiona parameter, horizontd distance between the centerline of this
Pogition vent and the reference point in the first compartment
Second Compartment Optiona parameter, horizontal distance between the centerline of this
Pogition vent and the reference point in the second compartment
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Key word: CVENT
Inputs. First Compartment, Second Compartment, Vent Number, Width
Frgt Compartment The firgt compartment.
The second compartment is the compartment number to which the first
Second Gompartment compartment is connected.
Vent Number This number specifies which vent isbeing described. 1t can range from
oneto four.
Fraction that the vent isopen. This gppliesto the width only. The gl
Width and offit are not changed.  The number of vaues on the line must equa
the number of points on thefiretimdine.

B.8 Defining Connectionsfor Vertical Flow

The Ventg(celling,...) section of the input data file describes any vertica flow openings, such as
scuddles, between compartments in the structure (or between a compartment and the outdoors).
Openings to the outside are included as openings to a compartment with anumber one greeter than the
number of compartments described in the Geometry section. Each VVENT linein theinput file
describes one vertica vent. There are four parameters, the connected compartments, the shape of the
opening, and the effective area of the vent. At the present time, there is not an equivdent CVENT
mechaniam for opening or dosing the vertica vents.

Example

WENT 2 1 1.00 1

Key word: VVENT

Inputs: First Compartment, Second Compartment, Area, Shape

First Compartment Thefirg compartment is smply the first connection.
. The second compartment is the compartment number to which the first
nd Compartment compartment is connected.
Area This is the effective area of the opening. For a hole, it would be the
() actua opening. For adiffuser, the effective arealis somewhat less than

the geometricd Sze of the opening.

133




Shape

1 for circle or 2 for square.

B.9 Adding Sprinklersand Detectors

Sprinklers and detectors are both considered detection devices by the FAST modd and are handled
using the same input keywords. Detection is based upon hesat transfer to the detector. Fire suppression
by a user-specified water spray begins once the associated detection deviceis activated. A maximum
of 20 sprinklers or detectors can be included for any input file and mode run. These can bein one
compartment or scattered throughout the structure. The DETECT keyword is used for both detectors

and sprinklers.

Key word: DETECT

Inputs: Detector Type, Compartment, Activation Temperature, Depth Position, Breadth Position,
Height Pogtion, RT1, Sprinkler, Spray Density

Detector Type Type of detector, 1 for smoke detector and 2 for heat detector.
Compartment The compartment in which the detector or sprinkler is located.
Activation Temperature | The temperature a or above which the detector link activates.
(K)
Depth Postion Position of the detector or sprinkler as a distance from the rear wall of
(m) the compartment (X direction). Default vaue is %2 compartment depth.
Breadth Position Position of the obj ect as a distance fromthe left wall of the compartment
(m) (Y direction). Default vaue is Y2 compartment breadth.
Height Pogtion Position of the object as a distance fromthe floor of the compartment (Z
(m) direction). Default vaue is compartment depth.
RTI The Response Time Index (RTI) for the sprinkler or detection device.
(m9)”)
Sprinkler If sat to avaue of 1, the sprinkler will quench the firewiththe specified

Spray dengty of water.
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The amount of water dispersed by a water spray-sprinkler.  The units
for spray dendity arelength/time. These unitsarederived by dividingthe
volumetric rate of water flow by the areaprotected by the water spray.
The spray dengty may be measured by collecting water ina panlocated
within the spray areaand recording the rate-of-rise in the water levdl.

Spray Dendity
(m's)

B.10 Defining the Fire and Time-Dependent Fire Curves

The fire specifications alow the user to describe the fire source in the smulation. The location and
position of the fire are specified usng the LFBO and FPOS lines. Chemicad properties of the fud are
gpecified with the CHEMI key word aong with miscellaneous parameters. Turn the celling jet
cdculations on by using the CIET key word. By default, the ceiling jet is not included in a CFAST
smulation.

By default, the fire is placed in the center of the compartment on the floor. To placethefireina
different location, the FPOS key word may be included in the input file. If vauesfor any of the three
vaiablesareinvdid (i.e., lessthan zero or greater than the compartment dimension in the appropriate
direction), the location for that direction defaults to the center of the gppropriate direction.

CFAST no longer supports use of the LFMAX key word in the datafile. LFMAX is now determined
by the number of entries on the FTIME line used to specify points of the firetimeline. Thetime
dependent variables of the fire are described with a series of masslossrate, rate of heat release, fud
height, and fuel areainputs. All of these specifications are optiond. If entered, atotd of LFMAX+1
vaues must be included for each time dependent input line. The defaults shown for each key word
reflect the vaues for methane.

With the three parameters, the heat of combustion (HOC) from CHEMI, FMASS and FQDOT, the
pyrolysis and hesat release rate are over specified. The modd usesthe last two of the threeto obtain
the third parameter. That is, if the three were specified in the order HOC, FMASS and FQDOT, then
FQDOT would be divided by FMASS to obtain the HOC for each time interval. 1If the order were
FMASS, FQDOT and HOC, then the pyrolysis rate would be determined by dividing the hest release
rate by the heat of combustion. If only two of the three are given, then those two will determine the
third, and findly, if none or only one of the parametersis present, the defaults shown are used.

Species production rates are specified in a manner amilar to the fire, entering the rates as a series of
points with respect to time. The specieswhich are followed by CFAST are:

. Carbon Dioxide
. Carbon Monoxide
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. Concentration-Time Product

. Hydrogen Cyanide

. Hydrogen Chloride

. Nitrogen

. Oxygen

. Soot (Smoke Density)

. Tota Unburned Hydrocarbons
. Water

The program performs a linear interpolation between the time points to determine the time of interest.

For atype one (LFBT=1) fire, only the concentration-time product of pyrolysate (CT) can be
specified. No other species are followed. For atype two (LFBT=2) fire, nitrogen (N2), oxygen (O2),
carbon dioxide (CO2), carbon monoxide (CO), hydrogen cyanide (HCN), hydrogen chloride (HCL),
soot (OD), unburned fuel and water (H20) are followed. For atype two fire, HCN, HCL, CT, O2,
OD, CO and the hydrogen to carbon ratio (HCR) can be specified. In al cases, the unit of the
production rates is kg/kg. However, the meaning of the production ratesis different for the severd
types of species. See the discussion for each species key word below for the meaning of the
corresponding production rate.

Example

CHEM 16. 0. 10.0 18100000. 300. 400. 0.
LFBO 1

LFBT 2

FPOS 2.00 2.00 0.00

FTIME  400.

FMASS 0. 0014 0.0014
FHHGHd 0.00 0.01

FAREA 0.00 0.00

FQDOT 2. 53E+04 2. 53E+04
CQET OFF

HCR 0.333 0.333

(60) 0. 010 0.010
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Key word: CHEMI

Inputs. Molar Weight, Relative Humidity, Lower Oxygen Limit, Heat of Combustion, Initid Fue
Temperature, Gaseous Ignition Temperature, Radiative Fraction

Molecular weight of the fud vapor. Thisis the converson factor from

Molar Weght mass dengity to molecular dengity for "tuhc.” Default is 16. It is used
only for converson to ppm, and has no effect on the modd itsdlf.
Reative Humidity Theinitid rdative humidityinthe system. Thisis converted to kilograms
(%) of water per cubic meter.
Lower Oxygen Thelimit onthe ratio of oxygento other gasesinthe systembelow which
Limit aflamewill not burn. Thisisapplicable only to type (LFBT) 2 or later
(%) fires. Thedefault is 10.
Heat of Hest of combustion of the fudl. Default is 50000000.
Combustion
(Jkg)
Initia Fud Typicdly, the initial fuel temperaiure is the same as the ambient
Temperature temperature as specified in the ambient conditions section.
(K)
Gaseous Ignition Minimum temperature for ignition of the fud as it flows from a
Temperature compartment through a vent into another compartment. 1f omitted, the
(K) default is arbitrarily set to the initid fud temperature plus 100K.
Radiative Fraction Thefractlon of heat released by the firethat goesintoradiation. Default
15 0.30.
Key word: FAREA
Inputs. Fuel Area
Fud Area The area of thefire at the base of the flames.
(m)
Key word: FHIGH

Inputs. Fud Height
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Fud Height
(m)

The haght of the base of the flames above the floor of the compartment
of fire origin for each point of the goecified fire.

Key word: FMASS
Inputs. Mass Loss Rate

Mass Loss Rate
(kg/s)

Therateat whichfud is pyrolyzed a times corresponding to each point
of the specified fire.

Key word: FPOS

Inputs. Depth, Breadth, Height (relative to the | eft rear corner of the compartment — see figure above)

Pogtion of the fire as a distance from the rear wall of the compartment

Depth (X direction).

Position of the fire as a distance from the left wdl of the compartment
Breadth -

(Y direction).
Height Height of the fire above the floor (Z direction). This value is Smply

added to the fire height at each time specified by the FHIGH key word.

Key word: FQDOT
Inputs. Hest Release Rate

Heat Release
Rate
(W)

The hest release rate of the specified fire.
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Key word: FTIME
Inputs. Time Points

Time Points
(s

An entry indicates a point on the timdine where mass loss rate, fuel
height and speciesare specified for thefire. Thistimeisindependent of
the amulationtime whichis specified for the TIMES labdl. If the smula
tiontimeislonger thanthe total duration of the fire, the find va ues speci-
fied for the fire (mass lossrate, fud height, fud area, and species) are
continued until the end of the Smulation.

Key word: LFBO

Input:  Compartment of Fire Origin

Compartment of Fire
Origin

Compartment of fire origin isthe compartment number in which the fire
originates. Default is 0. The outsde can not be specified as a
compartment. An entry of O turns off the main fire leaving only object
fires specified by the OBJECT key word.

Key word: LFBT

Input: Fire Type
Thisisanumber indicating the type of fire.
1  Uncondraned fire
Fire Type 2  Condrained fire.

The default is 1. Seesection 3.10 for adiscussion of theimplications of
this choice.

Key words. HCN, HCL, CT, HCR, or O2
Inputs. Composition of the Pyrolyzed Fuel
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Units are kilogram of species produced per kilogram of fue pyrolyzed
for HCN and HCL. The input for CT is the kilograms of "toxic"
combustion productsproduced per kilogramof fue pyrolyzed. Input for
HCR isthe massratio of hydrogento carbon ratioin thefud. Input for
02 isthe massratio of oxygento carbon as it becomesavailablefrom
the fuel. The O2 input thus represents excess oxygenavailable fromthe
fud for combustion. For normd fuds, thisinput should be |eft out.

Production Rate
(kgkg)

Key words:.  OD and CO

Inputs; Yield
Input the ratio of the mass of carbonto carbon dioxide produced by the
Yidd oxidation of thefud for OD. Theinput for CO istheratio of the mass
(kg/ka) of carbon monoxideto carbon dioxide produced by the oxidation of the
fud.

B.11 Building HVAC Systems

These key words are used to describe a mechanica ventilation system. The MVOPN lineis used to
connect a compartment to a node in the mechanica ventilation sysem. The devation for each of these
exterior nodes is specified as ardative height to the compartment floor on the MVOPN line. The
MVDCT key word is used to specify a piece of the mechanicd ventilation duct work. CAUTION:
Nodes specified by each MVDCT entry must connect with other nodes, fans, or compartments. Do
not specify ducts which are isolated from the rest of the syssem. Specify interior elevations of the
mechanicd ventilation nodes using the INELV line. All node eevations can be specified, but evations
for the exterior nodes, that is those connected to a compartment, are ignored. These heights are
determined by entries onthe MVOPN line. The heights for interior nodes are absol ute heights above
the reference datum specified by TAMB. The heights are specified in pairs with the node number fol-
lowed by the height.

A fanisdefined usng the MVFAN line to indicate node numbers and to specify the fan curve with
power law coefficients. There must be at least one and amaximum of five coefficients specified for
each MVFAN entry. Thefan coefficients are amply the coefficients of an interpolating polynomid for
the flow speed as afunction of the pressure across the fan housing. In this example, the coefficients:

B( 1)
B( 2)

0. 140E+00 b(1)
-0. 433E-03 b(2) x p
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were calculated from entries madein FAST:

PRESSURE FLOW
M ni mum 0.00 0. 1400
Maxi mum 300. 00 0. 0101
Example
MOPN 1 1V 210 0.12
MVOPN 2 3V 2.10 0.12
MVDCT 1 2 2.30 0.10 . 00200 0. 00 1. 0000 0. 00 1. 0000
MVFAN 2 3 0.00 300.00 O0.140E+00 -0.433E-03
INELV 1 2.10 2 4.40 3 4.40

Key word: INELV
Inputs. Node Number, Height

Node Number Number of an interior node,
Height Height of the node with respect to the height of the reference datum,
(m) specified by TAMB or EAMB.
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Key word: MVDCT

Inputs. First Node Number, Second Node Number, Length, Diameter, Absolute Roughness, First
Flow Coefficient, First Area, Second Flow Coefficient, Second Area

First Node First node number. Thisisanodein the mechanicd ventilation scheme,
Number not a compartment number (see MVOPN).
Second Node Second node number.
Number
Length Length of the duct.
(m)
All duct work is assumed to be circular. Other shapes must be
Diameter approximated by changing the flow coefficient. Thisisdoneimplicitly by
(m) network models of mechanical ventilation and forced flow, but must be
done explicitly here.
Absolute Roughness of the duct.
Roughness
(m)
First Flow Flow coefficient to alow for an expansion or contraction at the end of
Coefficient the duct which is connected to node number one. To use a Sraight
through connection (no expansion or contraction) set to zero.
First Area Areaof the expanded joint.
()
Second Flow Coefficient for second node.
Coefficient
Second Area Area at the second node.
(m?)
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Key word: MVFAN

Inputs. First Node, Second Node, Minimum Pressure, Maximum Pressure, Coefficients

Firg node in the mechanica ventilaion system to which the fan is

First Node connected.
Second Node Second node to which the fan is connected.
Minimum Lowest pressure of the fancurve. Beow thisvaue, theflow isassumed
Pressure to be constant.
(Pa)
Maximum Highest pressure at which the fan will operate. Above this point, the
Pressure flow is assumed to stop.
(Pa)
Coafficients At Ieas_t one, and amaximum of five coefficients, to specify the flow as
afunction of pressure.
Key word: MVOPN
Inputs: Compartment Number, Duct Work Node Number, Orientation, Height, Area
Compartment Specify the compartment number.
Number
Duct Work Corresponding node in the mechanical ventilation system to which the
Node Number compartment is to be connected.
Orientation V for verticd or H for horizontd.
Height Height of the duct opening above the floor of the compartment.
(m)
Area Area of the opening into the compartment.
(m?)
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B.12 Selection of Ceiling Jet Surfaces

Key word: CET

Input: OFF, CEILING WALL, or ALL

Current Setting

To indudethe cdculationfor the calling, wdl, or both surfaces, the CIET
key word is used together with one of the identifiers CEILING WALL,
or ALL. For example, toturntheceilingon, use"CJET CEILING". At
present, this key word effects only the cdculation of the convective
heating boundary condition for the conduction routines. If a particular
surface is ON, the cdling jet dgorithm is used to determine the
convective heating of the surface. If OFF, the bulk temperature of the
upper layer determines the convective hegting.

B.13 Additional Burning Objects

The OBJECT key word alows the specification of additiona objects to be burned in the fire scenario.
The object name and object compartment are required if the OBJECT key word isused. All other
input items have default vauesiif they are not specified. These defaults are:

gart time 0.0, first dement 1, depth (x position) one haf the depth of the compartment, breadth (y
position) one haf the width of the compartment, and height (z position) 0.0. To specify any input item,
al preceding items on the OBJECT line must o be specified. For example, the first e ement can not
be st if gart timeisnot set. Pogtioning of the object within a compartment is specified in the same
manner as for the main fire. Seefigure below.

EXAMPLE:
OBJECT SCFA 1 10
OBJECT WARDROBE 1 30

Key word: OBJFL
Input:  Objects Database

Objects Database

The name specifies afile (up to 17 characters) fromwhichthe program
obtainsobject data. If thisparameter isnot specified, then either the de-
faut (OBJECTS.DAT) is used, or the name is read from the
configuration file.
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Key word: OBJECT

Inputs. Object Name, Object Compartment, Ignition Criterion Vaue, Ignition Criterion Type,
Depth Position, Breadth Pogition, Height Position, Norma Vector (Depth), Normal Vector
(Breadth), Normal Vector (Height), Horizontal Flame Spread Ignition Position, Vertical
Flame Spread Ignition Position

Object Name

The name from the objects database for the desired object. Specifying
a name not found in the database causes CFAST to stop with an
appropriate error message. FAST considers suchan object undefined
and does not display the entry.

Object Compartment

The compartment that the object is in during the smulation. If a
compartment number outside the range of specified compartments is
used, CFAST provides an error message and stops. FAST consders
such an object undefined and does not display the entry.

Ignition Criterion Vaue

The numerica vaue at which ignition will occur. If it islessthanor equal
to zero, the default istaken. For constrained and uncongtrained fires, the
default is and ignition at time of zero. For flame spread objects, the
default is the ignition temperature in the database.

Ignition Criterion Type

The type of ignitionconditionspecified by the Ignition Criterion Value.
Acceptable vduesare 1 for time, 2 for object surface temperature, and
3 for incident flux to object surface.

Depth Pogtion

Position of the object as a distance from the rear wal of the object
compartment (X direction). Default vaue is %2 compartment depth.

Breadth Position

Position of the object as a distance from the left wal of the object
compartment (Y direction). Default value is 2 compartment breadith.

Height Pogtion

Height of the object above the floor (Z direction). Default vaueis 0.

Normal Vector (Depth)

Specifiesavector of unit length perpendicular to the exposed surface of
the object. (Depth) component isin the direction from the rear wdl of
the object compartment. Default value is a horizonta, upward facing
object, unit vector = (0,0,1)

Normal Vector (Breadth)

Specifies avector of unit lengthperpendicular to the exposed surface of
the object. (Breadth) component isin the direction from the left wal of
the object compartment. Default vaue is a horizontd, upward facing
object, unit vector = (0,0,1)
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Specifiesavector of unit lengthperpendicular to the exposed surface of
the object. (Breadth) component isin the direction from the floor of the
object compartment. Default value isa horizonta, upward facing object,
unit vector = (0,0,1)

Normal Vector (Height)

Assuming the ignition surface is a wall with the corner closest to the
Horizontal Hame Spread | lower back left corner of the compartment, the horizonta flame spread

Ignition Pogtion ignition pogtion is the horizontd distance fromthe rear lower corner of
the object. Only applicable to flame spread objects.

Assuming the ignition surface is a wall with the corner closest to the
Vertica Flame Spread lower back left corner of the compartment, the horizontd flame spread

Ignition Pogition ignitionpositionisthe vertical distance fromthe rear lower corner of the
object. Only gpplicable to flame spread objects.

B.14 I nter-compartment Heat Transfer

Hest transfer between the celling and floor of specified compartments isincluded with the CFCON
keyword. Celling to floor heat transfer occurs between interior compartments of the structure or
between an interior compartment and the outdoors.

Example

CFCON 1 2

Key word: CFCON
Input:  First Compartment, Second Compartment

First Compartment _Flrst of the connected compartments. Order of the inputs is not
Important
Second Compartment m?t(;]?f the connected compartments. Order of the inputs is not

Horizonta conduction between specified compartmentsis included with the HHEAT keyword. Celling
to floor heat transfer occurs between interior compartments of the structure or between an interior
compartment and the outdoors.
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Examples.

HHEAT
HHEAT 2
HHEAT 2 3 10.5

3 0.25 4 0.25

Key word: HHEAT

Input: First Compartment, Number of Partrs, Second Compartment, Fraction

Firs Compartment

Firg of the connected compartments. Thisis an optiond parameter. If
no arguments are included on the HHEAT line, CFAST compuites hest
conductionbetween every pair of rooms connected by a horizontal flow
vent.

If First Compartment is specified, CFAST calculates heat conduction
between that compartment and dl compartments connected to First
Compartment by a horizonta flow vent.

Number of Parts

Optiondly, the user may completely specify the fraction of wal surface
connecting the Firs Compatment and aty number of other
compartments. The number of partrs specifies the number “second
compartment” and “fraction” pairs to be specified below.

Second Compartment

If the number of ordered pairs is specified, pairs of numbers which
specify aconnected compartment and the fractionof the verticd surface
aress of the compartments which are connected can be specified. The
second compartment specifies the compartment number of a
compartment connected by awadl surfaceto the first compartment. One
pair of numbers should be included for each parts.

Fraction

If the number of ordered pairs is specified, pairs of numbers which
gpecify aconnected compartment and the fractionof the verticd surface
aress of the compartments which are connected can be specified. The
fraction specifies the fraction of the vertica surfacearea connecting the
first and second compartment pair.

B.15 Defining Targets

CFAST can track and report caculations of the heat flux striking and the temperature of arbitrarily
positioned and oriented targets. Two keywords are used to specify targets: The TARGET keyword is
used to specify arbitrary targets placed anywhere in acompartment. The TARG keyword is used to
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gpecify targets on the interior bounding surface of a compartment.

Key word: TARGET

Input: Compartment, Depth Pogition, Breadth Position, Height Position, Normal Vector (Depth),
Normal Vector (Breadth), Normal Vector (Height), Material, Method, Equation Type

Compartment The compartment in which the target is located
Deoth Position Position of the target as a distance from the rear wall of the target
D compartment (X direction). Default vaue is %2 compartment depth.
” Position of the target as a distance from the left wall of the target
Breadth Position compartment (Y direction). Default value is2 compartment breadith.
Height Pogtion Height of the target above the floor (Z direction). Default vaueis O.

Normal Vector (Depth)

Specifies a vector of unit length perpendicular to the exposed surface of
the target. (Depth) component inthe direction from the rear wall of the
target compartment. Default vdue isahorizonta, upward facing target,
unit vector = (0,0,1)

Normal Vector (Breadth)

Specifiesavector of unit length perpendicular to the exposed surface of
the target. (Breadth) component inthe directionfrom the left wall of the
target compartment. Default value is a horizontal, upward facing target,
unit vector = (0,0,1)

Normal Vector (Height)

Specifiesavector of unit length perpendicular to the exposed surface of
the target. (Breadth) component in the direction from the floor of the
target compartment. Default vaue is a horizontd, upward facing target,
unit vector = (0,0,1)

An optional parameter used to specify the wal materid of the target.
Any materia fromthe thermal database used to represent wal materias

Materid may be used here. Since the trangent heat conduction problem is not
solved now for the target this parameter is not used.
indicates the solution method
STEADY for Seady Sate
Method XPLICIT for explicit (asis done with species)

MPLICIT for implicit (asis done with dl other varigbles)

Default method isMPLICIT
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Equation Type

If METHOD is not STEADY, this parameter further indicates the
equation type to be either ODE or PDE. The default is PDE

Key word: TARG
Input:  Compartment, Surface, Depth Position, Breadth Position, Method, Equation Type

Compartment The compartment in which the target is located
Surface Surface defines the compartment surface for the target. It is one of the
character strings, UP, FRONT, RIGHT, BACK, LEFT and DOWN
Depth Position Position of the target as a distance from the rear wall of the target
compartment (X direction). Default vaue is %2 compartment depth.
. Pogition of the target as a distance from the left wall of the target
Brezdith Position compartment (Y direction). Default value is %2 compartment breadth.
indicates the solution method
STEADY for seady date
Method XPLICIT for explicit (as is done with species)
MPLICIT for implicit (asis done with dl other varigbles)
Default method isMPLICIT
Equetion Type If METHOD is not STEADY, this parameter further indicates the

equation type to be either ODE or PDE. The default is PDE

B.16 Modeding Compartment as a Shaft or Hallway

For gairwells, devator shafts, and smilar compartments, the use of asingle, well-mixed zone better
approximates conditions within the compartment. To specify use of a one zone modd for individua
compartments rather than the typical two zone modd, the SHAFT keyword is used.

Example

SHAFT 1
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Key word: SHAFT
Input: Compartment

Compartment Compartment to be modeled as a single, well-mixed zone

For long halways or corridors, there can be a sgnificant delay time for the initia hot gas layer to travel
aong the cailing to the far end of the compartment. To alow the CFAST modd to cdculate the celling

jet velocity and temperature dong the corridor and its effects on heet trandfer to the celling, the HALL

keyword isused. In addition, the horizonta postion of the ventsin the compartment are also specified
with the HVENT keyword.

Example

HALL 1

Key word: HALL
Input: Compartment, Ve ocity, Depth, Decay Distance

Compartment Compartment to be modeled as a single, well-mixed zone
veod Optiona parameter, calingjet velocity at the distancefromthereference
ty point where the temperature fdls off by 50 %.
Deoth Optional parameter, cealling jet depth at the distance from the reference
P point where the temperature fals off by 50 %.
, Optiona parameter, distance from the reference point where the
Decay Distance temperature fals off by 50 %.

B.17 Runtime Graphics

A graphics specification can be added to the datafile. Details of the meaning of some of the
parameters is best |eft to the discussion of the device independent graphics software used by CFAST.
However, the information necessary to useit israightforward. The generd structureis smilar to that
used for the compartment and fire specification. One must tell the program "what to plot,” "how it
should appear,” and "where to put it."

The key words for "whereto put it" are:
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DEVICE whereto plot it

BAR bar charts

GRAPH Specify an x-y plot

TABLE put the data into atable

PALETTE gpecify the legend for CAD views

VIEW show a perspective picture of the structure

WINDOW  the sze of the window in "user" space.

The complete key word isrequired. That is, for the "whereto put it" terms, no abbreviations are
dlowed. Then one must specify the variables to be plotted. They are:

VENT, HEAT, PRESSUR, WALL, TEMPERA, INTERFA,
H,O, CO,, CO, OD, O,, TUHC, HCN, HCL, CT

As might be expected, these are milar key words to those used in the plotting program, CPlot. In this
casg, it isareduced set. The application and use of CFAST and CPlot are different.

For each key word there are parameters to specify the location of the graph, the colors and findly, titles
as appropriate. For the variables, there is a corresponding pointer to the graph of interest.

The WINDOW label specifies the user space for placement of graphs, views, etc. The most common
vaues (which are dso the default) ares

XI=0,Yb=0,Zf =0.
Xr=1279., Yt =1023., Zb = 10.

Thisis not arequired parameter; however, it is often convenient to define graphs in terms of the units
that are used. For example, if one wished to display a house in terms of a blueprint, the more natura
units might be feet. In that case, the parameters might have the vaues:

XI=0,Yb=0,Zf =0.
Xr=50, Yt=25., Zb=30.

Up to five graphs, tables, bar charts, and views may be displayed at one time on the graphics display.
Up to five labels may be displayed a one time on the graphics display. Each type of output and each
label isidentified by a unique number (1-5) and placed in the window at a specified location. X, Yb,
Zf, Xr, Yt and Zb have a meaning smilar to WINDOW. However, here they specify wherein the
window to put the output.

The PALETTE labd performs a specidized function for showing colors on the views. A four entry
tableis created and used for each type of filling polygon used in aview. Up to five paettes may be
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defined. Each pdette isidentified by a unique number and placed in the window at a Specified location.
Xl, Yb, Zf, Xr, Yt and Zb have ameaning smilar to WINDOW. However, here they specify wherein
the window to put the palette.

In order to see the variables, they must be assigned to one of the above displays. Thisis accomplished
with the variable pointers as:

(Variable) (nmopq) (Conpartnent) (Layer).

Variableisone of the available variadbles VENT, HEAT, PRESSUR, WALL, TEMPERA, INTERFA,
N,, O,, CO,, CO, HCN, HCL, TUHC, H,0, OD, CT used as alabd for the line. The specieslisted
correspond to the variable "SPECIES' in CPlot. (nmopqr) is a vector which points to:

i ndex display in
(1) n -> bar chart
(2) m->table
(3) o -> view
(4) p -> labe
(5) g -> graph

respectively. These numbers vary from 1 to 5 and correspond to the vaue of "n" in the "where to put
it" gpecification. Compartment is the compartment number of the variable and Layer is"U" or "L" for

upper and lower layer, respectively.
Example

W NDOW 0 0 -100 1280 1024 1100
GRAPH 1 100. 050. 600. 475. 10. 3 TIME HEIGHT
GRAPH 2 100. 550. 600. 940. 10. 3 TIME CELSIUS
GRAPH 3 720. 050. 1250. 475. 10. 3 TIME FIRE S| ZE(kW
GRAPH 4 720. 550. 1250. 940. 10. 3 TIME O D2| A%

| NTERFA 0
TEMPERA 0
HEAT 0
@ 0
| NTERFA 0
TEMPERA 0
HEAT 0
@ 0

o
NNNNRPRPRRPLROOOO

oOooooooo
Oooooooo
Oooooooo
AWNPFPANWN

cCcCcccccc
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Key word: DEVICE
Input: Plotting Device

The Plotting Device specifies the hardware device where the graphics
isto be displayed. It isingdlation dependent. In generd it pecifies
which device will receive the output. For most systems, 1 is for the
screen from which keyboard input comes, and 6 is for the hpgl files.

Motting Device

Key word: WINDOW
Inputs: XI, Yb, Zf, Xr, Yt, Zb

XI Left hand side of the window in any user desired units.

Yb Bottom of the window in any user desired units.

Zf Forward edge of the 3D block in any user desired units.

Xr Right hand side of the window in any user desired units.

Yt Top of thewindow in any user desired units.

Zb Rear edge of the 3D_ block in any user desired units. These definitions
refer to the 3D plotting block that can be seen.

153




Key word: BAR

Inputs. Bar Chart Number, XI, Yb, Zf, Xr, Yt, Zb, Abscissa Title, Ordinate Title

Bar Chart The number to identify the bar chart. Allowable vaues are from 1 to 5.
Number
Left hand side of the bar chart within the window in the same units as
Xl i
that of the window.
Yb Bottom of the bar chart within the window in the same units as that of
the window.
Forward edge of the 3D block within the window in the same units as
Zf )
that of the window.
Right hand sde of the bar chart within the window in the same units as
Xr .
that of the window.
Vi Top of the bar chart within the window in the same units as that of the
window.
Zb Back edge of the 3D block within the window in the same unitsas that
of the window.
Abscissa Title Title for the abscissa (hoilzl?ntd axis). To have blanksinthetitle, use
the underscore character
Ordinate Title Titlefor the ordinate (vertica axis). To have blanksin thetitle, usethe

underscore character " _".
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Key word: GRAPH

Inputs. Graph Number, XI, Yb, Zf, Xr, Yt, Zb, Color, Abscissa Title, Ordinate Title

The number to identify the graph. Allowable values are from 1 to 5.
The graphs must be numbered consecutively, dthoughthey do not have

Graph Number to be given in order. It isacceptable to define graph 4 before graph 2,
but if graph 4 is to be used, then graphs 1 through 3 must also be
defined.

X Left hand sSde of the graph within the window in the same units as that
of the window.
Yb Bottom of the graph within the window in the same units as thet of the
window.
Forward edge of the 3D (three dimensond) block withinthe window in
Zf . :
the same units as that of the window.
Xr Right hand side of the graph within the window in the same unitsasthat
of the window.
Vi Top of the graph within the window in the same units as that of the
window.
7t Back edge of the 3D block within the window in the same units as that
of the window.
The color of the graph and labelswhich is specified as an integer from
Color 1to 15. Refer to DEVICE (NBSIR 85-3235) for the colors corre-
sponding to the color values.
Abscissa Title Title for the abscissa (hozlzl(l)ntd axis). To have blanksin theftitle, use
the underscore character " .
Ordinate Title Title for the ordinate (verticd axis). To have blanksin thetitle, usethe

underscore character " _".
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Key word: TABLE

Inputs. Table Number, XI, Yb, Zf, Xr, Yt, Zb

The table number is the number to identify thetable. Allowable vaues
arefrom 1to 5. Thetables must be numbered consecutively, dthough

Table Number they do not have to be giveninorder. It is acceptable to define table 4
before table 2, but if table 4 is to be used, thentables 1 through 3 must
aso be defined.

X Left hand side of the table within the window inthe same units as that of
the window.

Yb Bottom of the table within the window in the same units as that of the
window.
Forward edge of the 3D block within the window in the same units as

Zf ;
that of the window.

Xr Right hand side of the table within the window in the same units as that
of the window.

Vi Top of the table within the window in the same units as that of the
window.

Zb Back edge of the 3D block within the window in the same units as that

of the window.
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Key word:

VIEW

Inputs. View Number, X1, Yb, Zf, Xr, Yt, Zb, File, Transform Matrix

View number isthe number to identify the view. Allowable vaues are
from 1to5. Theviewsmust be numbered consecutively, dthough they

View Number do not have to be givenin order. It is acceptable to define view 4
before view 2, but if view 4 isto be used, then views 1 through 3 must
aso be defined.

X Left hand side of the view within the window inthe same units as that of
the window.

Yb Bottom of the view within the window in the same units as that of the
window.
Forward edge of the 3D block within the window in the same units as

Zf ;
that of the window.

Xr Right hand side of the view within the window in the same units as that
of the window.

Vi Top of the view within the window in the same units as that of the
window.

7t Back edge of the 3D block within the window in the same units as that
of the window.

Fle Fileisthefilename of abuilding descriptor file.
The Trandform Matrix is a 16 number matrix which alows dynamic

Trangform Matrix positioning of the view within the window. The matrix (10000100

00100001) would show theimage as it would appear in adisplay
from BUILD.
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Key word: LABEL

Inputs. Label Number, X1, Yb, Zf, Xr, Yt, Zb, Text, Anglel, Angle2

Labe number isthe number to identify the label. Allowable vdues are

Label Number from1to5.
XI Left hand side of the [abel within the window inthe same units as that of
the window.
Yb Bottom of the labd within the window in the same units as that of the
window.
Forward edge of the 3D block within the window in the same units as
Zf ;
that of the window.
Xr Right hand sde of the label within the window in the same units as that
of the window.
Vi Top of the label within the window in the same units as that of the
window,
Zb Back edge of the 3D block within the window in the same unitsas that
of the window.
Thetext to be displayed within the labdl. To have blanksinthetitle, use
Text .
the underscore character
Color Color of the text to be displayed (anumber from 0 to 15).
Anglesfor display of the labd inaright cylindrica coordinate space. At
Anglel and present, only the fird angle is used and represents a pogtive counter-
Angle? clockwise rotation; set the second angle to zero. Both angles are in

radians.
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Key word: PALETTE

Inputs. Palette Number, X1, Yb, Zf, Xr, Yt, Zb, Color and Label

Pa ette number is the number to identify the pdette. Allowable values

Palette Number aefrom1to5.
I Left hand Sde of the paette within the window in the same unitsas that
of the window.
Yb Bottom of the pal ette withinthe window in the same units as thet of the
window.
Forward edge of the 3D block within the window in the same units as
Zf ;
that of the window.
Xr Right hand side of the palette within the window inthe same unitsas that
of the window.
Vi Top of the palette within the window in the same units as that of the
window,
Zb Back edge of the 3D block within the window in the same unitsas that
of the window.
There are four pairs of color/text combinations, each corresponding to
an entry in the paette. The color number isaninteger from1 to 15 and
Color and Labd the text can be up to 50 characters (totd line length of 128 characters

maximum). As before, spaces are indicated with an underscore
character " ".
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Appendix C CFAST Thermal Properties Database Format

Thermd dataisread from afilewhichisin an ASCII format. The default nameis THERMAL.DF. An
dternative can be chosen by using the key word THRMF in the datafile that is used by the CFAST
modd.

The relationship is by the name used in specifying the boundary. Any name can be used so long asit is
in the thermal database. If anameisused which isnot in the database, then FAST will turn off the
conduction calculaion, and FAST will stop with an gppropriate error message. The form of an entry in
the database is:

name conductivity specific heat dengty thickness emissvity
and the unitsare:
name 1 to 8 dphanumeric characters

conductivity ~ WattYmeter/Kevin
specifichest  Jouleskkilogran/Kevin

density kilograms/cubic meter
thickness meters
emissvity dimensonless.
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Appendix D CFAST Object Fire Database Format

The object database was modified to handle the new definition of aflame spread object. Please note
that the format for the objects database for CFAST 2.2 (and earlier) and 3.0 are not compatible.

line 1) OBJECT OBINAM
OBINAM(NUMOBJL) = Name of object (up to 8 characters)

line2) OBJTYP OBJCRI(2,l) OBJCRI(3,]) OBIMAS OBJGMW OBJVT OBJHC

OBJTYP(NUMOBJL) = Object type

1 uncongtrained burn

2 congtrained burn

3 flame spread model
OBJCRI(2NUMOBJL) = Fux for ignition (W/rr¥)
OBJCRI(3,NUMOBJL) = Surface temperature for ignition (k)
OBIMAS(NUMOBJL) = Tota mass (kg)
OBJGMW(NUMOBJL) = Gram molecular weight
OBINVT(NUMOBJL) = \olailization temperature (k)
OBJHC(NUMOBJL) = Hest of combustion (Jkg)

line 3) OBIXYZ(L,) OBIXYZ(2,1) OBIXYZ(3,1) OBJORT(L,1) OBJORT(2,)) OBJORT(3,1)

OBJIXYZ(1,NUMOBUJL) = Panel length (m)
OBJXYZ(2NUMOBJL) = Pand height or width (m)
OBJXYZ(3,NUMOBJL) = Pand thickness (m)
OBJORT(1,NUMOBJL) = x component of the normal
OBJORT(2NUMOBJL) =y component of the normal
OBJORT(3,NUMOBJL) = z component of the normal

For type 1 and 2 firesline 4) is blank. For type 3 objects line 4 has data specific only to flame spread.
The format for a flame spread object follows.

line4) OBIMINT OBJPHI OBJHGAS OBJQAREA
OBJIMINT = Minimum surface temperature for latera flame spread (K)

OBJPHI = Latera flame spread parameter (1'2/s"2* m"3)
OBJHGAS = Effective heet of gasification (Jkg)
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OBJQAREA = Totd hesat per unit area (Jn1*2)
The effective heat of gadfication is the one unusud parameter for the flame spread object. The method
given by Quintiere and Cleary isto plot the peak heat release rate (HRR) againgt the radiant flux used
for anumber of cone caorimeter runs at different fluxes. The dope of the curve that bests fits the datais
the effective heet of gadfication.
line5) OTIME(L,]) to OTIME(TOTJ|I)

OTIME(NV,NUMOBJL) = Time higtory ()
Each ori Me(J, 1) represents a point on the objects burn time line where the variables below are
defined exactly. CFAST will interpolate va ues between any two points. Tory is the total number of
points on the specified time line. CFAST automdicaly assgns an initid time zero for the objectstime
line so that there will dways be one fewer specified vaue for the time line than for the history variables
below. For type three objects the curves are straight lines to represent the constants that CFAST uses
for the flame spread objects.
The following lines are the higtories for the individua parameters a each of the ori Me points.
Line 6) OMASS(1,1) to OMASS(TOTH1,1)

OMASS(NV,NUMOBJL) = Pyrolyss rate time history (kg/s)
line 7) OQDOT(1,1) to OQDOT(TOTJI)

OQDOT(NV,NUMOBJL) = Rate of heeat release time history (w)
line 8) OAREA(1,]) to OAREA(TOTJ|)

OAREA(NV,NUMOBJ) = Areaof firetime history (n")
line 9) OHIGH(1,]) to OHIGH(TOTJ|)

OHIGH(NV,NUMOBJW) = Height of flame time history (m)
line 10) OCO(1,NUMOBJL) to OCO(TOTJNUMOBJL)

OCO(NV,NUMOBJL) = CO/CO2 time history
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line 11) OOD(1,NUMOBJL) to OOD(TOTJNUMOBJL)
OOD(NV,NUMOBJL) = OD or soot time history
line 12) OHRC(1L,NUMOBJL) to OHRC(TOTJNUMOBJL)
OHCR(NV,NUMOBJL) = H/C time history
line 13) OOC(L,1) to OOC(TOTJ|1)
OOC(NV,NUMOBJL) = O/C time history
line 14) OMPRODR(1,10,1) to OMPRODR(TOTJ,10,1)
OMPRODR(NV,10,NUMOBJL) = CT time history
line 15) OMPRODR(L,5,!) to OMPRODR(TOTJ}5,1)
OMPRODR(NV,5NUMOBJL) = HCN time history
line 16) OMPRODR(L,6,1) to OMPRODR(TOTJ6,1)

OMPRODR(NV,6,NUMOBJL) = HCl time history
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Appendix E Alphabetical Listing of CFAST Routines

NAME LOCATION DESCRIPTION

ATMOSP ATMOSP.SOR Floating point function to calculate the pressure,
temperature and density at a specified height.

AVG NAILED.SOR Cdculate the average of two red nhumbers.

CEILHT CEILHT.SOR Caculate convective heat transfer to the uniform
temperature ceiling above afire in a paraldepiped
compartment with atwo-layer fire environment.

CFAST CFAST.SOR Main modd.

CHEMIE CHEMIE.SOR Do the combustion chemigry - for plumesin both the
upper and lower layers.

CIET CJET.SOR Interface between RESID and CEILHT; sets up vari-
ablesto pass.

CNDUCT CNDUCT.SOR Heat conduction through objects.

CNHEAT CNHEAT.SOR Interface routine between RESID and CONVEC,
CNDUCT for surfaces.

CONHT NAILED.SOR Cdculate fractiond effective dose due to temperature in
1 minute in REPORT.

CONT1 NAILED.SOR Obtain data for new time step in REPORT.

CONVEC CONVEC.SOR Convective heet loss or gain.

CONVRT CONVRT.SOR Convert an ASCII gring to an integer or floating point
number.

COPY NAILED.SOR Copy one matrix to another in REPORT.

CPTIME CPTIME.SOR Return the total cdculaion (not smulation) time since
the beginning.
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NAME LOCATION DESCRIPTION

CUNITS CUNITS.SOR Convert from user units to scientific units or vice versa

CVHEAT CVHEAT.SOR Interface between RESID and CONVEC; sets up vari-
ables to pass.

DIMACH AAUX.SOR Used to obtain machine-dependent parameters for the
locd machine environment.

DATACOPY DATACOPY.SOR | Copy the solver variables to the environment common
blocks.

DATYPE DATY PE.SOR Determine the type of the ASCII string (integer,floating
point,...).

DDASSL DASSL.SOR Solver.

DEBUGPR SOLVE.SOR Diagnodtic routine for responding to function keysin
CFAST.

DEFAULT DEFAULT.SOR Allow the user to set CPlot default parameters for the
compartment number, layer, species, vent flow
destination, and character set.

DELP DELP.SOR Calculate the absolute hydrogtatic pressures a a
Specified elevation in each of two adjacent com-
partments and the pressure difference.

DISCLAIM DISCLAIM.SOR Disclamer notice,

DET DJET.SOR Physical interface routine to calculate the current rates
of mass and energy flows into the layers from al door
jet firesin the structure.

DJFIRE DJFIRE.SOR Cdculae heat and combustion chemisiry for adoor jet
fire

DOFIRE DOFIRE.SOR Do heat release from afire for both main fire and
objects.

DOSES NAILED.SOR Determine hazard the person is exposed to based on
layer; used in REPORT.

DREADIN DREADIN.SOR Read arecord (binary) of ahistory file. See
WRITEQT.

DUMPER DUMPER.SOR Write to the history file.
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NAME LOCATION DESCRIPTION

ENTRAIN ENTRAIN.SOR Cdculae entrainment for HFELOW.

ENTRFL ENTRFL.SOR Low-leve routine with ENTRAIN to caculate vent
entrainment.

FDCO NAILED.SOR Fractiona effective dose dueto CO in 1 minutein
REPORT.

FDCO2 NAILED.SOR Fractiona effective dose dueto CO2 in 1 minutein
REPORT.

FDHCN NAILED.SOR Fractiona effective dose dueto HCN in 1 minutein
REPORT.

FDO2 NAILED.SOR Fractiona effective dose dueto O2in 1 minutein
REPORT.

FIND NAILED.SOR Verify aparticular type of keyword in REPORT; used
by MATCH.

FIRES FIRES.SOR Physicd interface routine to caculate the current rates
of mass and energy flows into the layers from al firesin
the building.

FRPLM FIRPLM.SOR Cdculates plume entrainment for afire from McCaf-
frey's correlation.

FLAMHGT FLAMHGT.SOR Cdculaesthe flame height for agiven fire 9ze and
area

FLOGO1 FLOGO1.SOR Deposition of mass, enthapy, oxygen, and other
product-of-combustion flows passing between two
compartments through a vertical, constant-width vent.

FLWOUT FLWOUT.SOR Digplay the flow fidd in CFAST.

GASLOAD GASLOAD.SOR Read species keyword specificationsin graphics
section of input file; used by NPUTG

GETELEV GETELEV.SOR Set devation coordinates for horizontd flow vent;
cdled by VENT.

GETOBJ GETOBJ.SOR Get database detailed information for a specified

object.
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GETVAR GETVAR.SOR Cdculate conditions for specified compartment; used
by HFLOW.

GJAC GJAC.SOR Evauate the Jacobian for the solver. (Not used at this
time).

GRAFIT GRAFIT.SOR Initidize a graphics grid or contour diagram with a full
st of labels and switch the rest of the contour graphics
materid to the graphics mode; modified verson for
CFAST of GRAFIT from DEVICE.

GRES GRES.SOR User-supplied subroutine to calculate the functions;
SNSQE routine.

GRES2 GRES2.SOR User-supplied subroutine to caculate the functions;
SNSQE routine.

GTOBST GTOBST.SOR Read aline from the objects database; used with
GETOBJ.

HALLHT HALLHT.SOR Cdculates the velocity and temperature of the celling jet
at each detector location in a corridor.

HCL HCL.SOR Physicd interface routine to do HCl deposition on wall
surfaces.

HCLTRAN HCLTRAN.SOR Cdculate the hydrogen chloride baance in the gas and
on the wal surface; called by HCL.

HFLOW HFLOW.SOR Physicd interface routine to calculate flow through all
unforced horizonta vents.

HVFAN HVFAN.SOR Caculate mass flow rate through a fan based on afan
curve.

HVFREX HVFREX.SOR Update arrays and assign compartment pressures,
temperatures and species to HVAC exterior nodes
(from compartments)

HVFRIC HVFRIC.SOR Cdculate duct friction factor from the Colebrook
equation.

HVINIT HVINIT.SOR Set up the arrays needed for HVAC smulation and

initidize temperatures and concentrations.
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HVMAP HVMAP.SOR Construct mapping arrays used to map interior nodes,
exterior nodes, and HVAC systems to appropriate
arrays.

HVMFLO HVMFLO.SOR Compute the source term for mass flow in the me-
chanicad ventilation system.

HVSFLO HVSFLO.SOR Compute the source term for temperature in the
mechanicd ventilation system.

HVTOEX HVTOEX.SOR Update arrays and assign compartment pressures,
temperatures and species to HVAC exterior nodes (to
compartments)

HVVIS HVVIS.SOR Cdculate viscogty of air; used by HVMFLO.

INDEXI INDEXI.SOR Create the index array used by SORTFR.

INITAMB INITAMB.SOR Initidize the ambient conditions based on TAMB and
EAMB.

INITOB INITOB.SOR Initidize object data

INITMM INITMM.SOR Initidize main memory; required for dl moduleswhich
will run the CFAST kerndl.

INITSLV INITSLV.SOR Initidization for solver varigbles and arrays.
INITSOLN INITSOLN.SOR Determine an initid solution to the zone fire modeling
equations.

INITSPEC INITSPEC.SOR Initialize variables associated with species, based on the
ambient conditions.

INITTARG INITTARGSOR Initidize target data.

INITWALL INITWALL.SOR Initidlize wall variables and arrays, based on conduction
settings.

INT2D CEILHT.SOR Integrate a function over aregion formed by inter-
secting arectangle and acircle; used by CEILHT.

INTERP INTERP.SOR Interpolate a table of numbers found in two arrays.

INTSQ CEILHT.SOR CEILHT integration routine; used by INT2D.

INTTABL CEILHT.SOR CEILHT integration routine; used by INT2D.
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INTTRI CEILHT.SOR CEILHT integration routine; used by INT2D.

JAC JAC.SOR Evauate the Jacobian for the solver. (Not used at this
time).

KILLPACK WRITEOT.SOR Display “FATAL ERROR” message when writing
compressed history record in CFAST.

LENGTH LENGTH.SOR Cdculate length of character string.

LENOCO LENOCO.SOR Function to cadculate length of the main common block
(MOCOQO1A) in storage units.

LINTERP ABSORB.SOR Linearly interpolate absorption data.

LOADUP LOADUR.SOR Load numeric vaues from graphics descriptor linesinto
appropriate arrays, used by NPUTG

MAKTABL CEILHT.SOR Set up theintegration table used by INTTABL in
CEILHT.

MESS MESS.SOR Write a string to IOFILO.

MVENT MVENT.SOR Physicd interface routine for the HVAC modd.

MVOLAST MVOUT.SOR Display mechanica ventilation devation information.

MVOUT MVOUT.SOR Digdlay the mechanicd ventilation information from
NPUTO in CFAST.

NPUTG NPUTGSOR Read and sort out the graphics descriptors in the input
filefor digplay routinesin CFAST.

NPUTO NPUTO.SOR Write to IOFILO asummary of information read from
input filein CFAST.

NPUTOB NPUTOB.SOR Read the objects database and initidize arrays for
selected objects only in CFAST.

NPUTP NPUTP.SOR Control reading of input file with a post-read
verification and cleanup.

NPUTQ NPUTQ.SOR Read dl input file information except the graphics
descriptors.

NPUTT NPUTT.SOR Read the complete thermophysica properties database

into memory for verification.
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NTRACT SOLVE.SOR Key pressed in SOLVE, determine what to do.

OBJDFLT OBJDFLT.SOR Set up vauesfor “DEFAULT” entry in objects data-
base.

OBJFND OBJFND.SOR Search objects database for object name and return
pointer to record number.

OBJINT OBJINT.SOR Interpolating routine for object fire time history vaues.
Similar to PYROLS.

OBJOUT OBJOUT.SOR Write to IOFILO asummary of the objects information
from database for specified objects.

OBJSHFL DISOB1.SOR Shuffle the ODBNAM and ODBREC arraysif objects
are ddeted or invaidated.

OBTYPE OBTYPE.SOR Determine the type of a pecified object.

OFFSET OFFSET.SOR Cdculate the solver array offsets for each varigble.

OPENOBJ OPENOBJ.SOR Open and read the object database into memory ar-
rays.

OPENSHEL OPENSHEL.SOR | Read the configuration file, set up the environment,
open the output file.

OPUT WRITEOT.SOR Set up output arraysin PACKOT for ASCII history
file

OUTAMB NPUTO.SOR QOutput ambient conditions.

OUTCOMP NPUTO.SOR Output geometry.

OUTHRE NPUTO.SOR Output initid main fire specifications.

OUTOBJ NPUTO.SOR Output object fire specifications.

OUTPU1 OUTPU1.SOR Obtains asingle piece of datafor CFAST display.

OUTTHE NPUTO.SOR Output thermd specifications.

OUTVENT NPUTO.SOR Output vent connections.

PACKOT WRITEOT.SOR Compression routine for writing the higtory file.
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PYROLS PYROLS.SOR Interpolating routine for specified fire time history
values.

QFCLG CEILHT.SOR Compute the convective heat transfer flux to the celling
at location (X,Y)=(Z(1),Z(2)).

RAD2 RAD2.SOR Compute the radiative heat flux for 2 surfaces
(extended celling and extended floor). Compute the
heat absorbed by the lower and upper layers.

RAD4 RAD4.SOR Compute the radiative heet flux for 4 surfaces (ceiling,
upper wall, lower wall, and floor). Compute the heat
absorbed by the layers.

RDABS RDABS.SOR Compute the energy absorbed by the upper and lower
layer due to radiation given off by hest emitting
rectangles forming the enclosure. Caled by RAD2 and
RADA4.

RDFANG RDFIGSOL.SOR Define s0lid anglesfor fires, called by RADA4.

RDFLUX RDFLUX.SOR Cdculate the“C” vector in the net radiation equations
of Seigd and Howell and the heat absorbed by the
lower and upper layer fires due to gas layer emission
and fires.

RDFTRAN RDTRAN.SOR Define transmission factorsfor fires, caled by RADA.
RDHEAT RDHEAT.SOR Radiation transfer routine between RESID and RAD2
or RADA4.

RDPARHG RDFIGSOL.SOR Cdculate the configuration factor between two pardld
plates a distance z apart.

RDPRPFIG RDFIGSOL.SOR Caculate the configuration factor between two
perpendicular plates with a common edge.

RDRTRAN RDTRAN.SOR Define upper layer transmission factors, called by
RAD4.

RDSANG RDFIGSOL.SOR Used by RDFANG to define solid angles for fires.

RDSANG1 RDFIGSOL.SOR Used by RDFANG to define solid angles for fires.

READAS READAS.SOR Read from IOFILI asinglelinein ASCII format.
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READASTU READASTU.SOR | Similar to READAS except this contains autometic
converson to upper case. Thisisto filter commands
from the console so they are not case-sengitive.

READBF READIN.SOR Determineif string buffer has been fully parsed, if so,
read anew ASCII line.

READCF READCFE.SOR Read the configuration file for OPENSHEL.

READCV READCV.SOR Convert dataiin graphics descriptor linesto floating
point or integer format.

READFL READIN.SOR Read data from string buffer as an ASCII character
gring.

READHI READHI.SOR Read the higtory file for pecified time step.

READIN READIN.SOR Parse the line from READAS.

READOP READORSOR Read command line options, set up environment, and
open designated files.

READRS READIN.SOR Restart START vduefor gring parsng.

RESID RESID.SOR Cdculate the right hand side of the predictive
eguations.

RESTRT RESTRT.SOR Caled by CFAST to read to specified interva from a
higtory file when RESTRT is specified.

RESULT RESULT.SOR Print out the modd results of the smulation a the
current time to IOFILO.

RESYNC RESYNC.SOR Resynchronize the total mass of the species with that of
the total mass.

SETPO SETP0.SOR Reset the solver array in the middle of asmulation.

SLVHELP SOLVE.SOR Display function key options available within CFAST
run.

SNSQE SNSQE.SOR Find azero of asystem of N nonlinear functionsin N

varigbles by amodification of the Powd| hybrid
method.
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SOLVE SOLVE.SOR Top level of the solver for the predictive equations;
CdlsRESID, DASSL, etc.

SORTFR SORTFR.SOR Sort the room and fire related arrays setup in FIRES by
increasing room number order.

SQFWST CEILHT.SOR Cdculate average hest transfer fluxesto lower and
upper walls dong averticd line passing through a
wadl/cealling jet Sagnation point.

SSTRNG SSTRNGSOR Parse a gtring for space or comma delimited substrings.

SSFIR SSOUT.SOR Output the current fire environment to a spreadshect
file

SSFLW SSOUT.SOR Output the current vent flow to a Spreadshet file.

SSLAY SSOUT.SOR Output the current two layer environment to a
Spreadshest file,

SSOUT SSOUT.SOR Output the results of the smulation at the current time
to a spreadshedt file.

SSPRO SSOUT.SOR Output the current wall temperatures to a Soreadsheet
file

SSSP SSOUT.SOR Output the current species to a spreadshect file.

SSSPRINK SSOUT.SOR Output the current sprinkler environment to a
Spreadshet file.

SSTAR SSOUT.SOR Output the current surface target temperatures and
fluxes to a preadshect file.

TOXIC TOXIC.SOR Cdculate the parts per million of gases and the
concentration time dose.

TOXICB TOXICB.SOR Setup and display the labds for table of doses, etc. in
CFAST.

TOXICH TOXICH.SOR Setup and display the table for doses, etc. in CFAST.

TOXICR TOXICR.SOR Setup and display the values for table of doses, etc. in
CFAST.

UNPACK DREADIN.SOR Decompresson routine for reading the history file.
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VDCO2 NAILED.SOR Multiplication factor for the effect on ventilation
dlowing for the effect of the increased RMV caused by
carbon dioxide on the rate of uptake of other toxic
gases.

VENT VENT.SOR Cdculation of the flow of mass, enthalpy, oxygen and
other products of combustion through a vertical,
condant-width vent in awall segment common to two
compartments.

VENTCF VENTCF.SOR Cdculate the flow of mass, enthalpy, and products of
combustion through a horizonta flow vent joining an
upper space 1 to alower space 2.

VFLOW VFLOW.SOR I nterface between CFAST and the vertica flow vent
physica routines.

WRITEOT WRITEOT.SOR Write arecord (binary) of ahigtory file. See
DREADIN.

WSET WSET.SOR Set Initid wall varigbles and arrays for one surface;
used by INITWALL.

XERRWV AAUX.SOR Process an error (diagnostic) message

XFDCO NAILED.SOR Fractiond effective dose due to CO for specified
interva in REPORT; see FDCO.

XFDHCN NAILED.SOR Fractional effective dose due to HCN in specified
interval in REPORT; see FDHCN.

XFDO2 NAILED.SOR Fractiond effective dose due to O2 in specified interva

in REPORT; see FDO2.
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