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SUMMARY
At the request of the Forum for International Cooperation on Fire Research, a worldwide
survey was conducted of operational computer programs relevant to fire protection. A
total of 62 programs, from 10 countries, were identified, and include compartment fire
models, fire-sprinkler interaction models, and submodels for fire endurance, building
evacuation, thermal detector actuation, fire spread on a wall, and smoke movement.
These are listed, plus 12 additional models, including models from three additional countries. Then a general discussion is provided of the difficulties in achieving an accurate
model of a growing fire in an enclosure, and of assessing the accuracy of a given model.

INTRODUCTION
A report was prepared for the Forum for
International Cooperation on Fire Research in
1989, consisting of a survey of 36 fire computer
models, and was distributed in 1990. A second
edition of this reportl was prepared in 1991,
which updates and extends the previous report.
It includes 62 models, each described in one or
two pages, based on information mostly supplied by the modelers. These programs come
from ten countries.

models,

more

recently encountered,

Computer programs for calculating water flow
through sprinkler piping systems have been
deliberately excluded from the survey.
The purpose of this paper is to list the 62

models, divided into categories, and to provide a
general discussion of models dealing with a
growing, interacting fire in an enclosure. Details
concerning the 62 models may be found in the
survey

reportl,

Research

available from Factory Mutual
12 additional

Corporation. Also,

added to

The models are classified here as zone models
for compartment fires, field models for compartment fires, submodels for fire endurance, submodels for evacuation of buildings, submodels
for actuation of thermal detectors, fire-sprinkler
interaction models, and miscellaneous models.

PRESENTATION
Table 1 lists 31

The intention has been to include computer programs relevant to fire protection which are operational, or soon to become operational. No
attempt has been made to include programs currently under development, where there is uncertain as to when or if they will become operational.
Some operational programs are listed in spite of
their not being freely available. The survey indicates degree of availability in most cases.

are

the references in this paper (References 60-70).

zone

OF

models

MODELS

relating

to

a

fire in

compartment. (The distinction between zone
models and field models is touched upon later.)
a

These models come from 10 countries. Of the 31
models, 20 of them deal with only a single
vented compartment, and the other 11 treat
multiple interconnected compartments. Two
models emphasize post-flashover; the others
generally present the history of the fire both
before and after flashover. In all cases, the user
must be able to input a good deal of information
about the heat release rate of the fire. All but
six of these models are designed to run on a personal computer. The underlying physical
assumptions of most of these models have a
great deal of similarity. Some of the models,
notably Hazard I, go further than others in predicting consequences of the fire, such as survival of building occupants.
Table 2 shows 10 field models for compartment
fires. Two of these (FLOW3D and PHOENICS)
81

codes which are
basic elements of models treating fire
specifically. All these models except two rather
limited ones (FISCO-3L and KOBRA-3D)
are

general fluid dynamics

usable

as

require a much more powerful computer than a
PC, and indeed could effectively use the most
powerful computer available. The various field
models originate in six countries.
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Table 3 shows 12 submodels for calculating the
thermal response of various structural elements

(circular, rectangular or W-shaped columns, or
beams, or slabs) subjected to a known fire environment. Most

come

from Canada.

Table 4 lists six submodels for time to evacuate
a burning building, based on assumed rates of
movement of

stairways,

down
from three countries.

people through corridors,

etc. These

come

Table 5 presents five submodels for

calculating

the delay time for actuation of a ceiling-mounted thermal detector or sprinkler, for an assumed
fire, mostly coming from the U.S.
Table 6 lists three models dealing with interaction of a sprinkler spray with a fire. These are
all highly simplified, in that none of them adequately treat the interaction of the rising gases
in a turbulent fire plume with the descending
droplets and the accompanying entrained gases,
so that the critical condition under which the
droplets can just penetrate the fire plume and
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reach the base of the fire can be predicted.
(Models to treat this are under development at
Factory Mutual Research and at the NIST
Building and Fire Research Laboratory.)

The primary advantage of a zone model is its relative simplicity, which permits the inclusion of
more phenomena in a given zone model without
becoming overwhelmed by complexity. Also, cases
may be run far more rapidly and inexpensively.

Table 7 lists eight additional fire-related
models, from four countries, which do not fit
into any of the above categories. Three deal
with smoke movement, two with flame spread
on a wall, two with multi-story buildings, and
one with hydrocarbon fires.

At this time, zone fire models are more readily
transferable from one organization to another
than field models.
Neither field models nor zone models can currently make an accurate treatment of certain
features of fires associated with the combustion
process and with turbulence.

ZONE MODELS AND FIELD
MODELS

As
in

A field model is two-dimensional or threedimensional, divides the space of interest into
thousands of cells, or elements, and generally

requires

a

one
a

example

of

a zone

compartment with

model, consider
a

a

fire

vent. It is assumed

that there is

an upper zone containing hot fire
products having uniform temperature and composition, and a lower zone containing air contaminated to some degree with fire products.
The fire plume may be considered to be a third

powerful computer.

A zone model is primarily one-dimensional, and
divides the space of interest into a few zones.
Often, a personal computer will suffice for the

calculations.

zone, the ceiling (and upper walls) a fourth
zone, and the vent a fifth zone. Equations are

primary advantage of a field model over a
zone model is that the former can provide
detailed information on the fluid motions, while
the latter cannot (except one-dimensionally).

written for transfer of mass and energy (and
momentum, at the vent) between these various
zones, and solved as a function of time. The
ways in which the combustion rate may be
introduced into the model are discussed later.

The
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A second

example of

spreading

up

a

a zone model is a flame
wall. The wall is divided into

tional area of the base of the fire must be specified. It is also necessary to specify the rate of
pyrolysis of the combustible and the stoichiometric fuel-air ratio. (The heat release rate, the
pyrolysis rate, and the actual heat of combustion are interrelated, so knowledge of any two
will define the third.)

three zones: a pyrolysis zone, a preheating zone
above the pyrolysis zone, and ultimately a
burned-out zone below the pyrolysis zone. The
flame, which is taller than the pyrolysis zone,
may be considered to be a fourth zone. As time
continues, the zones move upward, heat flows
into the interior of the wall, and the flame may
change in size. Important features of the model
are the rate of transfer of energy from the flame
to the wall, the rate of re-radiation from the
wall to the surroundings (a fifth zone?), and the
rate of pyrolysis.

B. The next level of complexity is to specify a
fire with a heat release rate varying in a prescribed manner with time.

Certain fires may be accurately specified as constant or varying in a known manner. As one
example, the fire may consist of the burning of a
fluid leaking at a known rate. As a second

DISCUSSION OF A COMPUTER
MODEL OF A FIRE IN A
COMPARTMENT

example, the fire may be ventilation-controlled,
and a knowledge of the rate of oxygen entry into
the compartment will determine the rate of heat
release. As a third example, the burning rate of
the ignited object may be measured in the open,
and it is assumed that it would burn at the
same rate in the fire compartment. This may be
somewhat valid for a burning object such as a
&dquo;crib&dquo; of alternately stacked sticks, since the
burning sticks in the interior of the crib cannot
&dquo;see&dquo; the outside radiative environment.

The Inputs, Other Than the Fire Itself
The geometry of the fire compartment, as well as
that of any connecting compartments of interest,
must be specified. If a compartment of interest is
not a simple box, but is irregular (e.g., a sloped

ceiling;

or concave

out

bends;

rather than

an

a

open

a zone

or withfield model

long corridor with
stairwell),

model may be

a

required.

Many burning objects do interact strongly with
the

The thermal properties of the bounding surfaces
(e.g., ceilings, walls) must be specified.
The location of the burning object

or

objects

specified. If a burning object is elevated
above the floor, this is relevant. A burning object
next to a wall or in a corner will burn differently
from one in the middle of the room. If the object
is in the direct path of air flow (e.g., in front of
an open door) this will make a difference.
or a

environment.

is often such that the fire can spread. Some
models assume a spread rate, as a function of
radiative feedback. Finally, if the oxygen content of the air in the compartment is reduced by
dilution with combustion products, or by
descent of the smoke layer, the heat release rate
will be reduced, and the fire may even selfextinguish. Thus, the type of model which
requires the fire to be fully specified in advance
is very limited in applicability. (Such a model
could be used to make a conservative estimate of
the fire consequence, by inputting the maximum conceivable heat release rate.>

must be

The ventilation (natural, forced,
tion) must be specified in detail.

surrounding radiative

Furthermore, the arrangement of combustibles

combina-

The Fire
The fire may be
A. In the

C. More realism is added to the model if the
input includes an instruction that the prescribed burning rate is reduced according to
some formula as the percentage of oxygen
decreases in the atmosphere surrounding the
fire plume. This requires the computer program

specified in various ways.

the fire is specified as
starting at a certain time with a certain rate of
heat release, and continuing at that rate for a
specified interval, then stopping. The cross-sec-

simplest

case,
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to keep track of the dilution of the incoming air
by mixing with the fire products, and of the
descent of the smoke layer.

b.

The temperature of the hot upper layer is
sensitive to the amount of excess air
entrained into the fire plume, and also to
the rate of heat loss to the ceiling. Neither
of these can be calculated with great
accuracy, especially in a zone model.

c.

The smoke not only emits radiation; it also
absorbs and scatters radiation. In general,
cooler smoke will be below the hot smoke,
influencing radiation from above.

d.

The &dquo;view factors&dquo; between the radiative
sources and the targets require elaborate mathematical representation for
accurate treatment.

e.

The radiative properties of the smoke,
the flame, the ceiling, and the targets
must be accurately known.

f.

Simple

In

reality, for many solid combustibles, the
burning mode will change from flaming to smoldering when the oxygen drops sufficiently. The
rate of oxygen consumption in the smoldering
mode will be much lower than in the former
flaming mode, and as a result the oxygen level
will then build up to a higher level. This may
ultimately cause another transition, from smoldering back to flaming. The cycle may then
repeat. The computer can accurately predict
such behavior only if the input criteria for transition between flaming and smoldering, and vice
versa, are correct.

Mixture of combustion

ing

air will not

products

with the incom-

only reduce the

oxygen percentage, but will also increase the temperature of
the air. This would tend to modify the burning
rate, and should be taken into account in a com-

zone

plete model.

over

D. The radiative feedback of energy from the
compartment to the burning surface generally
will have a major effect on the burning rate, and
on the spread rate if spread is occurring. It is
important in causing spontaneous ignition of
noncontiguous combustibles.

more

in

large

take
this into account, but have to deal with
the complexity that each of the thousands of elements in the field model can
can

in principle exchange energy radiatively
with all the other elements, instead of
simply the immediate adjacent elements.

of this radiation are the hot smoke
layer,
ceiling and upper walls, and the flame
itself. The sensitivity of the burning of a sample
to incident radiation is easily measured by a
bench-scale experiment, for a simple combustible, and may be inputted into the model, but
it is much more difficult for the model to calculate accurately the radiative flux impinging on
the surface under radiative fire conditions.

a.

regions, especially

compartments. Field models

sources

For these reasons, an accurate treatment of the
radiative augmentation of burning rate or
spread rate is hard to achieve.

the

The

region directly

the fire is much hotter than

remote upper

The

models do not take into

account the fact that the

E. The

foregoing

treatments of the

burning rate

that full-scale experimental
results are available for burning rate of the
combustible objects at least in the open. An
alternative approach would be to use benchscale data of relevant burning characteristics of
the combustibles, using small samples.

usually

following difficulties exist.
The radiation intensity is proportional
to T4, so small errors in calculation of
the temperature of the hot smoke or of
the ceiling cause much larger errors in
the radiant flux. (When re-radiation is
taken into account, the net radiant flux
may vary as about T3.)

assume

One way of following this path is to measure
properties such as time to ignition, rate of flame
spread, and burning rate of small samples as
functions of incident radiative flux and ambient
oxygen percentage, and then to construct a
semi-empirical model relating the full-scale
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burning to these data.
Another approach, which is generally preferred
by fire scientists, is to do these same types of
small-scale tests, and then analyze the results
to obtain values for certain &dquo;basic&dquo; quantities.
The next step is to develop a scientific (not
empirical) theory of the full-scale burning in a
compartment in terms of these &dquo;basic&dquo; quantities. When this is done, it is usually found that
values for some additional &dquo;basic&dquo; quantities
are needed. Delichatsios and Saito57 have compiled a list of the quantities needed for a scientific model of upward flame spread over a charring surface:
a.

b.

c.

the ignition (intensity, size, duration);
thermal conductivity, density and heat
capacity of the virgin material and of
the char;
surface temperature of the pyrolyzing

surface;
d.
e.

f.
g.

h.
i.

j.

surface reflectivity;
heat of gasification;
heat of combustion of pyrolysis gases;
combustion efficiency;
radiative fraction of flame heat output;
stoichiometric fuel-air ratio;
the fractions of toxic and corrosive gases
in the combustion products.

This list is not definitive. It does not consider the
heat of combustion of the char, which may be
quite different from the heat of combustion of the
pyrolysis gases. It may not be applicable to composite materials, e.g. laminates. It implicitly
assumes that combustion efficiency and radiative
fraction of flame heat output in a full-scale fire
may be deduced from small-scale laboratory fires.

modeling of composite combustibles
have
to be based on realistic-scale tests
may
more so than on small-scale data obtained from
bench-scale tests, at least until further research
accurate

progress

occurs.

In summary, the input of the burning rate into
any computer model of fire is often the most difficult and uncertain element of the model.

The Model

Outputs

After the model has been provided with inputs
as discussed above, a computation takes place,
various physical outputs versus time:
temperatures and velocities at various locations ; concentrations of smoke, oxygen, toxic
species, corrosive species at various locations;

yielding

and heat fluxes impinging on objects of interest.
The model might then proceed to calculate consequences of these physical variables: for example, actuation times of detectors or sprinklers;
feasibility of escape; feasibility of manual firefighting ; thermal damage or corrosion or smoke
damage to structural elements or critical equipment items; effectiveness of automatic suppression systems; etc. (Of course, in order to obtain
outputs such as these, the locations and characteristics of the items of interest must be included in the inputs.)

Additional Uncertainties in Models
Uncertainties associated with burning rates
(especially when the combustible is composite)
and with radiative flux calculations have
already been mentioned. Some other uncertain
elements in fire models may be listed:
a.

carbon monoxide

by incomplete combus-

tion ;

Many real-world combustibles are composite in
nature. For example, a chair may consist of a
wood frame, a polyurethane foam pad, and a
vinyl outer covering, each of which burns at a

b.

different rate, has a different heat of combustion, requires a different stoichiometric amount
of air, and produces different combustion products. As another example, the contents of a
warehouse may consist of a plastic or

e.

flammable-liquid product in corrugated paper
cartons supported on wood pallets. Accordingly,

c.

d.

f.
g.

h.
i.
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entrainment rate into the plume;
mixing between hot and cold layers;
heat loss to the ceiling as a function of
distance from the fire axis;
breakage of windows during fire;
smoke movement under conditions of
other than box-like geometries;
flow through ceiling vents;
ignitability conditions of fuel-rich fire
products encountering fresh air;
effects of fire products on humans.

Validation of Models
A model may not yield results

in

complete

accord with actual fire behavior for any of five
reasons: (1) idealizations and simplifications on
which the model is based deviate significantly
from reality; (2) input parameters supplied to
the model are inaccurate; (3) &dquo;default&dquo; values of
coefficients used internally in the model
(because the user was unable to supply better
values of these coefficients) are incorrect; (4) the
computation process itself yields a wrong result,
perhaps because the time steps or the mesh size
used to approximate differential equations with
finite-difference equations is not fine enough, or
because of mathematical singularities or instabilities encountered; (5) the experimental measurements themselves are incorrect or non-

repeatable.
Validation of a model involves comparison of
model predictions with realistic fire tests. Very
often, this involves &dquo;fine tuning&dquo; the model by
adjusting uncertain values of input coefficients.
Once the &dquo;tuned&dquo; model is brought into agreement with the measurements, the question
remains as to the validity of the model when
applied to a different set of conditions.
If the model can be shown to agree with a
series of fire tests, with a wide range of conditions and with a minimum of &dquo;tuning&dquo;, then
one’s confidence in the validity would be substantial. Even so, it would be risky to extrapolate to conditions drastically different from
what has been tested.

Further Remarks on Assessing the
Accuracy of a Model
If we look for a model to predict a certain quantified variable, such as temperature, velocity, CO
concentration, or smoke density, at a specified
location and time (or, the maximum value
achieved by that variable), then, in principle, we
may compare the prediction with a measured
value of the variable in a full-scale test. Thus, we
may express the accuracy of a model as a percentage deviation of prediction from measurement.
One problem with this is the cost of an adequate
series of full-scale tests. A second problem is

that the measurement itself may be in error,
because of imperfect instruments. A third problem is that a given test may not be fully replicable. In spite of these problems, this is the usual
method of assessing model accuracy.

There is another possible way to assess the
accuracy of a model, other than looking at the
percentage deviation between a measured and
predicted variable. In many cases, what we
want primarily from a model is a yes-no answer
to a question such as the following: Will the
radiation in the fire compartment be sufficiently
intense to ignite a second object? Will the burning object cause the room to flash over? Will a
relatively small fire be able to actuate a nearby
sprinkler? Will an exposed beam fail, causing
collapse? Will toxic conditions in a corridor near
the fire compartment be such as to prevent
escape through that corridor? What we really
want to know is how often can the model give
correct answers to such questions.
Let us assume for the moment that we have a
model which is &dquo;perfect&dquo;. That is, it precisely
accounts for all the physical and chemical processes occurring, and treats these with perfect
accuracy. Even so, it cannot always give reliable
answers to yes-no questions such as listed
above, because the model requires inputs, which
will have uncertainties associated with them.
For example, we must tell the model the heat of
combustion and the stoichiometric air requirements of the burning material. If the burning
object is an upholstered chair consisting of
wood, polyurethane foam, and vinyl exterior, each of these has different thermodynamic properties and all may be burning at once. There
will be some uncertainty in the relative contributions of each material at each instant.

Again, we must input the &dquo;thermal inertia&dquo; of
the ceiling. Assume it is gypsum board of known
thickness. However, it will contain a certain
percentage of absorbed moisture, depending on
its previous history before the fire, which we do
not know. Thus its thermal inertia is uncertain.
An even simpler example is the initial temperature
of the fire compartment, which may not be known.
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Recognizing
sider Figure

this type of uncertainty, let

us con-

1.

Figure 1. Value of an important input parameter.
Reliability of the prediction of a &dquo;perfect&dquo; model.
Here

that the yes/no prediction of our
model
is only uncertain in a limited
&dquo;perfect&dquo;
region of input parameter values. If we happen to
be at the most sensitive point, the model’s reliability is only 50% in regard to the yes/no question, which is, of course, no better than a random
guess. However, if we are well away from this
most sensitive value of the input parameter, we
see that the model always gives 100% reliabe
answers. If we had this perfect model, then the
important questions would be, how wide is this
zone of uncertainty of the important parameter
and where is this zone located.
we see

Answers could readily be found for both these
questions, if there were only one important
uncertain input parameter. However, in general,
there will be a number of such input parameters. If there were N such parameters, Figure 1
would have to be plotted in N+1 dimensional
space. But, the principles would be the same.
For certain combinations of input parameters,
the model would give unreliable predictions,
while, outside this region, the model would be
correct. (There are mathematical techniques for
handling the multi-dimensionality.)

Let us turn now to consideration of a practical
model rather than a perfect model. The practical
model will still have the uncertainties of the
input parameters, but will have additional uncertanties associated with its numerical techniques
(e.g., approximating continuous time by finite
steps, and finite mesh size in field models) and,
more importantly, major uncertanties may be
introduced because of simplified representations
of the physics and chemistry. In field models,
these simplifications might arise in the treatment of turbulence and the treatment of radiative transfer. In zone models, the simplifications

principally the assumption of uniformity
zone and the assumption that
vent
entrainment,
mixing, heat transfer, etc. can
be represented by known formulas. In both types
of models, simplified means of representing
flame spread, burning rate, remote secondary
ignition, etc. must be used.
are

within each

Accordingly, the zone of uncertainty of an actual
model concerning a yes/no question will be more
like Figure 2 than Figure 1. A fairly broad, but
finite, region will exist in which the yes/no answer
is

no better than 50% reliable. However, outside
this region the model will be quite accurate.

Figure 2. Value of an important input parameter.
Reliability of the prediction of an actual model.
These considerations suggest the following
methodology for assessing reliability of the
model. Suppose we want to know if a 250 kW
fire will cause flashover in a given room. We reformulate the question by asking the model to
calculate the critical size of fire which will just
cause flashover. in the room.
us an answer of x kW
We now calculate the quantity 100 (x - 250)/250.
This is the percentage by which the calculated
critical size exceeds 250 kW. If this is a &dquo;large&dquo;
percentage, compared with the estimated percentage variation caused by the uncertainties of the
model, we conclude that the model can tell us reliably whether 250 kW will result in a flashover.

Suppose the model gives

What remains is to estimate how large the percentage variation must be to permit us to trust the prediction. It is a major challenge for fire scientists to
develop techniques for making such estimates.
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